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PREFACE

Hyperbolic Partial Differential Equations (PDEs), and in particular first-order
systems of conservation laws, have been a fashionable topic for over half a
century. Many books have been written, but few of them deal with genuinely
multidimensional hyperbolic problems: in this respect the most classical, though
not so well-known, references are the books by Reiko Sakamoto, by Jacques
Chazarain and Alain Piriou, and by Andrew Majda. Quoting Majda from his
1984 book, “the rigorous theory of multi-D conservation laws is a field in its
infancy’. We dare say it is still the case today. However, some advances have been
made by various authors. To speak only of the stability of shock waves, we may
think in particular of: Métivier and coworkers, who continued Majda’s work in
several interesting directions — weak shocks, lessening the regularity of the data,
elucidation of the ‘block structure’ assumption in the case of characteristics with
constant multiplicities (we shall speak here of constantly hyperbolic operators);
Freistithler, who extended Majda’s approach to undercompressive shocks, of
which an important example is given by phase boundaries in van der Waals fluids,
as treated by Benzoni-Gavage; Coulombel and Secchi, who dealt very recently
with neutrally stable discontinuities (2D-vortex sheets), thanks to Nash—-Moser
techniques.

Even though it does not pretend to cover the most recent results, this book
aims at presenting a comprehensive view of the state-of-the-art, with particular
emphasis on problems in which modern tools of analysis have proved useful.
A large part of the book is indeed devoted to initial boundary value problems
(IBVP), which can only be dealt with by using symbolic symmetrizers, and thus
necessitate pseudo-differential calculus (for smooth, non-constant coefficients)
or even para-differential calculus (for rough coefficients and therefore also non-
linear problems). In addition, the construction of symbolic symmetrizers conceals
intriguing questions related to algebraic geometry, which were somewhat hidden
in Kreiss’ original paper and in the book by Chazarain and Piriou. In this respect
we propose here new insight, in connection with constant coefficient IBVPs.
Furthermore, the analysis of (linear) IBVPs, which are important in themselves,
enables us to prepare the way for the (non-linear) stability analysis of shock
waves. In the matter of complexity, stability of shocks is the culminating topic
in this book, which we hope will contribute to make more accessible some of
the finest results currently known on multi-D conservation laws. Finally, quoting
Constantin Dafermos from his 2000 book, ‘hyperbolic conservation laws and gas
dynamics have been traveling hand-by-hand over the past one hundred and fifty
years’. Therefore it is not a surprise that we devote a significant part of this book
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to that specific and still important application. The idea of dealing with ‘real’
gases was inspired by the PhD thesis of Stéphane Jaouen after Sylvie Benzoni-
Gavage was asked by his advisor, Pierre-Arnaud Raviart to act as a referee in
the defense.

This volume contains enough material for several graduate courses — which
were actually taught by either one of the authors in the past few years — depend-
ing on the topic one is willing to emphasize: hyperbolic Cauchy problem and
IBVP, non-linear waves, or gas dynamics. It provides an extensive bibliography,
including classical papers and very recent ones, both in PDE analysis and in
applications (mainly to gas dynamics). From place to place, we have adopted an
original approach compared to the existing literature, proposed new results, and
filled gaps in proofs of important theorems. For some highly technical results,
we have preferred to point out the main tools and ideas, together with precise
references to original papers, rather than giving extended proofs.

We hope that this book will fulfill the expectations of researchers in both
hyperbolic PDEs and compressible fluid dynamics, while being accessible to
beginners in those fields. We have tried our best to make it self-contained and
to proceed as gradually as possible (at the price of some repetition), so that the
reader should not be discouraged by her/his first reading.

We warmly thank Jean-Frangois Coulombel, whose PhD thesis (under the
supervision of Benzoni-Gavage and with the kind help of Guy Métivier) provided
the energy necessary to complete the writing of the most technical parts, for his
careful reading of the manuscript and numerous useful suggestions. We also thank
our respective families for their patience and support.

Lyon, April 2006 Sylvie Benzoni-Gavage
Denis Serre
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INTRODUCTION

Within the field of Partial Differential Equations (PDEs), the hyperbolic class is
one of the most diversely applicable, mathematically interesting and technically
difficult: these (certainly biased) qualifying terms may serve as milestones along
an overview of the field, which we propose prior to entering the bulk of this book.

Applicability. Hyperbolic PDEs arise as basic models in many applications,
and especially in various branches of physics in which finite-speed propagation
and/or conservation laws are involved. To quote a few, and nonetheless funda-
mental examples, let us start with linear hyperbolic PDEs. The most ancient
one is undoubtedly the wave equation — also known in one space dimension as
the equation of vibrating strings — dating back to the work of d’Alembert in the
eighteenth century, which is closely related to the transport equation. We also
have in mind the Maxwell system of electromagnetism, as well as the equation
associated with the Dirac operator. Theoretical physics is a source of several
semilinear equations and systems — semilinearity being characterized by a linear
principal part and non-linear terms in the subprincipal part — for example, the
Klein/sine-Gordon equations, the Yang-Mills equations, the Maxwell system for
polarized media, etc. The non-linear models — often quasilinear — are even more
numerous. The most basic one is provided by the so-called Euler equations of gas
dynamics, which opened the way (controversially) in the late nineteenth century
to the shock waves theory (later revived, in the 1940s, by the atomic bomb
research, and still of interest nowadays for more peaceful applications, in medicine
for instance). Speaking of flows, a prototype of scalar, one-dimensional conser-
vation law was introduced in the 1950s in traffic flow modelling (under some
heuristic assumptions on the drivers’ behaviour), which is nowadays referred to
as the Lighthill-Whitham-Richards model. Other non-linear hyperbolic models
include: the equations of elastodynamics (of which a linear version is widely
used, in the modelling of earthquakes as well as in engineering problems with
small deformations); the equations of chemical separation (chromatography,
electrophoresis); the magnetohydrodynamics (MHD) equations — the coupling
between fluid dynamics and electromagnetism being quite relevant for planets
and other astrophysical systems — the Einstein equations of general relativity;
non-linear versions of the Maxwell system for strong fields, for example the
Born-Infeld model. Hyperbolic equations may also arise as a byproduct of an
elaborate piece of analysis, as in the modulation theory of integrable Hamiltonian
PDEs (like the Korteweg—de Vries equation and some non-linear Schrédinger
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equations), in which the envelopes of oscillating solutions are described by
solutions of the (hopefully hyperbolic) Whitham equations.

This list of hyperbolic PDEs is by no means exhaustive. Of course most of
them are to some extent approximate: more realistic models should also involve
dissipation processes (for instance in continuum mechanics) or higher-order
phenomena, and thus be (at least partially) parabolic or dispersive. However,
large-scale phenomena are usually governed by the hyperbolic part: the relevance
of hyperbolic PDEs in many applications is in no doubt.

Mathematical interest. For both mathematical reasons and physical rele-
vance, hyperbolicity is associated with a space-time reference frame, in the sense
that there exists a co-ordinate (most often the physical time) playing a special
role compared to the other co-ordinates (usually spatial ones). Of course, changes
of co-ordinates are always possible and we may speak of time-like co-ordinates
and of space-like hypersurfaces: this terminology is familiar to people used to
general relativity, and is also relevant in every situation where a hyperbolic
operator is given. Except in one-dimensional frameworks, it is by no means
possible to interchange the role of space and time variables: the distinction
between time and space is a crucial feature of multidimensional hyperbolic PDEs,
as we shall see in the analysis of Initial Boundary Value Problems.

Multidimensional hyperbolic PDEs constrast with one-dimensional ones from
several points of view, in particular in connection with the important notion of
dispersion. Indeed, recall that the most visible feature of hyperbolic PDEs is
finite-speed propagation. In several space dimensions, when the information is
propagated not merely by pure transport, it gets dispersed: this dispersion of
signals is itself responsible for a damping phenomenon in all LP norms with
p > 2 (by contrast with what usually happens with the L? norm, independent of
time by a conservation of energy principle), and is associated with special, space—
time estimates called Strichartz estimates, obtained by fractional integration —
Strichartz estimates have been proved much fruitful in particular in the analysis
of semilinear hyperbolic Cauchy problems.

Another point worth mentioning is the diversity of mathematical tools that
have been found useful to the theory of (linear) multidimensional hyperbolic
PDEs, ranging from microlocal analysis to algebraic topology (not to mention
those that still need to be invented, as we shall suggest below!). The former has
been widely used to study the propagation of singularities in wave-like equations.
In the same spirit, pseudo- (or even para-) differential calculus is of great help
to study linear hyperbolic problems with variable coefficients, as we shall see in
the third and fourth parts of this book. The link to algebraic topology might
seem less obvious to unaware readers and deserves a little explanation. When
studying constant-coefficients hyperbolic operators we are led to consider, in the
frequency space, algebraic manifolds called characteristic cones — which are by
definition zero sets of symbols, and are linked to finite-speed propagation. The
fundamental solution, say F, of a constant-coefficients hyperbolic PDE is indeed
known to be supported by the convex hull of T", the forward part of the dual
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of the characteristic cone. In some cases, it happens that E is supported by
I only; the open set co(I')\T', on which F vanishes, is then called a lacuna.
For example, the wave equation in dimension 1+ d with d odd and d > 3, has a
lacuna: its fundamental solution is supported by the dual characteristic cone itself
(this explains, for instance, the fact that light rays have no tail). The systematic
study of lacune is related to the topology of real algebraic sets.

Compared to linear ones, non-linear problems display fascinating new fea-
tures. In particular, several kinds of non-linear waves arise (shocks, rarefaction
waves, as well as contact discontinuities). They are present already in one space
dimension. The occurrence of shock waves is connected with a loss of regularity
in the solutions in finite time, which can be roughly explained as follows:
non-linearity implies that wave speeds depend on the state; therefore, a non-
constant solution experiences a wave overtaking, which results in the creation of
discontinuities in the derivatives of order m — 1, if m is the order of the system;
such discontinuities are called shock waves, or simply shocks. After blow-up, that
is after creation of shock(s), solutions cannot be smooth any longer. This yields
many questions: what is the meaning of the PDEs for non-smooth solutions;
can we solve the system in terms of weak enough solutions, and if possible in a
unique, physically relevant way? The answer to the first question has been given
by the theory of distributions, which is somehow the mathematical counterpart of
conservation principles in physics: conservation of mass, momentum and energy,
for instance (or Ampere’s and Faraday’s laws in electromagnetism) make sense
indeed as long as fields remain locally bounded. The drawback is — as has long
been known — that weak solutions are by no means unique, and this seems to hurt
the common belief that PDE models in physics describe deterministic processes.
This apparent contradiction may be resolved by the use of a suitable entropy
condition, most often reminiscent of the second principle of thermodynamics.
In one space dimension, entropy conditions have been widely used in the last
decades to prove global well-posedness results in the space of Bounded Vari-
ations (BV) functions — a space known to be inappropriate in several space
dimensions, because of the obstruction on the LP norms (see below for a few
more details). Entropy conditions are expected to ensure also multidimensional
well-posedness, even though we do not know yet what would be an appropriate
space: one of the goals of this book is to present a starting point in this direc-
tion, namely (local in time) well-posedness within classes of piecewise smooth
solutions.

Finally, the concept of time reversibility is quite intriguing in the framework
of hyperbolic PDEs. On the one hand, as far as smooth solutions are concerned,
many hyperbolic problems are time reversible, and this seems incompatible with
the decay (already mentioned above) of LP norms for p > 2 in several space
dimensions. This paradox was actually resolved by Brenner [22,23], who proved
that multidimensional hyperbolic problems are ill-posed, in Hadamard’s sense,
in LP for p # 2. Incidentally, Brenner’s result shows that the space BV, which is
built upon the space of bounded measures, itself close to L', cannot be appropri-
ate for multidimensional problems. On the other hand, time reversibility is lost



Xvi Introduction

(as a mathematical counterpart of the second principle of thermodynamics) once
shocks develop, whence a loss of information, the backward problem becoming ill-
posed. As a matter of fact, shocks may be viewed as free boundaries and as such
they can be sought as solutions of (non-standard) hyperbolic Initial Boundary
Value Problems (IBVP): it turns out that most of the well-posed hyperbolic
IBVPs are irreversible, as will be made clear in particular in this book — a large
part of this volume is indeed dedicated to a systematic study of IBVPs, either
for themselves, or in view of applications to well-posedness in the presence of
shock waves.

Difficulty. Even when a functional framework is available, a rigorous analysis
of hyperbolic problems often requires much more elaborate (or at least more
technical) tools than for elliptic or parabolic problems, notably to cope with the
lack of smoothing effects. The situation is even worse in the non-linear context,
where functional analysis has been useless in the study of weak entropy solutions
so far (except for first-order scalar equations). This is why our knowledge of
global-in-time solutions is so poor, despite tremendous efforts by talented math-
ematicians. Speaking only about the Cauchy problem for quasilinear systems of
first-order conservation laws, in space dimension d with n scalar unknowns, we
know about well-posedness only in the following cases.

¢ Scalar problems (n = 1), thanks to Kruzkhov’s theory [105].

¢ One space dimension (d = 1) and small data of bounded variation: existence
results date back to Glimm’s seminal work [70]; uniqueness and continuous
dependence have been obtained by Bressan and coworkers (see, for instance,
[25-27]).

e Small smooth data and large enough space dimension (for then dispersion
can compete with non-linearity and prevent shock formation): most results
from this point of view have been established by Klainerman and coworkers.
See, for instance, Hormander’s book [88].

Amazingly enough, none of these results apply to such basic systems as the full
gas dynamics equations in one space dimension (n = 3, d = 1) or the isentropic
gas dynamics equations (n = 2) in dimension d > 2.

Other results solve only one part of the problem:

e Global existence for general data when d =1 and n = 2 (under a genuine
non-linearity assumption) by means of compensated compactness. This was
achieved by DiPerna [49], following an idea by Tartar [202]. Solutions are
then found in L°°. Unfortunately, no uniqueness proof in such a large space
has been given so far, except for weak—strong uniqueness (uniqueness in L>°
of a classical solution).

e Local existence of smooth solutions for smooth data. This is quite a
good result since it shows at least local well-posedness. It is attributed
to several people (Friedrichs, Garding, Kato, Leray, and possibly others),
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depending on specific assumptions that were made. Unfortunately, its
practical implications are limited by the smallness of the existence
time — recall that shock formation precludes, in general, global existence
results within smooth functions.

Having this (modest) state-of-the-art in mind, we can foresee a compromise
regarding multidimensional weak solutions and non-linear problems: it will con-
sist of the analysis of piecewise smooth solutions (involving a finite number
of singularities like shock waves, rarefaction waves or contact discontinuities),
tractable by ‘classical’ tools. This is the point of view we have adopted here, which
defines the scope of this book: we shall consider either (possibly weak) solutions
of linear problems with smooth coefficients or piecewise smooth solutions of
non-linear problems — Cauchy problems and also of Initial Boundary Value
Problems — to multidimensional hyperbolic PDEs. We now present a more
detailed description of the contents.

We have chosen a presentation involving gradually increasing degrees of
difficulty: this is the case for the ordering of the three main ‘theoretical’ parts
of the book — the first one being devoted to linear Cauchy problems, the second
one to linear Initial Boundary Value Problems, and the third one to non-linear
problems; this is also the case inside those parts — the first two parts starting
with constant coefficients before going to variable coefficients, and the third one
starting from Cauchy problems, then going to IBVPs, and culminating with the
shock waves stability analysis. As a consequence, readers should be able to find
the information they need without having to enter overcomplicated frameworks:
most chapters are indeed (almost) self-contained (and as a drawback, the book
is not free from repetitions).

Another deliberate choice of ours has been to concentrate on first-order
systems, even though we are very much aware that higher-order hyperbolic PDEs
are also of great interest. This is mainly a matter of taste, because we come from
the community of conservation laws. In addition, we think that the understanding
of either one of those classes (first-order systems or higher-order scalar equations)
basically provides the understanding of the other class (see, for instance, the book
by Chazarain and Piriou [31], Chapter VII). Consistently with that choice, the
main application we have considered is the first-order system of Euler equations
in gas dynamics, to which the fourth part of the book is entirely devoted. We
have tried to temperate this ‘monomaniac’ attitude by referring from place to
place to higher-order equations, and in particular to the wave equation, which is
the source of several examples throughout the theoretical chapters.

Finally, to keep the length of this book reasonable, we have decided not to
speak of (nevertheless important) questions that are too far away from the shock
waves theory. Thus the reader will not find anything about the propagation
of singularities as developed by Egorov, Hérmander and Taylor. Likewise, non-
local boundary operators as they appear, for instance, in absorbing or trans-
parent boundary conditions will not be considered, and all numerical aspects of
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hyperbolic IBVPs will be omitted, despite their great theoretical and practical
importance.

First part. The theory of linear Cauchy problems is most classical, even
though some results are not that well-known. The chapter on constant-coefficient
problems is the occasion of pointing out important definitions: Friedrichs sym-
metrizability; directions of hyperbolicity; strict hyperbolicity and more generally
what we call constant hyperbolicity — the eigenvalues of the symbol of a so-
called constantly hyperbolic operator are semisimple and of constant multiplicity,
instead of being simple in the case of strict hyperbolicity. Throughout the
book, all hyperbolic operators will be assumed either Friedrichs symmetrizable
or constantly hyperbolic (or both), as is the case for most operators coming
from physics. The chapter on variable-coefficients Cauchy problems presents,
in more generality, the symmetrizers technique, and in particular introduces
the notion of symbolic symmetrizers, thus illustrating the power of pseudo-
differential calculus (for infinitely smooth coefficients) and even para-differential
calculus (for coefficients of limited regularity).

Second part. The theory of Initial Boundary Value Problems (IBVP) is
inspired from, but tremendously more complicated than, the theory of Cauchy
problems. A kind of introductory chapter is devoted to the easier case of
symmetric dissipative IBVPs. The second chapter addresses constant-coefficients
IBVPs in a half-space, in which a central concept arises, namely the (uniform)
Lopatinskii condition. This stability condition dates back to the 1970s: simultane-
ously with a work by Lopatinskii ( [122], unnoticed in the West, Lopatinskii being
more famous for his older work on elliptic boundary value problems [121)), it was
worked out by Kreiss [103], and independently by Sakamoto [174] for higher-order
equations; in acknowledgement of Kreiss” work on first-order hyperbolic systems
we shall rather call it the (uniform) Kreiss—Lopatinskii condition, and we shall
also speak of Kreiss’ symmetrizers, which are symbolic symmetrizers adapted to
IBVPs. The necessity of Kreiss’ symmetrizers shows up indeed when a Laplace—
Fourier transform is applied to the equations (Laplace in the time direction
and Fourier in the spatial boundary direction): to obtain an a priori estimate
without loss of derivatives we need to multiply the equations by a suitable
matrix-valued function, depending homogeneously on space-time frequencies —
thus being a symbol — in place of the energy tensor of the symmetric dissipative
case; that matrix-valued symbol is what we call a Kreiss symmetrizer. The
actual construction of Kreiss’ symmetrizers is quite involved, and requires a
good knowledge of linear algebra and real algebraic geometry. For this reason,
a separate chapter is devoted to the construction of Kreiss’ symmetrizers. The
interplay with algebraic geometry (formerly developed by Petrovskii, Oleinik
and their school) is a deep reason why we need a structural assumption such
as constant hyperbolicity: even with this, there remain tricky points to deal
with, namely the so-called glancing points, where eigenvalues lack regularity.
The chapter on variable-coefficient IBVPs focuses more on the calculus aspects
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of the theory: it shows how to extend well-posedness results to more general
situations — variable coefficients with either infinite or limited regularity, non-
planar boundaries — by means of pseudo- or para-differential calculus.

The remaining chapters of the second part are devoted to more peculiar
topics: characteristic boundaries (which yield involved additional difficulties);
homogeneous IBVPs (which turn out to require only a weakened version of the
uniform Lopatinskii condition); the so-called class W R, which consists of certain
% *>°-well-posed problems and is generic in the sense that it is stable under small
disturbances of the operators, but displays estimates with a loss of regularity.
These topical chapters may be skipped by the reader insterested only in the
applications to multidimensional shock stability.

Third part. We must admit that the current knowledge of non-linear multi-
dimensional hyperbolic problems is very much limited: all well-posedness results
presented in this part are short-time results; nevertheless, their proofs are not
that easy. A first chapter reviews Cauchy problems: symmetric (or Friedrichs-
symmetrizable) ones, but also those with symbolic symmetrizers (at is the
case for constantly hyperbolic systems), for which well-posedness was not much
known up to now (the only reference we are aware of is a proceedings paper
by Métivier [132]). Well-posedness is to be understood in Sobolev spaces of
sufficiently high index, or to be more precise, in H*(R?%) with s > d/2+ 1 (the
condition ensuring that H*(R?Y) is an algebra, whose elements are at least
continuously differentiable, by Sobolev’s theorem). In other words, we speak in
that chapter only of smooth, or classical solutions, except in the very last section,
where we recall the weak—strong uniqueness result of Dafermos and prepare the
way for piecewise smooth solutions considered in the chapter on shock waves.
Then ‘standard’ non-linear IBVPs are considered in a separate chapter, which
is the occasion to see a simplified version of what is going on for shocks. The
chapter on the persistence (or existence and stability) of single shock solutions
was one of the main motivations to write this book. The idea was to give a
comprehensive account of the work done by Majda in the 1980s [124-126], after
it was revisited by Métivier and coworkers [56, 131,133,134, 136, 140]. Initially,
we intended to cover also non-classical (multidimensional) shocks, as considered
by Freistiihler [58,59] and Coulombel [40]. But for clarity we have preferred to
concentrate on Lax shocks, while avoiding as much as possible to use their specific
properties so that interested readers could either guess what happens for non-
classical shocks or refer more easily to [40] for instance. We have also deliberately
omitted the most recent developments on characteristic and/or non-constantly
hyperbolic problems.

Fourth part. This concerns one of the most important applications of hyper-
bolic PDEs: gas dynamics. In fact, the theory of hyperbolic conservation laws
was developed, in particular by Peter Lax in the 1950s, by analogy with gas
dynamics: terms like ‘entropy’, ‘compressive’ (or ‘undercompressive’) shock are
reminiscent of this analogy, and the so-called Rankine-Hugoniot jump conditions
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were initially derived (in the late nineteenth century) by these two engineers
(Rankine and Hugoniot) in the framework of gas dynamics. There is a huge
literature on gas dynamics, by engineers, by physicists and by mathematicians.
In recent decades, the latter have had a marked preference for a familiar pressure
law, usually referred to as the y-law, for it simplifies, to some extent (depending
on the explicit value of «), the analysis of the Euler equations of gas dynamics.
We have chosen here to consider more general pressure laws, which apply to
so-called real — at least more realistic — fluids and not only perfect gases (as was
the case in earlier mathematical papers, by Weyl [218], Gilbarg [69], etc.).

In a first chapter we address several basic questions, regarding hyperbolicity
and symmetrizability. The second chapter is devoted to boundary conditions
for real fluids, a very important topic for engineers, which has (surprisingly) not
received much attention from mathematicians (see, however, the very nice review
paper by Higdon [84]).

This applied part culminates with the shock-waves analysis for real fluids, in
the last chapter. Even though it seems to belong to ‘folklore’ in the shock-waves
community, the complete investigation of the Kreiss—Lopatinskii condition for
the Euler equations is hard to find in the literature: in particular, Majda gave
the complete stability conditions in [126] but showed how to derive them only for
isentropic gas dynamics; a complete, analytic proof was published only recently
by Jenssen and Lyng [92]. By contrast, our approach is mostly algebraic, and
works fine for full gas dynamics (of which the isentropic gas dynamics appear
as a special, easier case). In addition, we give an explicit construction of Kreiss
symmetrizers, which (to our knowledge) cannot be found elsewhere, and is fully
elementary (compared to the sophisticated tools used for abstract systems).

Fifth part. This is only a (huge) appendix, collecting useful tools and tech-
niques. The main topics are the Laplace transform — including Paley—Wiener
theorems — pseudo-differential calculus, and its refinement called para-differential
calculus. Less space demanding (or more classical) tools are merely introduced
in the Notations section below.
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The set of matrices with n rows and p columns, with entries in a field K, is denoted
by M,,x,(K). If p = n, we simply write M, (K). The latter is an algebra, whose
neutral elements under addition and multiplication are denoted by 0,, and I,,,
respectively. The space M,,x,(K) may be identified to the set of linear maps
from KP to K". The transpose matrix is written MT. The group of invertible
n x n matrices is GL, (K). If p = 1, M, «1(K) is identified with K".

Given two matrices M, N € M, (C), their commutator M N — N M is denoted
by [M, N].

If K= C, the adjoint matrix is written M*. It is equal to MT, where M
denotes the conjugate of M. We equip C™ and R™ with the canonical Hermitian

norm
lzll = > T2 2= (a"2)""2.
J

This norm is associated to the scalar product
(@,y) = =5, =y'z.
J

The norm will sometimes be denoted |z|, especially when z is a space variable
or a frequency vector (used in Fourier transform.)

A complex square matrix U is unitary if U*U = I,,, or equivalently UU* = I,,.
The set U,, of unitary matrices is a compact subgroup of GL,, (C). Its intersection
O,, with M, (R) is the set of real orthogonal matrices. The special orthogonal
group SO, is the subgroup defined by the constraint det M = 1.

As usual, M,,,,(C) is equipped with the induced norm

|Ma))
]

When the product makes sense, one knows that | MN|| < ||M] || N]||. When p =
n, M,,(C) is thus a normed algebra, and we have || M*| < || M|*. If Q is a unitary

[[M]| = sup

(for instance real orthogonal) matrix, one has ||@Q|| = 1. More generally, the norm
is unitary invariant, which means that | M| = ||PM Q|| whenever P and @ are
unitary.

If M € M, (C), the set of eigenvalues of M, denoted by SpM, is called the
spectrum of M. The largest modulus of eigenvalues of M is called the spectral
radius of M, and denoted by p(M). It is less than or equal to ||M||, and such



xxil Notations

that
_ k||1/k
p(M) = lim [MF]7".

The following formula holds,
IM* = p(M*M) = p(MM").

Several other norms on M,, (C) are of great interest, among which is the Frobenius

norm, defined by
Mg = [> [ mgil?.
3k

Since |M ||z = Tr(M*M) = Tr(MM*), we have | M| < |[|[M||g.

A complex square matrix M is Hermitian if M* = M. It is skew-Hermitian if
M* = —M. The Hermitian n x n matrices form an R-vector space that we denote
by H,,. The cone of positive-definite matrices in H,, is denoted by HPD,,. When
M is Hermitian, we have ||M|| = p(M). Every Hermitian matrix is diagonalizable
with real eigenvalues, its normalized eigenvectors forming an orthonormal basis.
The skew-Hermitian matrices with complex entries form an R-vector space that
we denote by Skew,. We remark that M, (C) = H,, ® Skew,, and Skew,, =
tH,,. The intersections of H,,, HPD,, and Skew,, with the subspace M,,(R) of
matrices with real entries are denoted by Sym,,, SPD,, and Alt,,, respectively.
We have M, (R) = Sym,, ® Alt,,. Real symmetric matrices have real eigenvalues
and are diagonalizable in an orthogonal basis.

Given an n x n matrix M, one defines its exponential by

1
expM =eM ::ZHMIC’
k=0 "

which is a convergent series. The map t — exp(tM) is the unique solution of the
differential equation

dA
— =MA
dt '
such that A(0) = I,,. It solves equivalently the ODE
dA
— = AM.
dt

The exponential behaves well with respect to conjugation, that is
exp(PMP™1) = P(exp M)P~!

for all invertible matrix P. The eigenvalues of exp A are the exponentials of those
of A. In particular, p(exp A) is the exponential of the maximal real part Re ),
as A runs over SpA. The matrix exp(A + B) does not equal (exp A)(exp B) in
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general, but it does when AB = BA. In particular, exp A is always invertible,
with inverse exp(—A). Other useful formulee are

exp(M™T) = (exp M)T7 expM =exp M, exp(M*) = (expM)*.
The exponential of a Hermitian matrix is Hermitian, positive-definite. The map
exp : H, — HPD,,

is actually an homeomorphism. The exponential of a skew-Hermitian matrix is
unitary.

Let A€ M, (C) be given. The space C™ splits, in a unique way, as the
direct sum of three invariant subspaces, namely the stable, unstable and central
subspaces of A, denoted, respectively, Fs(A), E,(A) and E.(A). Their invariance
properties read

AE,(A) = E4(A), AE,(A)=E,(A) and AFE.(A)C E.(A).

The stable invariant subspace is formed of vectors = such that (exptA)x tends
to zero as t — 400, and then the decay is exponentially fast. The unstable
subspace is formed of vectors x such that (exptA)z tends to zero (exponentially
fast) as ¢ — —oo. The central subspace consists of vectors such that (exptA)z is
polynomially bounded on R. Since these spaces are invariant under A, this matrix
operates on each one as an endomorphism, say A,, A,, A.. The spectrum of A,
(respectively, A,, A.) has negative (respectively, positive, zero) real part. The
union of these spectra is the whole spectrum of A, with the correct multiplicities.
Hence the dimension of F4(A) is the number of eigenvalues of A of negative real
part (these are called ‘stable eigenvalues’), counted with multiplicities. When
E.(A) is trivial, meaning that there is no pure imaginary eigenvalue, A is called
hyperbolic (in the sense of Dynamical Systems).

Dunford—Taylor formula. Let v be a Jordan curve, oriented in the trigono-
metric way, disjoint from SpA. Let o be the part of SpA that « enclose. Then
the Cauchy integral

P, = L /(z[n —A)"tdz
2ir J,
defines a projector (that is P? = P,) whose range and kernel are invariant under
A. (Moreover, A commutes with P,). The spectrum of the restriction of A to
the range of P, is exactly the part of the spectrum of A that belongs to o. In
other words, R(P,) is the direct sum of the generalized eigenspaces associated
to those eigenvalues in o.
More information about matrices and norms may be found in [187].

Functional spaces

Given an open subset {2 of R", the set of infinitely differentiable functions (with
values in C) that are bounded as well as all their derivatives on {2 is denoted
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by 4°(Q). The set of compactly supported infinitely differentiable functions
(also called test functions) is denoted by 2(Q). Its dual 2’(Q) is the space of
distributions. The derivation 9; := 9/0z; is a bounded linear operator on Z(12).
Its adjoint is therefore bounded on Z'(f2). The distributional derivative, still
denoted by 0;, is the adjoint of —0;.

A multi-index « is a finite sequence (ay, . .., ay,) of natural integers. Its length
|af is the sum }; ov;. The operator

0% =97t - O
is a derivation of order |a|. We also use the notation

50‘— X1, £Qn
51 n

when ¢ € R™.
Given a ¢! function f : Q — C, the differential of f at point X is the linear
form

Af(X) & df(X)E =) & 0 f(X).
j=1

The map X — df(X) (that is the differential of f) is a differential form. The
second differential, or Hessian of f at X is the bilinear form

D2F(X): (&m) = > &nj0i0; f(X).

1,j=1

We may define differentials of higher orders D3f, ...

Given a Banach space E, the Lebesgue space of measurable functions u :  —
E whose pth power is integrable, is denoted by LP(£2; E). When E = Ror E = C,
we simply denote LP(Q) if there is no ambiguity. The norm in LP(Q; E) is

ol = ( ||u<x>|5;dx)1/p.

If m € N, the Sobolev space W™P(Q; E) is the set of functions in L?(€; E') whose
distributional derivatives up to order m belong to LP. Its norm is defined by

1/p

lullwms = D 10%ull%,

la]<m

If p = 2 and if E is a Hilbert space, W™?2(Q; E) is a Hilbert space and is denoted
H™(Q; E), or simply H™(Q2) if E = C or E = R or if there is no ambiguity.
Sobolev spaces of order s (instead of m) may be defined for every real
number s. The simplest definition occurs when p = 2, Q = R™ and EF = C, where
H*(R"™) is isomorphic to a weighted space L?((1 + |£|?)*d¢) through the Fourier

transform. For a crash course on H*(Q2) (sometimes also denoted H*(1)), we
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refer the reader to Chapter II in [31]; for more details in more general situations,
see for instance the classical monograph by Adams [1]. The notation Hf will
stand for the Sobolev space H® equipped with the weak topology instead of the
(strong) Hilbert topology.

The Schwartz space of rapidly decreasing functions .(R™) will simply be
denoted by . when no confusion can occur as concerns the space dimension. And
similarly, its dual space, consisting of temperate distributions, will be denoted

by ..

Other tools

We have collected in the appendix various additional tools, ranging from standard
calculus and Fourier—Laplace analysis to pseudo-differential and para-differential
calculus: we hope it will be helpful to the reader.
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THE LINEAR CAUCHY PROBLEM
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1

LINEAR CAUCHY PROBLEM WITH
CONSTANT COEFFICIENTS

The general Cauchy problem

Let d > 1 be the space dimension and « = (z1, ..., 24) denote the space variable,
t being the time variable. The Cauchy problem that we consider in this section
is posed in the whole space RY, while ¢ ranges on an interval, typically (0,7),
where T < +o00.

A constant-coefficient first-order system is determined by d+ 1 matrices
Al ... A4 B given in M,,(R), where n > 1 is the size of the system. Then the
Cauchy problem cousists in finding solutions u(z, t) of

T o Ou
E—i_;A 0%,

where f = f(z,t) and the initial datum wu(-,t = 0) = a are given in suitable
functional spaces. To shorten the notation, we shall rewrite equivalently

— Bu+ f, (1.0.1)

Opu + Z A%dqu = Bu + f.

When f = 0, the Cauchy problem is said to be homogeneous. A well-posedness
property holds for the homogeneous problem when, given a in a functional
space X, there exists one and only one solution v in €(0,7;Y), for some other
functional space Y, the map

X —-%(0,T;Y)
a—u

being continuous. ‘Solution’ is understood here in the distributional sense. Exis-
tence and continuity imply X C Y, since the map a — «(0) must be continuous.
We use the general notation

xSy
a — u(t).

Since a homogeneous system is, at a formal level, an autonomous differen-
tial equation with respect to time, we should like to have the semigroup
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property
St+5 :StOSS, S,tZO,

this of course requires that Y = X. We then say that the homogeneous Cauchy
problem defines a continuous semigroup if for every initial data a € X, there
exists a unique distributional solution of class € (R™; X). Note that the word
‘continuous’ relies on the continuity with respect to time of the solution, but not
on the continuity of ¢t — S; in the operator norm. Semigroup theory actually tells
us that, if X is a Banach space, the continuity in the operator norm corresponds
to ordinary differential equations, a context that does not apply in PDEs.

When the homogeneous Cauchy problem defines a continuous semigroup on a
functional space X, we expect to solve the non-homogeneous one using Duhamel’s
formula:

u(t) = Sta Jr/o St—sf(s)ds, (1.0.2)

provided that at least f € L1(0,7T; X). For this reason, we focus on the homoge-
neous Cauchy problem and content ourselves in constructing the semigroup.
Before entering into the theory, let us remark that, since (1.0.1) writes
ou

EZPU—’_][’

where P is a differential operator of order less than or equal to one, the
order with respect to time of this evolution equation, the Cauchy—Kowalevska
theory applies. For instance, if f = 0, analytic initial data yield unique analytic
solutions. However, these solutions exist only on a short time interval (0,77*(a)).
Since analytic data are unlikely in real life, and since local solutions are of little
interest, we shall not concern ourselves with this result.

1.1 Very weak well-posedness

We first look at the necessary conditions for a very weak notion of well-posedness,
where X = .7 (R?) (the Schwartz class) and Y = .%/(R%), the set of tempered
distributions. Surprisingly, this analysis will provide us with a rather strong
necessary condition, sometimes called weak hyperbolicity'.

Let us assume that the homogeneous Cauchy problem is well-posed in this
context. Let a be a datum and u be the solution. From the equation

ZAO‘@% = (1.1.3)

1Some authors call it simply hyperbolicity, and use the term strong hyperbolicity for the notion
that we shall call hyperbolicity. Thus, depending on the authors, there is either the weak and normal
hyperbolicities, or the normal and strong ones.
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we obtain u € €°°(0,T;Y). This allows us to Fourier transform (1.1.3) in the
spatial directions. We obtain that (1.1.3) is equivalent to

d
on . .
E + Za2:177a140{u = Bu1.

Using the notation

d
A(n) = Z UOLAav
a=1

we rewrite this equation as an ODE in ¢, parametrized by n

i
ai: = (B —iA(~n))i. (1.1.4)

Since (-, 0) = a, the solution of (1.1.4) is explicitly given by
(n,t) = Bt AM)G(y). (1.1.5)

By well-posedness (1.1.5) defines a tempered distribution for every choice of @ in
the Schwartz class, continuously in time. In other words, the bilinear map

(00 = [ ol e P A o) (116)

which is well-defined for compactly supported smooth vector fields ¢ and ), is
continuous in the Schwartz topology, uniformly for ¢ in compact intervals.

Let A be a simple eigenvalue of A(¢) for some ¢ € R?%. Then, there is a > map
(t,0) — (p,7), defined on a neighbourhood W of (0, &), such that 1(0,£) = —iA
and

(2B — iA(0)r(t,o) = ult,o)r(t o), |r| = 1.

Let us choose a non-zero compactly supported smooth function 6 : R — C with
9(0) # 0. Then, for small enough ¢ > 0, the condition  — t~2¢ € Supp @ implies
(t,t21) € W. For such a t, we may define two compactly supported smooth vector
fields by

¢'(n) = 0(n —t2)r(t, t*n), ' (n) :=0(n —t2)(t, *n),

where ¢ is an eigenfield of the adjoint matrix (t2B —iA(c))*, defined and
normalized as above. We then apply (1.1.6) to (¢¢,¢?"). The sequence (¢'); .o
is bounded in the Schwartz topology, and similarly is (¢*); 0. Therefore

[ e TG = [ e )Pt — ¢/ Pan
R4 R4

is bounded as t — 0. Since it behaves like cexp(—i)/t) for a non-zero constant c,
we conclude that Im A < 0. Applying also this conclusion to the simple eigenvalue
A, we find that A is real.
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The case of an eigenvalue of constant multiplicity in some open set of
frequencies 7 can be treated along the same ideas; it must be real too. Finally, the
points 7 at which the multiplicities are not locally constant form an algebraic
submanifold, thus a set of void interior. By continuity, the reality must hold
everywhere. We have thus proved

Proposition 1.1 The (.7,.") well-posedness requires that the spectrum of
A(€) be real for all & in RY.

When (.,.%") well-posedness does not hold, a Hadamard instability occurs:
for most (in the Baire sense) data a in .#, and for all T' > 0, the Cauchy problem
does not admit any solution of class €(0,T;.%"). This is a consequence of the
Principle of Uniform Boundedness.

Example The Cauchy-Riemann equations provide the simplest system for
which this instability holds. One has d =1, n = 2:

atul + ax?,bg = 0, 3,&2 — 3xu1 =0.

This example shows that a boundary value problem for a system of partial dif-
ferential equations may be well-posed though the corresponding Cauchy problem
is ill-posed.

The converse of Proposition 1.1 does not hold in general, mainly because
of the interaction between non-semisimple eigenvalues of A(§) with the mixing
induced by B. Let us take again a simple example with d =1, n =2, and

g (01 (0 0
a=at=(40) =1 0):

exp(—i€A) = I —iA

Since the matrix

has polynomial growth, the Cauchy problem for the operator 0; + ) A%0, is
well-posed in the (.,.%’) sense, and even in the (&, ) sense. Actually, its
solution is explicitly given by

ui(t) = ay —tah, wus(t) = as.

(We see that there is an immediate loss of regularity.) However, with our non-zero
B, the matrix M := t(B — i€ A) satisfies M? = —it?£I,, which implies that

sinw

exp(t(B —i€A)) = cosw Iz + M,

where w = t(i€)*/2. Since
1/2

)

I ==xt|=
S
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we see that offdiagonal coefficients of exp M grow like exp(c|¢|'/2) as ¢ tends
to infinity, provided t # 0. Then a calculation similar to the one in the proof
of Proposition 1.1 shows that this Cauchy problem is ill-posed in the (.%,.7”)
sense.

1.2 Strong well-posedness

The previous example suggests that the notion of well-posedness in the (rather
weak) (.,.%") sense might not be stable under small disturbance (the instability
result would be the same with eB instead of B). For this reason, we shall merely
consider the well-posedness when ¥ = X and X is a Banach space. We then
speak about strong well-posedness in X (or X-well-posedness). When this holds,
the map S : a — u(t) defines a continuous semigroup on X. It can be shown
that if X is a Banach space, there exist two constants ¢, w, such that

IS¢l o) < e, (1.2.7)

Proposition 1.2 Let X be a Banach space. Then well-posedness (withY = X )
for some B € M,,(R) implies the same property for all B.

This amounts to saying that well-posedness is a property of (A!,..., A4) alone.

Proof Assume strong well-posedness for a given matrix By. The problem
ou d ou
e A" — B 1.2.8
ot + ; 0xq ot ( )

defines a continuous semigroup (S;);>0. One has (1.2.7) with suitable constants
¢ and w. From Duhamel’s formula, (1.1.3) with a matrix B = By + C instead of
By, is equivalent to

u(t) = Sia + /Ot Si—sCu(s)ds. (1.2.9)

Then we can solve (1.2.9) by a Picard iteration. Let us denote by Ru the right-
hand side of (1.2.9), and I = (0,7) (with 7' > 0) a time interval where we look
for a solution. Because of (1.2.7), there exists a large enough N so that RY is
contractant on €(I; X). Therefore, there exists a unique solution of (1.1.3) in
€ (I; X). Since T is arbitrary, the solution is global in time. O

1.2.1  Hyperbolicity

We first consider spaces X where the Fourier transform defines an isomorphism
onto some other Banach space Z. Typically, X will be a Sobolev space H*(R%)"
and Z is a weighted L2-space:

Z=LiRY", LIRY) = {v € L, (RY); (1 +[¢]*)*v € L*(RT)}.
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Because of this example, we shall assume that multiplication by a measurable
function g defines a continuous operator from Z to itself if and only if ¢ is
bounded.
Looking for a solution u € € (I; X) of (1.1.3) is simply looking for a solution

veC(I;Z) of

v , .

= (B-iAm), v(n,0) = (). (1.2.10)
Thanks to Proposition 1.2, we may restrict ourselves to the case where B = 0,,.
Then v must obey the formula

v(n,t) = e 4Wa(y),

where @ is given in Z. In order that v(t) belong to Z for all a, it is necessary
and sufficient that 1 +— exp(—itA(n)) be bounded. Since tA(n) = A(tn), this is
equivalent to writing

sup || exp(zA(£))| < +oo. (1.2.11)
EERY

Let us emphasize that this property does not depend on the time ¢, once

t#£0.
Definition 1.1 A first-order operator
L=0+)» A%0q

is called hyperbolic if the corresponding symbol & — A(§) satisfies (1.2.11).
More generally, a system (1.0.1) (whatever B is) that satisfies (1.2.11) is
called a hyperbolic? system of first-order PDFEs.

After having proven that hyperbolicity is a necessary condition, we show that
it is sufficient for the H®-well-posedness. It remains to prove the continuity of
t — v(t) with values in Z, when @ is given in Z. For that, we write

\Wh%wﬁm%=/

Rd

. . 2
(77400 — o440 ) )| (1 -+ [nf2)* .

Thanks to (1.2.11), the integrand is bounded by c|a(n)|?(1 + |7|?)*, an integrable
function, independent of 7. Likewise, it tends pointwisely to zero, as 7 — t.
Lebesgue’s Theorem then implies that

lim [[o() — o()]17 = 0.
Let us summarize the results that we obtained:
2Some authors write strongly hyperbolic in this definition and keep the terminology hyperbolic

for those systems that are well-posed in ¥, that is whose a priori estimates may display a loss of
derivatives.
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Theorem 1.1

e Let s be a real number. The Cauchy problem for

Oru+ Y A%Dqu =0 (1.2.12)

is H®-well-posed if and only if this system is hyperbolic.

e [f the operator L (defined as above) is hyperbolic, then the Cauchy problem
for (1.1.3) is H®-well-posed for every real number s.

e In particular, the Cauchy problem is well-posed in H?® if and only if it is
well-posed in L?.

Let us point out that hyperbolicity does not involve the matrix B.

Since the well-posedness in a Hilbertian Sobolev space holds or does not,
independently of the regularity level s, we feel free to rename this property
strong well-posedness.

Backward Cauchy problem We considered up to now the forward Cauchy
problem, namely the determination of w(¢) for times ¢ larger than the initial
time. Its well-posedness within L? was shown to be equivalent to hyperbolicity.
Reversing the time arrow amounts to making the change 0; — —0d;. This has the
same effect as changing the matrices A% into —A®. The L?-well-posedness of the
Cauchy problem is thus equivalent to the hyperbolicity of the new system

Dsu — Z A*d,u = —Bu.

This writes as

sup || exp(—2A(¢))] < 400,

£erd
which is the same as (1.2.11), via the change of dummy variable £ — —&.
Finally, the strong well-posedness of backward and forward Cauchy problems
are equivalent to each other. For a hyperbolic system and a data a € H*(R%)",
there exists a unique solution of (1.1.3) u € €(R; H*(R?)") such that u(0) = a.
Let us emphasize that here, ¢t ranges on the whole line, not only on RT.

1.2.2  Distributional solutions

When (1.1.3) is hyperbolic, one can also solve the Cauchy problem for data in the
set .’ of tempered distribution. For that, we again use the Fourier transform
since it is an automorphism of /. We again define @ by the formula (1.1.5).
We only have to show that this definition makes sense in ./ for every ¢, and
that w is continuous from R; to .. For that, we have to show that X (¢) :=
exp(t(B —iA(n))) is a €°° function of 7, with slow growth at infinity, locally
uniformly in time. We shall show that its derivatives are actually bounded with
respect to 1. The regularity is trivial, and we already know that X (¢) is bounded
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in n, locally in time. Denoting by X, the derivative with respect to 7., we
have

dX, . .
= (B—iA(n) X, —iA“X,
dt
and therefore
d(X71X,)

= —iX'A°X.
at !
Using Duhamel’s formula, as in the proof of Proposition 1.2, we see that
XN < e+ 1B 2],

from which we deduce

- A+IBIIED* =1 o 4o
Finally, we obtain
A+ B IED* 5 4o

We leave the reader to estimate the higher derivatives and complete the proof of
the following statement. The case of data in the Schwartz class is done in exactly
the same way, since the Fourier transform is an automorphism of .% and that .
is stable under multplication by €*° functions with slow growth.

Proposition 1.3 If L is hyperbolic, then the Cauchy problem for (1.1.3) is
well-posed in both . and ..

1.2.3  The Kreiss’ matriz Theorem

Of course, since L2?-well-posedness implies (.7, .7”)-well-posedness, hyperbolicity
implies that the spectrum of A(¢) is real for all ¢ in R?. It implies even more,
that all A(§) are diagonalizable. Though these two facts have a rather simple
proof here, they do not characterize completely hyperbolic systems. We shall
therefore describe the characterization obtained by Kreiss [102,104]. This is an
application of a deeper result that deals with strong well-posedness of general
constant-coefficient evolution problems. However, since we focus only on first-
order systems, we content ourselves with a statement with a simpler proof, due
to Strang [199].

Theorem 1.2 Let & +— A(€) be a linear map from R? to M, (C). Then the
following properties are equivalent to each other:

i) Fvery A(&) is diagonalizable with pure imaginary eigenvalues, uniformly
with respect to &:

A(§) = P(&) " diag(ipr, .-, ipa) P(E),  (p1(€) ..., pn(§) €R),
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with
1P~ IPE <C', VéEeR™ (1.2.13)

ii) There exists a constant C > 0, such that
Hem@H <C, VeeR? vi>o. (1.2.14)

i11) There exists a constant C' > 0, such that
(21, — A) 7! < &, V¢ € RY VRe 2z > 0. (1.2.15)

Note that, replacing (z, &) by (—z, —¢), we also obtain (1.2.15) with Re z # 0.
Applying Theorem 1.2, we readily obtain the following.

Theorem 1.3 The Cauchy problem for a first-order system
Ou + ZA“@au =0, zeR?

is H®-well-posed if and only if the following two properties hold.

e The matrices A(§) are diagonalizable with real eigenvalues,

A() = P(&) " diag(p1(€), -, pu(€))PE),  (p1,---,pn ER).

e Their diagonalization is well-conditioned (one may also say that the matri-
ces A(§) are uniformly diagonalizable) : supgcga [|[P(E)7H] - [[P(€)]| <
+0o0.

Proof The fact that i) implies i7) is proved easily. Actually,
[e4©] = | P16 P < ).

When D is diagonal with pure imaginary entries, exp(¢D) is unitary, and the
right-hand side equals C".

The fact that i) implies 4ii) is easy too. The following equality holds provided
the integral involved in it converges in norm

(A— z[n)/ e *tetAdt = —1,. (1.2.16)
0

Because of (1.2.14), the integral converges for every z € C with positive real part.
This gives a bound for the inverse of z1I,, — A, of the form

el = A7 < o) Rez>0,

It remains to prove that éii) implies 7). Thus, let us assume (1.2.15). Replacing
(2,€) by (—z,—¢), we see that the bound holds for Re z # 0, with |Re z| in the
denominator. Thus the spectrum of A(&) is purely imaginary.
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Actually, A() is diagonalizable, for if there were a non-trivial Jordan part,
then (21, — A(¢))~! would have a pole of order two or more, contradicting
(1.2.15). Therefore, A(¢) admits a spectral decomposition

A(f) - ZZ ijja
J
where p; is real and E; = E;(&) is a projector (EJ2 = E;), with
BjE,=0,, (k#j), Y Ej=1I.
J

Let us define

H=H§):=) EE;,
j

which is a positive-definite Hermitian matrix. Since A(§)* = — Zj p; 7, it holds
that

H(EA(E) = —AE)"H(E),

from which it follows that H(£)Y2A(&)H(€)~'/? is skew-Hermitian. As such,
it is diagonalizable through a unitary transformation. Therefore A(§) =
P(&)7ID(&)P(¢), where D(€) is diagonal with pure imaginary eigenvalues, and
P(&) = U(€)H'/?, where U(€) is a unitary matrix.

We finish by proving that P(¢) is uniformly conditioned. Since ||[P*!|| =
|H+'/2|| = || H||*'/2, this amounts to proving that ||H|| - |[H | is uniformly
bounded. On the one hand, it holds that

2
lv|? = ZEjv < nz |Ejv]? = n|HY?v)?,
J J

so that || H~'/2|| < y/n. On the other hand, applying (1.2.15) to € + ip, we have

) o C
1Y (e +ipr —ip;) ' Ej|| < L
J
Letting € — 0, we deduce that ||E;|| < C, independently of £. It follows that
|H|| < nC2. O

Remarks

i) A more explicit characterization of hyperbolic symbols has been estab-
lished by Mencherini and Spagnolo when n = 2 or n = 3; see [129].

i1) The following example (n = 3 and d = 2), known as Petrowski’s example,
shows that the well-conditioning can fail for systems in which all matrices
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A(€) are diagonalizable with real eigenvalues. Let us take

01 1 000
At=(0 0 o], 42=[0 0 0
1 00 0 0 1

One checks easily that the eigenvalues of A(§) are real and distinct for
& # 0, while A2 is already diagonal. Hence, A(¢) is always diagonalizable
over R. However, as & tends to zero, one eigenvalue is identically zero,
associated to the eigenvector (£2,&1,—&;)7, while another one is small,
A~ —£2651, associated to (£2,0, M6 H)T. Both eigenvectors have the
same limit (£2,0,0)7, which shows that P(¢) is unbounded as &; tends
to zero. See a similar example in [108]. Oshime [155] has shown that
Petrowsky’s example is somehow canonical when d = 3. On the other hand,
Strang [199] showed that when n = 2, the diagonalizability of every A() is
equivalent to hyperbolicity, and that such operators are actually Friedrichs
symmetrizable in the sense of the next section.

i11) Uniform diagonalizability of A(€) within real matrices has been shown by
Kasahara and Yamaguti [93,221] to be necessary and sufficient in order
that the Cauchy problem for

Owu + Z A%d,u = Bu

be C*-well-posed for every matrix B € M,,(R). Of course, the sufficiency
follows from Theorem 1.3 and Proposition 1.2. The necessity statement is
even stronger than the one suggested by the example given in Section 1.1,
since the diagonalizability within R is not sufficient. For instance, if A(&)
is given as in the Petrowski example, there are matrices B for which the
Cauchy problem is ill-posed in the Hadamard sense.

1.2.4  Two important classes of hyperbolic systems

We now distinguish two important classes of hyperbolic systems.

Definition 1.2 An operator
L=0+)» A%0q

is said to be symmetric in Friedrichs’ sense [63], or simply Friedrichs symmetric,
if all matrices A® are symmetric; one may also say symmetric hyperbolic. More
generally, it is Friedrichs symmetrizable if there exists a symmetric positive-
definite matrixz Sy such that every SoA® is symmetric.

An operator M as above is said to be constantly® hyperbolic if the matrices
A(&) are diagonalizable with real eigenvalues and, moreover, as & ranges along

3We employ this shortcut in lieu of hyperbolic with characteristic fields of constant multiplic-
ities.
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S4=1 . the multiplicities of eigenvalues remain constant. In the special case where
all eigenvalues are real and simple for every & € S, we say that the operator
is strictly hyperbolic.

Let us point out that in a constantly hyperbolic operator, the eigenvalues may
have non-equal multiplicities, but the set of multiplicities remains constant as
& varies. This implies in particular that the eigenspaces depend analytically on
& for £ # 0. This fact easily follows from the construction of eigenprojectors as
Cauchy integrals (see the section ‘Notations’.) To a large extent, the theory of
constantly hyperbolic systems does not differ from the one of strictly hyperbolic
systems. But the analysis is technically simpler in the latter case. This is why
the theory of strictly hyperbolic operators was developed much further in the
first few decades.

Theorem 1.4 If an operator is Friedrichs symmetrizable, or if it is constantly
hyperbolic, then it is hyperbolic.

Proof Let the operator be Friedrichs symmetrizable by Sy. Then S Lis
positive-definite and admits a (unique) square root R symmetric positive-definite
(see [187], page 78). Let us denote SpA* by S*, and S(§) = _,, £S5 as usual.
Then

A(€) = S5 1S(€) = R(RS(E)R)R™.

The matrix RS(§)R is real symmetric and thus may be written as
QETD(€)Q(€), where Q is orthogonal. Then A(€) is conjugated to D(€), A(E) =
P(&)7ID(&)P(¢), with P(¢) = Q(&)R~ ! and P(£)~! = RQ(&)T. Since our matrix
norm is invariant under left or right multiplication by unitary matrices, we have

IPEOIIPE T = IRIIRT = \/p(So)p(S5 ),

a number independent of . The diagonalization is thus well-conditioned.

Let us instead assume that the system is constantly hyperbolic. The
eigenspaces are continuous functions of ¢ in S?~!. Choosing continuously a
basis of each eigenspace, we find locally an eigenbasis of A(£), which depends
continuously on &. This amounts to saying that, along every contractible subset
of S9! the matrices A(¢) may be diagonalized by a matrix P(¢), which depends
continuously on &. If the set is, moreover, compact (for instance, a half-sphere), we
obtain that A() is diagonalizable with a uniformly bounded condition number.
We now cover the sphere by two half-spheres and obtain a diagonalization of A(€)
that is well-conditioned on S¢~! (though possibly not continuously diagonalizable
on the sphere). O

In the following example, though a symmetric as well as a strictly hyperbolic
one, the diagonalization of the matrices A(£) cannot be done continuously for all
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£eSt:

1 0 0 1
8tu+(0 1)81u+(1 0)82u:0. (1.2.17)

Here, Sp(A(§)) = {—¢, [¢]}- Each eigenvector, when followed continuously as &
varies along S, rotates with a speed half of the speed of £. For € = (cos @, sin )7
and 6 € [0, 27), the eigenvectors are

0 .6

<C052> (—Sln2>
-0 7 0 ’
SlIlg COSE

The eigenbasis is reversed after one loop around the origin. This shows that the
matrix P(§) cannot be chosen continuously. In other words, the eigenbundle is
non-trivial.

1.2.5  The adjoint operator

Let L be a hyperbolic operator as above. We define as usual the adjoint operator
L* by the identity

/+<>0/ (v-(Lu) —u- (L*))dzdt =0, (1.2.18)
oo JRA

for every u,v € Z(R41)". Notice that the scalar product under consideration is
the one in the L2?-space in (z,t)-variables.

With L =0,+ ), A%0,, an integration by parts gives immediately the
formula

«

L= =0 =Y (A)"0a.

The matrix A(£)T, being similar to A(€), is diagonalizable. Since A(¢)7 is diag-
onalized by P(¢)~T (with the notations of Theorem 1.3), and since the matrix
norm is invariant under transposition, we see that —L* is hyperbolic too. If L is
strictly, or constantly, hyperbolic, so is L*. If L is Friedrichs symmetrizable, with
S € SDP,, and S := SYA® € Sym,,, then (S°)~! symmetrizes —L* since it is
positive-definite and (S°)~! (A%)T = (89)~18%(S8%)~! is symmetric. Therefore,
L* is Friedrichs symmetrizable.

The adjoint operator will be used in the existence theory of the Cauchy prob-
lem (the duality method) or in the uniqueness theory (Holmgren’s argument),
the latter being useful even in the quasilinear case. Both aspects are displayed
in Chapter 2.

1.2.6  Classical solutions

Let the system (1.1.3) be hyperbolic. According to Theorem 1.1, the Cauchy
problem is well-posed in H®. Using the system itself, we find that, whenever
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a € H*(RH",
u € CR; H¥(RH™) N €1 (R; HHRH™).

Let us assume that s > 1+ d/2. By Sobolev embedding, H* C ¢ and H*~! C
% hold. We conclude that all distributional first-order derivatives are actually
continuous functions of space and time. Therefore, u belongs to ¢! (R? x R)"
and is a classical solution of (1.1.3).

More generally, a € H*(R%)" with s > k + d/2 implies that u is of class €.

Let us consider the non-homogeneous Cauchy problem, with a € H*(R%)"
and f € LY(R; H*(R)") N € (R; H*~H(R?)™) for s > 1+ d/2. Then Duhamel’s
formula immediately gives u € € (R; H*(R?)"), and the equation gives dyu €
€ (R; H*~1(R%)™). We again conclude that u is ¢! and is a classical solution
of (1.0.1).

Since H*(R%)™ is dense in normal functional spaces, as L? or ./, we see that
classical solutions are dense in weaker solutions, like those in ¢'(R; L2(R%)™). We
shall make use of this observation each time when some identity trivially holds
for classical solutions.

The scalar case When n =1, the unknown w(x,t) is scalar-valued and all
matrices are real numbers, denoted by a',...,a", b. The supremum in (1.2.11)
is equal to one, so that the equation is hyperbolic. It turns out that the Cauchy
problem may be solved explicitly, thanks to the method of characteristics. Let
¥ denote the vector with components a®. Then a classical solution of (1.1.3)
satisfies, for all y € R?,

%u(y +tU,t) = bu(y + ¢V, 1),
which gives
u(y + t0,t) = ea(y),
or
u(z,t) = eta(z — 7). (1.2.19)

This formula gives the distributional solution for a € . as well. The solution of
the Cauchy problem for the non-homogeneous equation (1.0.1) is given by

t
u(x,t) = e’a(x — t7) + / = f(x — (t — 5)7, ) ds.
0

1.2.7  Well-posedness in Lebesgue spaces

The theory of the Cauchy problem is intimately related to Fourier analysis, which
does not adapt correctly to Lebesgue spaces LP other than L?. The procedure
followed above requires that F be an isomorphism from some space X to another
one Z. It is known that F extends continuously from LP(R?) to its dual L? (R%)
when 1 < p < 2, and only in these cases. Since 7! is conjugated to F through
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complex conjugation, it satisfies the same property. Therefore, F : LP(R?) —
Lp’(Rd) is not an isomorphism for p < 2, since p’ > 2. From this remark, we
cannot find a well-posedness result in LP for p # 2 by following the above strategy.

It has been proved actually by Brenner [22,23] that, for hyperbolic systems,
the Cauchy problem is ill-posed in LP for every p # 2, except in the case where
the matrices A“ commute to each other. In this particular case, system (1.2.12)
actually decouples into a list of scalar equations, for which (1.2.19) shows the well-
posedness in every LP. To see the decoupling, we recall that commuting matrices
that are diagonalizable may be diagonalized in a common basis B = {ry,...,r,}
: A%rj = Afrj. Let us decompose the unknown on the eigenbasis:

n

u(x,t) = Z wj(z,t)r;.

1

Then each wj; solves a scalar equation:

8twj + Z A?@awj =0.
(6%

From the well-posedness of (1.2.12) and Duhamel’s formula, we conclude that,
for commuting matrices A%, the hyperbolic Cauchy problem for (1.1.3) is also
well-posed in every LP. The matrices A% do not need to commute with B.

See Section 1.5.2 for an interpretation of the ill-posedness in LP (p # 2), in
terms of dispersion and so-called Stricharz estimates.

1.3 Friedrichs-symmetrizable systems

A system in Friedrichs-symmetric form

S0yt + Y SOou =0

may always be transformed into a symmetric system with Sy = I,,, using the
new unknown u := Sé/ ®u. For the rest of this section, we shall only consider
symmetric systems of the form (1.1.3).

A symmetric system admits an additional conservation law? in the form

Orlul> +> " 0a(A%u,u) =0, (1.3.20)

where (-,-) denotes the canonical scalar product and |u|? := (u,u). Equation
(1.3.20) is satisfied at least for ¢ solutions of the system, when® B = 0. It can be
viewed as an energy identity. Since classical solutions are dense in €' (R; L%(R9)"),

4By conservation law, we mean an equality of the form DiVIﬂgF_: = 0 that derives formally from
the equation or system under consideration.

Otherwise, the right-hand side of (1.3.20) should be 2(Bu, ). In the non-homogeneous case, we
add also 2(f, u).
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and since

u s Oylul® + ) Oa(A%u, u)

is a continuous map from this class into 2’(R4t1), we conclude that (1.3.20)
holds whenever a € L?(R9)".
With suitable decay at infinity, (1.3.20) implies

d

— t)’dz =0
T Rdlu(x, )[7dz =0,

which readily gives
lu@lze = lallz2- (1.3.21)
Again, this identity is true for all data a given in L?(R%)", since
e it is trivially true for a € ./, where we know that u(t) € ., since such

functions decay fast at infinity,
e . is a dense subset of L2

1.3.1 Dependence and influence cone

Actually, we can do a better job from (1.3.20). Let us first consider classical
solutions, for some matrix B. The set V of pairs (A, v) such that the symmetric
matrix AL, + A(v) is non-negative is a closed convex cone. Given a point (X, T) €
R? x R, we define a set K by

K:={(z,t); \¢—-T)+ (z—X)-v<0,¥V(\,v) € V}.

As an intersection of half-spaces passing through (X,T), K is a convex cone
with basis (X, T), and its boundary K has almost everywhere a tangent space,
which is one of the hyperplanes A(t — T') + (x — X) - v = 0 for some (A, v) in the
boundary of V.

Given times t; < to < T, we integrate the identity

Orlul® + ~ Oa(A%u, u) = 2(Bu, u)

on the truncated cone K(t1,t2) := {(z,t) € K; t1 <t < t2}. Using Green’s for-
mula, we obtain

/ <no|u|2 + ZnJA“u,u)) ds = 2/ (Bu,u)dzdt, (1.3.22)
OK (t1,t2) - K(t1,t2)

where dS stands for the area element, while 7 = (nq,...,n4,n0) is the outward
unit normal. On the top (t = t3), 7 = (0,...,0, 1), holds while on the bottom, 77 =
(0,...,0,—1). Denoting w(t) := {x; (x,t) € K}, the corresponding contributions
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are thus

/ |u(:l:,t2)|2d:1: —/ |u(x,t1)|2dx.
w(t2) w(t1)

On the lateral boundary, one has
1
= —=(,\)

for some (A, v) in V, which depends on (z,t). The parenthesis in (1.3.22) becomes
1
N2+ |02

Thus the corresponding integral is non-negative. Denoting by y(t) the integral
of |u(t)|? over w(t), it follows that

(AL, + A(v))u,u).

to
y(t2) — y(ts) <2 / (Bu,u)dedt < 2|B| | y(t)dt.
K(t1,t2) t1

Then, from the Gronwall inequality, we obtain that
y(ts) < eQ(tz—tl)HBHy(tl).

In particular, for 0 < t < T, we obtain

/ s < 101 / la(z)da. (1.3.23)
w

w(0)

Because of the density of classical solutions in the set of L2-solutions, and
since its terms are L2-continuous, we find that (1.3.23) is valid for every L2-
solutions.

Inequality (1.3.23) contains the following fact: If a vanishes identically on
w(0), then so does u(t) on w(t). Equivalently, the value of u at the point (X, T)
(assuming that the solution is continuous) depends only on the restriction of the
initial data a to the set w(0).

Definition 1.3 The set
w(0)={z eR:; (z — X) -v < AT, V(\,v) € V}
is the domain of dependence of the point (X,T).

Let us illustrate this notion with the system (1.2.17), to which we add a
parameter ¢ having the dimension of a velocity:

1 0 0 1
(9tu+c<0 _1>81U—|—C<1 0)82u:0.
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Since

A12+A(V)Z(A+CV1 cvs )

cVy A —cuy

the cone V is given by the inequality c|v| < A. Thus the domain of dependence
of (X,T) is the ball centred at X of radius T

We now fix a point z at initial time and look at those points (X,T) for
which z belongs to their domains of dependence. Let us define a convex cone C*
by

Cti={yeRY \+y-v>0,Y\v) eV}
Defining y = (X —x)/T, we have 1+y-v >0, that is y € Ct. There-

fore X =x+ Ty € x+TCT. We deduce that u vanishes identically outside
of Suppa+ TC*, where a=wu(-,0). We have thus proved a propagation

property:

Proposition 1.4 Let the system (1.1.3) be symmetric. Given a € L>(R)™, et
u be the solution of the Cauchy problem. Then, for t; < ts,

Supp u(tz) C Suppu(ty) + (t2 — t1)C™. (1.3.24)
Reversing the time arrow, we likewise have
Suppu(ty) C Suppu(ta) + (t2 —t1)C, (1.3.25)
where
CTi={yeR \+y-v>0,Vvec -V}
This result naturally yields the notion:

Definition 1.4 Given a domain w at initial time. The influence domain of w
at time t > 0 is the set w +tC™T.

Remark From Duhamel’s formula, we extend the propagation property to the
non-homogeneous problem. For instance, the solution for data a € L? and f €
LY(0,T; L?) satisfies

Suppu(t) C (Suppa +tCT) U U (Supp f(s) + (t — s)CT). (1.3.26)

0<s<t

1.3.2  Non-decaying data

Though the previous calculation applies only to solutions in €' (R; L?), where we
already know the uniqueness of a solution, it can be used to construct solutions
for much more general data than square-integrable ones.

First, the inequality (1.3.23) implies a propagation with finite speed: if a €
L?(R?)™ and t > 0, the support of u(t) is contained in the sum Suppa + tC*.
We now use the following facts:
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e I? is dense in .%,

e for a in .¥’, there exists a unique solution in € (R;.”’) (see Proposition
1.3),

e the distributions that vanish on a given open subset of R? form a closed
subspace in ..

We conclude that (1.3.24) and (1.3.25) hold for a symmetric system when a is a
tempered distribution.

We use this property to define a solution when the initial data is a (not
necessarily tempered) distribution. Let a belong to 2/(R%)"™. Given a point y €
R? and a positive number R, denote by C(y; R) the set y + RC~. Choose a cut-
off ¢ in Z(RY), such that ¢ = 1 on C(y, R). The product ¢a, being a compactly
supported distribution, is a tempered one. Therefore, there exists a unique u?,
solution of (1.1.3) in ¥ (R;.#’), with initial data ¢a. For two choices ¢, ¢ of cut-
off functions, (¢ — v)a vanishes on C(y; R), so that u®(¢) and u¥(¢) coincide on
C(y; R —t) for 0 < t < R. This allows us to define a restriction of u® on the cone

K(y;R) == |J {1} x Cly; R—1).
0<t<R

As shown above, this restriction, denoted by u, r does not depend on the choice
of the cut-off. It actually depends only on the restriction of a on C(y; R). Now, if
a point (z,t) lies in the intersection of two such cones K (y1; R1) and K (y2; R2),
it belongs to a third one K (ys; R3), which is included in their intersection. The
restrictions of uy, gr, and uy, r, to K(ys; R3) are equal, since they depend only
on the restriction of a on C(ys; R3). We obtain in this way a unique distribution
u € €(R"; '), whose restriction on every cone K (y; R) coincides with u, . It
solves (1.1.3) in the distributional sense, and takes the value a as ¢ = 0. Reversing
the time arrow, we solve the backward Cauchy problem as well.

This construction is relevant, for instance, when a is leoc rather than square-
integrable. It can be used also when a is in L{ . for p # 2, even though the cor-
responding solutions are not €' (R; L?) in general, because of Brenner’s theorem.

1.3.3  Uniqueness for non-decaying data

The construction made above, though defining a unique distribution, does not
tell us about the uniqueness in %(0,7;X) for a € X, when X = 2'(R%)" or
X = L2 (R for instance. This is because we got uniqueness results through
the use of Fourier transform, a tool that does not apply here. We describe below
two relevant techniques.

Let us begin with X = L . We assume that u € €(0,T; X) solves (1.1.3)

with @ = 0. We use the localization method. Let K(y; R) be a cone as in the
previous section, and ¢ € Z(R?) be such that

¢(x)=1, vee (J ClR-1),

0<t<R
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the latter set being the z-projection of K (y; R). Multiplying (1.1.3) by ¢, and
denoting v := ¢u, we obtain

O+ > A%04v = Bu+ [,

where v € €(0,T; L?(R%)"™) and
f = (0 + A(Vy0))u € €(0,T; L*(R)™).
At this point, we are allowed to write the energy estimate

O] + Z@a(Aav,U) = 2Re (Bv + f,v),
«
which gives for every 0 < t¢; < t5 < R, after integration,

to
/ [v(ts)|?da < / lo(ty)2dz +/ dt/ 2Re ((Bv,v) + (f,v))dz,
w(tz) w(tl) tl w(t)
(1.3.27)

where w(t) := C(y; R — t). However, the equalities v = u, f = 0 hold in K (y; R).
Therefore (1.3.27) reduces to

to
/ lu(te)|Pda < / lu(ty)|*dx + 2/ dt/ Re (Bu,u) dz.
w(tg) w(tl) t] w(t)

This, with the Gronwall inequality, gives

/ lu(z, )Pz < 2B / lu(z, 0)[2dz = 0.

w(t) w(0)

Since y and R are arbitrary, we obtain v = 0 almost everywhere, which is the
uniqueness property.

We now turn to the case X = 2'(R?)", where the former argument does not
work. Our main ingredient is the Holmgren principle, a tool that we shall develop
more systematically in subsequent chapters. We assume that u € €(0,T; X)
solves (1.1.3) in the distributional sense. This means that, for every test function
¢ € 2(R* x (0,T))", it holds that

(u,L*¢) =0, L*:=-0— Y (A*)"0,— B".

[e3

This may be rewritten as

/T<U(t)7L*¢(t)> dt = 0. (1.3.28)
0

Let 1) be a slightly more general test function: 1 € 2(R? x (—o0, T'))". Choosing
0 € € (R) with §(7) =0 for 7 < 1 and 0(7) = 1 for 7 > 2, we define

(be(xvt) = 9(t/€)1/)(xvt)-
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We may apply (1.3.28) to ¢, which gives

[ oot Loy =2 [ #e/ou. o) a
0 0

Using the continuity in time, we may pass to the limit as ¢ — 0T, and obtain

T
/0 (ult), L (8)) dt = (u(0), 1(0)).

Therefore, assuming u(0) = 0, we see that (1.3.28) is valid for ¢ as well, that is
to test functions in 2(R% x (—o0,T))™.

We now choose an arbitrary test function f € 2(R¢ x (0,7))". Obviously,
L* is a hyperbolic operator and we can solve the backward Cauchy problem

L'x=f, x(T)=0.

Extending f by zero for ¢ < 0, we obtain a unique solution y € €*°(—oc0,T;.%).
Applying (1.3.26) to this backward problem, we see that x(t) has compact
support for each time, with Supp x(¢) included in a ball of the form B,;_), for a
suitable constant p. Also, x vanishes identically for ¢ close enough to T' (because
f does). Truncating, we apply (1.3.28) to ¢(z,t) = 6(t + 1)x(«,t). This gives
(u, f) =0 for all test functions, that is u = 0. Therefore the Cauchy problem
for a Friedrichs-symmetric operator has the uniqueness property in the class

€0, T;9").

1.4 Directions of hyperbolicity

The situation for general (weakly) hyperbolic operators is not as neat as that for
Friedrichs-symmetrizable ones. Non-symmetrizable operators do exist, as soon
as d =2 and n = 3, as shown by Lax [110]. The class of constantly hyperbolic
operators provides a valuable and flexible alternative to Friedrichs-symmetrizable
ones. Their analysis will lead us to several new and useful notions.

In this section, we shall not address the problem of propagation of the support
(with finite velocity), which we solved in the symmetric case. This propagation
holds true for constantly hyperbolic systems, but a rigorous proof needs a theory
of the Cauchy problem for systems with variable coefficients. Such a theory will
be done in Chapter 2, where we shall prove an accurate result.

1.4.1  Properties of the eigenvalues

The results in this section are essentially those of Lax [110], and the arguments
follow Weinberger [217], though we give a more detailed proof of the claim below.

We begin by considering a subspace E in My, (R), with the property that every
matrix in F has a real spectrum. Without loss of generality, we may assume that
I, belongs to E. If M € E, we denote by \{(M) < --- < \,(M) the spectrum
of M, counting with multiplicities. The functions A; are positively homogeneous
of order one. They are continuous, but could be non-differentiable at crossing
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points. In the constantly hyperbolic case, however, they are analytic away from
the origin.

Lemma 1.1 Let A and B be matrices in E, with \(B) > 0. Then the eigen-
values of B~1(\I,, — A) are real.

Proof From the assumption, we know that B is non-singular. Define a poly-
nomial

P(X,Y) :=det(XI, — A—YB),

which has degree n with respect to X as well as to Y. Define continuous functions
¢j(1) = Nj(A+ pB). From homogeneity and continuity, we have

o JpAi(B), as p — +00,
o (1) {/J)\nJrlj(B) as pu — —oo.

Hence ¢;(u) tends to £oo with p. By the Intermediate Value Theorem, it must
take any prescribed real value \ at least once.

Thus, let \* be given and p; € R be a root of ¢;(p;) = A* for each j. Given
one of these roots, p*, let J be the number of indices such that p; = p*. Then
A* is a root of P(-, u*), of order J at least.

Claim 1.1 The multiplicity of u* as a root of P(A\*,-) is larger than or equal
to J.

This claim readily implies the lemma. Its proof is fairly simple when the ¢;s are
differentiable, for instance in the constantly hyperbolic case. But in the general
case, one must use once more the assumption. To simplify the notations, we
assume without loss of generality that A* = u* =0, by translating A to A +
w*B —X*I,. Let N (N > J) be the multiplicity of the null root of P(-,0). The
Newton’s polygon of the polynomial P admits the vertices (IV,0) and (0, K).
Let 0 be the edge of the Newton’s polygon with vertex (IV,0). We denote its
other vertex by (j, k). Retaining only those monomials of P whose degrees (a, b)
belong to &, we obtain a polynomial X7(Q with the following homogeneity:

Q(a"X,aV7Y) = !NV Q(X,Y).

It is a basic fact in algebraic geometry (see [35], Section 2.8) that, in the vicinity
of the origin, the algebraic curve P(z,y) = 0 is described by simpler curves corre-
sponding to the edges of the Newton polygon, up to analytic diffeomorphisms. In
the present case, these diffeomorphisms have real coefficients (i.e. they preserve
real vectors) since P has real coeflicients. The ‘simple’ curve v associated to
J is just that with equation Q(z,y) = 0. Hence, points (z,y) in v with a real
co-ordinate y must be real (because this is so in the curve P = 0.)

Let w be a root of unity, of order 2(N — j), that is w7/ = —1. Because of

the homogeneity, the map (x,y) — (w*z, —y) preserves 7. If y is real, the map
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thus moves a real point into another one. Hence, w® is real, thus w?* = 1. This

implies that k is a multiple of N — j. In particular, k > N — j.
Since (j,k) is a vertex of the Newton polygon, lying between the vertices
(N,0) and (0, K'), we have
J k

EALASY
NTE

Together with £k > N — j, this implies K > N and the claim. O

Suppose that in the proof of Lemma 1.1, one of the functions, say ¢;, is not
strictly monotone. For a suitable real number A, the equation ¢;(u) = A will
have at least three roots, and P()\,-) =0 will have n + 2 roots at least, which
is absurd. Therefore, the assumption A;(B) > 0 implies that p — A;(A + pB) is
monotone increasing. For a general B in E we may apply that to B’ := B — cI,,
with ¢ < A1 (B). Letting ¢ — A\ (B), we obtain that

p— Aj(A+ pB) — pAi(B)

is non-decreasing. In particular,

)\J<A + B) > )\J(A) + )\1(3)7 VA, B e FE. (1.4.29)
Reversing (A, B) into (—A, —B), we also have
)\J<A + B) < )\J(A) + )\»,L(B)7 VA, B e FE. (1430)

In particular, with 5 =1 in (1.4.29) and j = n in (1.4.30), we obtain:

Proposition 1.5 Let E be a vector space of real n X n matrices, whose every
element has a real spectrum.

The smallest eigenvalue is a concave function, while the largest is a convex
one: For every A and B in F,

A (A+ B) = M(A) + M(B),
An(A+ B) < An(A4) + An(B).

This applies to the space E :={A(£); & € R4} when the operator L = 0; +
Yo A%0q is hyperbolic.

Remark When F = Sym_(R), a space that obviously satisfies the assumption,
(1.4.29) and (1.4.30) belong to the set of Weyl’s inequalities. Given the spectra
of A and B, but not A and B themselves, Horn’s conjecture, proved recently
by Klyachko [98] and Knutson and Tao [99], characterizes the set of possible
spectra of A+ B as a convex polytope, defined through rather involved linear
inequalities. It would be interesting to know! which of these inequalities remain

TThis question has been solved recently, thanks to the efforts of J. Helton, V. Vinnikov and
L. Gurvits. It turns out that every linear inequality that is valid for real symmetric matrices is
valid for matrices in E. These inequalities actually apply to the roots of an arbitrary hyperbolic
homogeneous polynomial.
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true for a general subspace F treated in this section. The simplest ones in Horn’s
conjecture are Weyl’s inequalities

A(A+ B) < N(A) + X(B), (k+n<i+j),
and
Ae(A+ B) > Ni(A) + X (B), (k+12>i+j).

Next comes the Theorem of Lidskii, which tells us that, as a vector in R", the
spectrum of A + B belongs to the convex hull of (P?),cs, where P, has co-
ordinates A\;(A) + A (;)(B) and o runs over all permutations. See Exercises 11 of
Chapter 3 and 19 of Chapter 5 in [187].

Lemma 1.1 can be improved in the following way. Given \* € R, let 01,...,05
be the distinct eigenvalues of M = B~1(AI,, — A). Let S; be the set of indices
j such that p;(A*) = o, and Jy its cardinality. Since each function ¢; is strictly
monotone, we have \* — ¢;(o¢) # 0 for every j not in Sy. Therefore, J; is precisely
the multiplicity of the root A\* of P(:,0¢). From the claim, we know that Jy is
less than or equal to the multiplicity my of oy as a root of P(A\*,-). Hence

n=J+--+Js<mi+ - +mg =n,
and we conclude that m, = J; for each /.

Lemma 1.2 With the assumptions of Lemma 1.1, let a real pair satisfy
P\ p) =0, where P(X,Y) :=det(XI, — A—YB). Then the multiplicities of
A as a root of P(-, 1), and of u as a root of P()\,-), coincide.

Finally, we remark that A — max{—X1(4), \,(A4)} is a semi-norm over such

a space E as above.

1.4.2  The characteristic and forward cones

From now on, E is the set of matrices 71, + A(§) for (7,¢) € R4, where L =
Oy + >, A%0, is a hyperbolic operator.

Definition 1.5 The characteristic cone of the hyperbolic operator L = 0y +
Yoo A%0q is the set

charL := {(£,\) € RY x R; det(A(€) + M,,) = 0}.

Its elements are the characteristic frequencies. The connected component of (0,1)
in (R? x R) \ charL is denoted by T'; it is called the forward cone.

Obviously, I' is a kind of epigraph of A,:
L={(N: 2>\ (=O}

According to Proposition 1.5, it is a convex cone in R%*!, a result originally due
to Garding [65,66]. The terminology forward cone will be explained in the next
section.
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When L is constantly hyperbolic, the eigenvalues A; are analytic away from
the origin. The function A, has therefore a non-negative Hessian D2)\,,. Because
of homogeneity, this Hessian is indefinite,

Therefore I is not strictly convex in the usual sense, and we shall say that A, is
transversally strictly convez if the equality

implies ¢’ € RT¢. We now prove that such a strict convexity holds for most
systems.

Proposition 1.6 Let the operator
L=0,+» A%,
«

be hyperbolic. Then the forward cone I is conver.

If L is constantly hyperbolic, then either the function X, is transversally
strictly convex (and therefore Ay is transversally strictly concave), or the system
is a vector-valued transport equation

Oyu + (V)Vmu =0.

Proof If )\, is not transversally strictly convex, there exists a segment [£1, &3]
on which A, is affine, and &1, &> are not parallel. By homogeneity, A, is affine on
the triangle with vertices 0, &1, 2. Since A, (0) = 0, ‘affine’ actually means ‘linear’.
Let P be the plane spanned by &, £. Since A, is analytical away from the origin,
and since P \ {0} is a connected set, the restriction of A, to P is linear. It follows
that A\, (§1) = —An(—&1). In other words, A\, (£1) = A1(&1). This means that A(&;)
has only one eigenvalue. Finally, the system being constantly hyperbolic, there
must be only one eigenvalue for every £. Since A(£) is diagonalizable, this gives
A(&) = M (&)1, Therefore, A\, (§) = Tr A(&)/n, which shows that ), is linear on
the whole R?, thus there exists a vector V such that A, (€) = V - £&. This ends the
proof. O

1.4.3  Change of variables

The role of the cone I' becomes clear when we consider changes of the space—time
reference frame. Let us perform a linear change of independent variables

(m7t)'_)(y78)7 y = Rx +1tV, 3:)\0t+€0'$,
with R € My(R) and V, & € RY, chosen so that the whole matrix

(R V
R= (ﬁg Ao)
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is invertible. The system (1.1.3) is changed into
i dn _p
o X,
where

A% = (Mol + A(0) ™ [ Y RapA® + Vo, |, (1.4.31)
B

provided that (&g, Ag) is not characteristic. We consider the variable s as a new
time variable and look at the Cauchy problem. Let us point out that it is not
equivalent to the former Cauchy problem, since the data is now given on the
hyperplane {s = 0}, instead of {t = 0}. Its strong well-posedness is equivalent to
the hyperbolicity of the operator

8ya

A

A change of variables that preserves ¢ (that is with £ = 0, A\g = 1) is harmless,
giving g(n) = A(&) + (¢£- R7WV)I, with ¢ = R™n, so that hyperbolicity is pre-
served. Therefore, hyperbolicity is really a property of the pair (£, Ag), which
determines the direction of the hyperplane {s = 0} where the Cauchy data is
given. This leads us to the following.

Definition 1.6 We say that the operator

L=0,+Y A%,

is hyperbolic in the direction (&g, Ao), if (£0,No) is not characteristic, and if,
moreover, the operator

(1.4.32)

+Z

is hyperbolic, with Ao being defined in (1.4.81).

5ya

Remarks

* In particular, 9; + ), A%0, is hyperbolic in the direction (0,1) if and only
if it is hyperbolic in the sense that we considered so far.

e The hyperbolicity in directions (§p, Ao) and (—&p, —Ag) are equivalent.
Therefore, we may always restrict ourselves to Ag > 0.

® When 0, + ), A%0, is symmetric, and when X\oI,, + A(&) is positive-
definite, the new operator ds + ), A29,, is Friedrichs symmetrizable, with
Aol + A(&o) as a symmetrizer. This statement is to be compared with
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Theorem 1.5 below, with the remark that the positive-definiteness means
that Aol + A(&o) belongs to I' in this case.

e If (&), \o) € charL, the matrices A% are not well-defined; the variable s
cannot be taken as a time variable. In this case, we say that the hyperplane
{s = 0} is characteristic. We shall come back to this important notion later.

Hyperbolicity in the direction (£p, Ag) means that the matrices

A(n) = (Aol + A(&)) " (AR ) + (V- n)I,)

have a real spectrum for every n € R?, and are uniformly diagonalizable. Lemma,
1.1 tells us that this spectrum is real for every n € R%, as soon as A (Aol +
A(&o)) > 0, which means Ao + A1 (A(&)) > 0. On the other hand, one has, with
the notations of Lemma 1.1,

ker(B~Y(\I, — A) — pl,,) = ker(\l,, — A — uB).

Since now every element of F is diagonalizable, the dimension of the right-hand
side equals the multiplicity of A as a root of P(-, u). From Lemma 1.2, we deduce
that the dimension of the left-hand side equals the multiplicity of i as a root of
P(), ). Hence the algebraic and geometric multiplicities coincide: B=*(\ — A) is
diagonalizable. Applying this result to the above context, we conclude that /Nl(n)
is diagonalizable with a real spectrum, for every n € R?. We leave the reader to
verify that the diagonalization can be performed uniformly, using the assumption
that it is true in E.

In two instances, the verification of this fact is rather easy. For, if L is
symmetric and (Ao,&p) € I', then A\oI,, + A(&p) is positive-definite and plays
the role of a symmetrizer for L. On the other hand, assume that L is strictly
hyperbolic (or more generally constantly hyperbolic). Looking back at the proof
of Lemma 1.1, the functions ¢; and ¢ cannot coincide somewhere if j # k.
Hence B~'(MI, — A) has distinct eigenvalues. It follows that L is strictly (or
constantly) hyperbolic too.

Therefore, we have the following result.

Theorem 1.5 A hyperbolic operator L is hyperbolic in every direction of its
forward cone. If L is either Friedrichs symmetrizable, or strictly, or constantly
hyperbolic, then L has the same property in every direction of its forward cone.

Comments It is known that when E is a subspace of My(R), consisting
only on diagonalizable matrices with real eigenvalues, these eigenvalues may be
labelled, at least locally, with the property that one-sided directional derivatives

L AT+ BTy = A(T)
h—0t h

=: 6>\T(Tl)
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exist. However, A7 (T7) may be neither linear with respect to 7, nor continuous
in T'. Although it is positively homogeneous in T}, it may not satisfy

SAT(=T1) = —6Ap(TY). (1.4.33)

We illustrate these facts with a two-dimensional space, spanned by the matrices

1. (1 0 2 (0 1
e (D 0) e (00,

The matrix & A! + £,A42% has eigenvalues +|¢|. We choose A\ = — €], Ao = [¢].
These functions are not differentiable at the origin but have the one-sided direc-
tional derivatives mentioned above. There is no way to relabel the eigenvalues in
order to satisfy (1.4.33). A more involved example is the set of symmetric n X n
matrices.

A rather complete analysis of these facts may be found in Chapter 2 of Kato’s
book [95]. It also contains (Theorem 5.4 of [95]) the following amazing fact, which
shows that the two-dimensional example above is optimal. When restricting to
a curve s — T'(s) in E, where the parametrization is differentiable (respectively,
analytic), one may label the eigenvalues in such a way that they are differentiable
(respectively, analytic) with respect to s. In other words, one may satisfy (1.4.33)
when there is only one scalar parameter, though it will be at the price of a loss
of ordering.

1.4.4  Homogeneous hyperbolic polynomials

The theory of scalar equations of higher order involves the notion of hyperbolic
polynomials. Let p be a homogeneous polynomial of degree n in d + 1 variables
&o, - --,&4. We consider the equation

LA
P 9zg’ " Dy = f.

According to Garding [65], we say that p is hyperbolic in the direction of some
real vector a € Rt if for every vector £ € R, the equation

p(ra+§) =0

has n real roots, counting multiplicities. This implies p(a) # 0 and we may
normalize p by p(a) = 1. Notice that the traditional case where xo =t and p
is hyperbolic in the direction of time corresponds to a = (1,0,...,0). A typical
example is p(§) =2 — & — - — 53, which is associated to the wave operator
02 — A2, and is hyperbolic in the ‘direction of time’ a = (1,0...,0).

The definition of hyperbolicity given above is equivalent to the C*° well-
posedness of the Cauchy problem for the equation

p(ag, ey 8,1)11, = f
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However, it does not imply L?- or H*-well-posedness (in a sense adapted to
the order of the operator); it is merely the analogue of the weak hyperbolicty
described in Section 1.1. We refer to [65] for the case where p is not homogeneous.
Garding’s definition of hyperbolicity is the more general one, and extends, for
instance, that of Petrowsky [158].

We shall not discuss here the Cauchy problem for general hyperbolic opera-
tors. This has given rise to an enormous literature. However, we do not resist to
mention the remarkable convexity results obtained by Garding in [66]. The first
property is that the polynomial ¢, homogeneous of degree n — 1, defined by

(&) = zd:a o
a=0 aafa

is hyperbolic in the direction of a too. This is the interlacing property of real
zeroes of a univariate polynomial and its derivative. Let us give an immediate
application. It is clear that a linear form is hyperbolic in every non-characteristic
direction, and also that the product of polynomials that are hyperbolic in some
direction a (the same for every one), is hyperbolic also in this direction. For
instance, o0441(§) := [[,, &« is hyperbolic in the direction of (1,...,1). Applying
repeatedly the derivation in direction a, we deduce that every elementary sym-
metric polynomial o (&) is hyperbolic in the direction (1,...,1). This is trivial if
k =1 (pure transport), and this is well known if k = 2, because o5 is a quadratic
form of index (1, d), positive on (1,...,1).

The forward cone Cp(a) is the connected component of a in the set defined by
p(§) > 0. As in the case of first-order systems, C(a) is convex, and p is hyperbolic
in the direction of b for every b in Cp(a). If ¢ is the a-derivative as above, then
Cp(a) C Cy(a), with obvious notation.

The nicest result is perhaps the following. Let P be the polarized form of p,
meaning that

(€. ") = P(EL, ... €M)

is a symmetric multilinear form, such that P(¢, ..., ¢) = p(¢) for every & € R4
(this is the generalization of the well-known polarization of a quadratic form).
Then we have

(€' € Cyla),...,£" € Cpla)) = (p(&") -+ p(€™) < P(h, ..., €M™) . (1.4.34)

We point out that when n = 2, that is when p is a quadratic form of index
(1,d), this looks like the Cauchy—Schwarz inequality, except that (1.4.34) is in
the opposite sense. An equivalent statement is that

€= p()t"

is a concave function over Cp(a).
Garding’s results have had many consequences in various fields, including
differential geometry, elliptic (!) PDEs (see, for instance, the article by Caffarelli
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et al. [29]) and interior point methods in optimization. A rather surprising
byproduct is the concavity of the function®

H — (det H)Y/™,  H e HPD,,.
This property is reminiscent of the Alexandrov—Fenchel inequality
vol(K1)vol(K3) < V(K K)?

for convex bodies, where V denotes the mized volume. The van der Waerden
inequality for the permanent of a doubly stochastic matrix can be rewrit-
ten in terms of an inequality for hyperbolic polynomials, applied to ¢, in n
indeterminates.

1.5 Miscellaneous
1.5.1  Hyperbolicity of subsystems

Let L =0,+),A%0, be a hyperbolic n x n operator. Given a linear sub-
space G of R™ of dimension m, with a projector m onto G, one may form
a subsystem in m unknowns v(z,t) € G and m equations, governed by the
operator L' = 0; + > mA%0,. There is no reason, in general, why L’ would
be hyperbolic. The following result shows that a clever choice of 7 ensures this
hyperbolicity.

Theorem 1.6 Let L =0+, A% be a hyperbolic n x n operator and &
belong to S4=1. Given an eigenvalue \g of the spectrum of A(&y), denote by
the eigenprojection onto the eigenspace F(\o) := ker(A(&o) — Aoln)-

Then the operator

d
L=+ ) mA%Da,
a=1
acting on functions valued in F'(\o) (thus it is an m x m operator, m being the
multiplicity of Xo), is hyperbolic.

This result is of low interest when L is symmetric hyperbolic (or more
generally smmetrizable), for then 7 is an orthogonal projection, so that wA(&) :
F(Xo) — F()\g) is symmetric, thus L’ is symmetric hyperbolic too.

Proof Using a linear change of unknowns, which amounts to conjugating the
matrices A, we may assume that A(&p) is diagonal:

A(&o) = <)\001m lgo) ,

6This result is strictly better than the well-known concavity of H — log det H for positive-definite
Hermitian matrices. However, this latter statement has the advantage of having a form independent
of n.
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where Do — A\ol,_m, of size n —m, is invertible. We decompose vectors and

matrices accordingly:
T o [CY F©
X_<y>’ 4 _<Ea Da).

The theorem states that the m x m operator
d
L':=0,+) C%q
a=1

is hyperbolic.

Since C™ is the direct sum (R™ X {0p—m}) & ({0} X R®™™) of invariant
subspaces of A(&p), corresponding to disjoint parts of the spectrum, standard
perturbation theory (see Kato [95]) tells us that there exists a neighbourhood V
of {, and an analytical map & — K(§) from V to M, _p)xm(R), such that

i) the subspace

N(§) = {(K(Eﬁ) ;T € R’"}

is invariant under A(§).

Hence, N(€) is invariant under the flow of X = A(£)X. On this subspace, the
flow is defined by & = Q(&)z, y = K(§)x, where

Q(€) = C(6) + FOK(©).
Let us define
M = Slgp | expiA(E)]],

which is finite by assumption. For every € in V, t € R and x¢ € R™, it holds that
[ exp(itQ(&))oll < coM([lzoll + [ K (E)zoll),

where ¢g is accounted for the equivalence of the standard norm with (z, K(§)z) —
lz|l, on N (). In other words,

(| exp(itQ(&))I| < coM (1 + [|K(E]])- (1.5.35)

Let 1 be given in RZ. One applies (1.5.35) to the vector £ = &y + sn, for s small
enough (in such a way that £ € V) and ¢t = 1/s. Since

Q&) = Mol 4 sC(n) + sF(n)K(€),
it holds that

exp itQ(€) = " expi(C(n) + F(n) K (€)).
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Using (1.5.35) and passing to the limit as s — 0, we obtain
lexpiC(n)|| < 1M,
which proves the claim. O

We improve now Theorem 1.6 for constantly hyperbolic systems. Theorem
1.7 below is attributed to Lax. It turns out to be useful in geometrical optics in
the presence of non-simple eigenvalues. It will also be valuable in the study of
characteristic initial boundary value problems, see Section 6.1.3.

To begin with, we consider a constantly hyperbolic operator L and select
an eigenvalue A(£), whose multiplicity, for £ # 0, is denoted by m. Denote by
me the eigenprojector onto ker(A(§) — A(€)I,). Obviously, A and 7 are analytic
functions on R4\ {0}.

Theorem 1.7 Assume that L is constantly hyperbolic and adopt the above
notations. Then, for every € # 0 and every n € R%, it holds that

meA(n)me = (AA() - n)me.
Proof Differentiating the identity (A(§) — A(§))me = 0, we obtain
(A(€) = AE)(dm (&) - n) + (A(n) — dA(§) - m)me = 0.

We eliminate the factor dn(§)-n by multiplying this equality by m¢ on the
left. O

In matrix terms, we may choose co-ordinates in R™ such that, for some vector
£#0,
AEI, O
A= (M 4t - x@ 1) #0

The theorem above tells us that if A has a constant multiplicity, one has

_ (n'X)Im 3(77)
AW)( C(n) D(n))’ v & R,

for some vector X € R<.

Corollary 1.1 Let L be constantly hyperbolic, with an eigenvalue A of multi-
plicity m > n/2. Then & — \(§) is linear.

Proof From the assumption, there exists a non-zero vector x in the intersection
of ker(A(§) — A(€)) and ker(A(n) — A(n)). On the one hand, m¢x = z. On the
other hand, A(n)x = A\(n)z. Applying Theorem 1.7 gives A(n) = dA(&) - 7. O

Remarks

® The example given in Section 1.2.3 shows that assuming only the diago-
nalizability on R™ of all matrices A(£) does not ensure the hyperbolicity of
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the suboperator L', since one of the matrices C(n) is a Jordan block J(0;2)
(take d =2, n =3, & = €2 and \g = 0).

The assumption of constant hyperbolicity in Theorem 1.7 may be relaxed
by assuming only hyperbolicity with an eigenvalue o — A(o) of constant
multiplicity in the neighbourhood of &.

The conclusion in Theorem 1.7 may not be true when we drop the assump-
tion of constant multiplicity. For instance, let us consider a symmetric
hyperbolic operator L. We may assume that ¢ = & and that N(¢) equals
R™ x {0}. In other words, A? is block-diagonal with the last block equal
to Al—pm,. Then meA(n)me is the first diagonal block of A(n). It may be
any linear map into the space of real symmetric m X m matrices. A refined
analysis when \g does not correspond to a locally constant multiplicity has
been done by Lannes [107].

The argument developed in the proof of Theorem 1.6 can be used in the
context of parabolic-hyperbolic operators. We leave the reader to prove
the following result (Hint: show that, for £ large enough, the appropriate
matrix has an invariant subspace N (), which tends to the subspace defined
by v =0 as £ — +00).

Theorem 1.8 Assume that the Cauchy problem for the system

Opu+ Y A%au+ Y B*0av =0,

0w+ Cu+ Y D0qv =Y _ E*P0,05v
o [e7 o,

is well-posed in L?(R? x R}"). Assume also that the diffusion matriz

E() =) &&sE®

a,B

is mon-singular for every & # 0. Then the operator

Op+ > A%0,

is hyperbolic.

e Likewise, one can consider first-order systems with damping (see [19, 147,
222,223]). Again, we leave the reader to prove the following result (Hint:
for £ =0, the subpace defined by v =0 is invariant for the appropriate
matrix. Extend it as an invariant subspace N(£).)
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Theorem 1.9 Let R € M,(R) be given, with 1 <p <n. Assume that the
Cauchy problem for the system

Opu+ Y A%qu+ Y B*0av =0,
Opv + Z C*Opu + Z D%0,v = Ru

is well-posed in L*(R% x R}), uniformly in time, in the sense that there exists a
constant M, independent of time, such that every solution satisfies

[[(w, 0) ()] 2 < M| (u, ) (0)]| 2.

Assume also that the damping matriz R is non-singular. Then the operator
Or+ > A0,
«

is hyperbolic.

This result is meaningful in the study of relazation models.

1.5.2  Strichartz estimates

This section deals with norms of LY(L%) type for functions u(z,t), namely

1/p
fulli= ([ IOl )

Such norms define Banach spaces. Interpolation between the spaces associated
to pairs (p1,q1) and (p2,q2) (say p1 < pa) yields the spaces associated to (p,q),

with
1 1 1 1 1 1 1 1
p<p<ps, (———)(-—=)=(—-=){-——]"
q1 q2 p D2 D1 D2 q q2

There are various types of Strichartz estimates. We shall neither list them all,
nor give proofs, except in a single particular case (see below). Given a hyperbolic
operator L = 0; + A(V,), a Strichartz estimate is an inequality that typically
bounds the L¥(L%)-norm of the solution wu of

LU:f, U(t:()):’ll,o,

in terms of norms of f and wg, taken in other functional spaces. By a duality
argument, one deduces the general case from the simpler one ug = 0. The latter
follows from a dispersion inequality in the homogeneous case f = 0, through the
Fractional Integration Theorem (Hardy—Littlewood—Sobolev inequality).

As far as we know, the wave operator and its variant are the only ones that
retained the attention of authors within hyperbolic problems. Therefore, we shall
restrict ourselves to operators L that ‘divide’ the Dalembertian 87 — A,, in the
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sense that A(£)? = |¢|21,,. We then speak of Dirac operators, and Lu = 0 implies

02uj — Ayuj =0 for j =1,...,n. The simplest example is
By + (é 01> Byt + (? é) 9,1 = 0. (1.5.36)
A more complicated one may be built from Pauli matrices:
A() = ( . 51—7%1 . §202 + §303 +§4U4> 7
§205 + 83035 + &40y —&1ly
with

o (2 02 g (02T g (02 D2 s_(0 1
27\0, =L ) T \=J 0y) 7 \L 0y)° “\-1 0/

In the seminal work by Strichartz [200], the homogeneous case is treated by
noting that the Fourier transform of w is supported by the characteristic cone. It
is important that, away from its singularity, this cone have non-zero curvature. In
particular, we do not expect Strichartz estimates to hold when char(L) has a flat
component, a fact that happens in linearized gas dynamics for instance, or in one-
space dimension. In subsequent studies (see [96,203]), the estimate is obtained as
a consequence of the conservation of energy, a dispersion inequality (an algebraic
decay of ||u(t)| L« when f = 0), Hardy-Littlewood—Sobolev inequalities and a so-
called T*T argument.

A typical Strichartz inequality for the wave equation 02¢ — A,¢ = 0 is

llzr ey < c(p,q,d)||Va,edli=ol L2, (1.5.37)
which holds when
1 d d 2 d—1 d-1
—+-=--1, 4+ —<——, 2<pg<oo, d>2,  (1.538)
p q 2 D q 2

with the exception of the triplet (p,q,d) = (2, 00,3). Translating in terms of u,
we obtain an inequality

lullzr ey < (py @ d)lluoll 1, (1.5.39)

where H! (R9) denotes the homogeneous Sobolev space of tempered distributions
such that £4(€) is square-integrable. If d > 3, (1.5.39) contains the endpoint case

[ull e (rzry < eld)uoll g

where

is the Sobolev exponent:
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This particular inequality is an obvious consequence of the Sobolev embedding
and the constancy of ||u(t)|| ..

For the same trivial reason, if s € (0,d/2), a ‘Strichartz inequality’ holds of
the form

Hu”L‘f(LZ(S)) < C(Sad)||u0||HS7 (1540)

where

1 —_

q(s)

Again, as in (1.5.39), this trivial result is simply the endpoint of a list of non-
trivial ones. We also have

N | =
Ul ®w

lull ey < c(p,q,s,d)||luoll g (1.5.41)

for

1 d d 2 d-1 d—1
I S4_<f 9<y d>2 (1.5.42)
p q 2 P q 2

with the exception of the triplets

ras) = (1 o0 4F1
pays) =\ g0 —— |-

We emphasize that (1.5.41) is scale invariant, in the sense that both sides
have the same degree of homogeneity when u is replaced by u*, where u*(z,t) :=
u(Az, At), another solution of Lv = 0.

Strichartz estimates vs LP-well-posedness From Brenner’s theorem [22,
23], the Cauchy problem for a Dirac operator is ill-posed in every LP-space but
L?. As a matter of fact, the matrices A® of a Dirac operator satisfy

(A2 =1,, A“AP 4+ APA> =0, (a+#p),

which immediately imply [A%, A%] # 0,,. We shall see that the ill-posedness may
be viewed as a consequence of Strichartz estimates. This must be a rather general
fact, as the lack of commutation of the matrices A of a hyperbolic operator L,
is needed in order that char(L) have non-zero curvature.

Let P be the set of exponents p such that the Cauchy problem for L is
well-posed in L”. Obviously, 2 belongs to P. By standard interpolation theory
(Riesz—Thorin theorem, see [15]), P is an interval. Next, the fact that L* is also a
Dirac operator, plus a duality argument, show that P is symmetric with respect
to the involution p — p’ (as usual, 1/p+ 1/p' =1).

Assume that P contains some element ¢ > 2. Hence the solution operator S;
is uniformly bounded on L9 for ¢t € (—1,1). Let s > 0 be such that ¢ > ¢(s), and
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q satisfies the inequalities in (1.5.42), so that (1.5.41) applies for some p. Writing

1 1
u(0) = / u(0)dt = / S_yu(t) de,
0 0
and using (1.5.41), we obtain an inequality
lollze < cllwllg., Ywe H3(RY).

Such an inequality is obviously false, for instance because it is not scale invariant.
We deduce that

P cC1,2].

Since P is symmetric upon p— p’, we conclude that P = {2}, confirming
Brenner’s theorem for Dirac operators.

A proof for the 3-dimensional wave equation We give here the proof of
(1.5.37) for the wave equation

2P = ANy (1.5.43)
in the special case d = 3. The constraints on (p, q) are therefore
1 3 1 .
—4+-==, 2<p<oo (thatis6<g< ).
poq 2

To keep the presentation as short as possible, we limit ourselves to the proof of
the inequality when ¢|;—o = 0. We recall that, denoting ¢; the time derivative
of ¢ at initial time, the solution of (1.5.43) is given by

1
o) =15 [ awasw),

where S(z;t) is the sphere of radius ¢, centred at x, and ds(y) is the area element.
Denote P; the operator ¢; — ¢(t). Fourier transforming the wave equation, we
have easily

— sint|¢]| .
Ao = Tl
which justifies the notation
sint|D|
t =
D]

Since the symbol of P; is real, it is a self-adjoint operator. The operator P} P; =
P, P; has symbol

(sint|¢]) (sins|€])  cos(t — s)[€] — cos(t + 5)[¢]
112 21¢J '
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Therefore P P; is the convolution operator of kernel (K (-, ¢t — s) — K(-,t + ))/2,
where

t
K( 1) = F 155 2|£‘.
i
It is not too difficult to compute, for £ > 0,
H(|lz| —1)
K(z;t) =

where H is the Heaviside function. It follows immediately that
K ()| e ey = et 37 7 >3
From Young’s inequality, we deduce (take r = ¢/2)

1P P llie < ela) (It = s 75400 4 4 8| 759) [ £, (15.44)

provided that g > 6.
Given a function f € L¥ (0, +-00; L% ), let us form

vi= /00 P, f(t)dt.
0

The T*T argument consists in estimating v in L?(R3). First, we have

ol = ([ s, [~ ps)as)

_ / - / " dtds (PEPF(D), £(5)).

Using (1.5.44) and the fact that |t — s| < [t + s|, we obtain

o2 < / / At ds | P2 Pof (1) 2o £(5) )

< 2¢(q) / / £ — s £ (0| o £ (5)]] el ds.

Defining
G(t) = /0 [t — s £ ()| sy

we infer from the Holder inequality
IWll72 < 2¢() [Gllzo o400 1l 1 1
From the Hardy—Littlewood—Sobolev inequality, we also know
HG||LP(07+OO) < ’Y(q) ||fHLf/(LZ/)’
provided that
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It follows that
01z < @ 11170 oy (1.5.45)
We conclude via a duality argument. First:

+o0 Foo
/ dt [ fodx = / (Prpr, f(t))dt
0 R3 0

“+ o0

= (¢1, ; P f(t)dt).

Using (1.5.45), we deduce

‘/OJroodt/Rsf(ﬁdx

o™ dt fis fodal
”f”LfI(LZI)

< V@ o1l 151y gy

Therefore,

< V(@) ll¢nllze,

||¢HL1;(L3,) = sup
f
which is precisely the expected inequality in our case.

1.5.3  Systems with differential constraints

Several examples in natural sciences involve systems of a slightly more general
form than (1.0.1), because of differential constraints that are satisfied by u(t) at
every time interval. Let us consider the homogeneous case, with B = 0. Then a
typical system has the form

d d
Ou+ Y A0qu=0, Y C’0pu=0, (1.5.46)

a=1 pB=1
where C? € M,«,(R), p being the number of constraints.

Such systems occur whenever one rewrites a higher-order system as a first-
order one. Let us take, as an example, the wave equation

0;¢ = A, (1.5.47)

where ¢ > 0 is the wave velocity. Every solution of (1.5.47) yields a solution
u = (cVy¢, —0i¢) of (1.2.12), where

_( 0q ¢
a0=( )
Since A(€) is symmetric, the corresponding system is hyperbolic. The spectrum
of A(£) is easily computed and consists of the simple eigenvalues +¢|£|, and the

multiple eigenvalue 0. The latter is actually spurious, only due to the fact that
the mapping ¢ — wu is not onto. Therefore, some solutions u do not correspond
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to solutions of the wave equation, whence the need of the constraint curlv =0
on the d first components of u = (v, w).

Another example is provided by Maxwell’s system, which writes, in the
absence of electric charges, as

0¢B + curlD = 0,
0;D — curlB = 0,
divB = 0,
divD = 0.

Again, the evolutionary part (the two first equations above), constitute a sym-
metric system, therefore a hyperbolic one. We compute easily the eigenvalues,
+|¢| and 0, where zero has no physical significance, and must be ruled out with
the help of the constraints.

Other examples come from field equations in relativity, where gauge invari-
ance implies that natural variables are redundant.

The general philosophy is that the initial data is given satisfying the con-
straints, and the evolution must preserve them. Using a Fourier transform,
it amounts to saying that C'(£)A(£)v must vanish when C(&)v does. In other
words, the kernel N (&) of C(§) is an invariant subspace of A(£). As noticed by
Dafermos [45], this property is fulfilled as soon as C*AP + CP A% = 0 holds for
every pair (a,3). As a matter of fact, these identities, which hold frequently,
imply C(€)A(£) = 0. In practice, all examples satisfy the following assumption
(CR):

for non-zero vectors ¢ € RY, the rank of C(¢) is constant.

This implies that the vector space N(§) has a constant dimension and that it
depends analytically on &.

We now characterize strong well-posedness of the Cauchy problem for
(1.5.46). Standard functional spaces must be redefined according to the con-
straint. For instance, L2-well-posedness is concerned with the following space

Z :={ue L*RYH"; ZCﬁﬁgu =0}.
B

Equipped with the usual L?-norm, Z is a Hilbert space. For an initial datum
a € Z, the solution is formally given by the formula

(&, t) = exp(—itA(§))a(f). (1.5.48)

Since a € Z, we know that a(§) belongs to N(§) for almost every £. Then an
estimate of the form ||u(¢)||z < C|la||z holds if and only if

sup || exp(—itAn (£))|| < +oo, (1.5.49)
3
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where Ay () is the restriction of A(£) to its invariant subspace N(&). As before,
(1.5.49) holds for some non-zero time tq if and only if it holds for every time
t € R. For instance, the choice ¢t = —1 gives the criterion for L?-well-posedness:

Slgp [lexp(iAn(£))] < +o0. (1.5.50)

The L2-well-posedness is again called hyperbolicity. As before, it requires that
AN (&) (but not necessarily A(&)) be diagonalizable with real eigenvalues. It may
be read in the light of the Kreiss—Strang Theorem 1.2, but for practical purposes,
it is useful to consider two classes of well-posed system. The first one consists in
the constantly hyperbolic systems, namely those for which Ay () is diagonalizable
with real eigenvalues of constant multiplicities, when £ # 0. Strict or constant
hyperbolicity still implies hyperbolicity.

The second important class consists in the Friedrichs-symmetrizable systems.
Symmetrizability is the property that there exist a real symmetric definite-
positive matrix S and a matrix M € M,,»,(R), such that S*:= SA* + MC*
is symmetric, for every a =1,...,d. Such systems obey the following energy
identity

Or(Su,u) + > 0a(S5%u,u) =0, (1.5.51)
which yields the estimate
/ (Su(z,t),u(x,t))de = / (Sa(x),a(x)) dz. (1.5.52)
R4 Rd

The positiveness of matrix S may actually be relaxed in a non-trivial way. For
that, let us define a cone A in R™, by

A={XeR"; I #0, C(ON=0} = [ JN(©).
€40

The following statement is called compensated compactness.

Theorem 1.10 (Murat [145], Tartar [202]) Let S be a symmetric n X n matri.
The quadratic form

v— [ (Sv,v)dz

Rd
is positive-definite on Z if and only if (SA,A) > 0 for every non-zero A € A. In
such a case, its square root defines a norm equivalent to || - || z.

From this, we again obtain an L? estimate from (1.5.52), in some cases where
there does not exist a positive-definite symmetrizer S.

Elastodynamics An important application of this calculus arises in elastody-
namics. Non-linear elastodynamics obeys a second-order system in the unknown
y called displacement. When written as a first-order system in terms of the
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first derivatives u;q = 0ay; (1 <j <d, 0 <a <d with Jy := 0;), it must be
supplemented with the compatibility relations

Oatjp — Ogujo =0, «,B,5 > 1.

We immediately compute that v € A if and only if the submatrix (vja)i<a,j<d
has rank at most one. For hyperelastic materials, this non-linear system is
endowed with an energy density W(Vy). A natural restriction is that the map
x +— y preserves the orientation, so that det Vy > 0 everywhere. In particular, the
energy density W (F') must become infinite as det F' tends to zero. Besides, the
frame indifference implies that W(QF) = W (F) for every F,Q with det ' > 0
and Q € SO4(R). It is shown in [36] (Theorem 4.8.1, page 170) that such a
function cannot be convex’. Now, let us choose a matrix F in the vicinity of
which W is not convex, locally. The constant state @ defined by ;o 1= Fjq if
a # 0 and zero otherwise is an equilibrium. Let us linearize the system about .
The resulting system has constant coefficients and obeys the same differential
constraints as the non-linear one. It is compatible with an energy identity
(1.5.51), where (Su,u) encodes the second-order terms of the Taylor expansion
of the full mechanical energy at w. In particular, S is not positive. However, W
can be quasiconver at F', in the sense of Morrey [143], which means

W(F 4 V¢)dz >0, Yo e 2(RY). (1.5.53)
Rd

Quasiconvexity implies the Legendre—Hadamard inequality
(SA\A) >0, XeA, (1.5.54)

a weaker property than convexity. When (1.5.54) holds strictly for non-zero A, the
compensated-compactness Theorem tells us that (1.5.52) is a genuine estimate
in Z. In such a case, the linearized problem is strongly L2-well-posed.

We shall not consider in this chapter the local well-posedness of the non-
linear system. The Cauchy problem for quasilinear systems of conservation laws
is treated in Chapter 10. Let us mention only that a system of conservation laws
endowed with a convex ‘entropy’ has a well-posedness property within smooth
data and solutions (see Theorem 10.1). In elastodynamics, the system governs
the evolution of u = (v, F') = (0:y, V,y). Since the entropy of our system is the
energy £|v|> + W (F), which is not convex, the above-mentioned theorem does
not apply. However, Dafermos [46] has found a way to apply it, by rewriting
the system of elastodynamics in terms of u and all minors of the matrix F. See
also Demoulini et al. [48]. As a consequence, the local well-posedness is obtained
whenever W is polyconvez, that is a convex function of F' and its minors.

Electromagnetism Let us consider Maxwell’s equations. The kernel N(¢)
equals &+ x &+, where ¢4 is the orthogonal of ¢ in the Euclidean space R3.

"We warn the reader that the phase space GrL:rl(]R)7 made of matrices F' with det F' > 0, is not a
convex set. Thus the convexity of a function is a meaningless notion.
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Therefore A equals R®, and the symmetrizability has to be understood in the
usual sense. In the vacuum, H = B and E = D, for appropriate units. The
system is already in symmetric form. In a ‘linear’ material medium, which may be
anisotropic, H, E still are linear functions of B, D. For linear as well as non-linear
media, there is a stored electromagnetic energy density W (B, D), and E, H are
given by the following formulee (see [37])

ow ow
E; = a—Dj, H; = a—B]
In the linear case, W is a quadratic form. The Maxwell system is compatible,
as long as we consider €' solutions, with the Poynting identity, which expresses
the conservation of energy

W (B, D) + curl(E x H) = 0. (1.5.55)

Let us consider the linearized system about some constant state (B, D). The
former considerations show that if the matrix S := D2?W (B, D) is positive-
definite, then the linear Cauchy problem is L?-well-posed. We can actually relax
the convexity condition, with the following observation. The Maxwell system is
also compatible with the extra conservation law (herebelow, u := (B, D))

0¢(B x D) + div (?g@B) + div (%@D) +V(W —-u-V,W)=0.
At the linearized level, we may consider a modified energy density wuSu +
det(X, B, D), where X is a given vector in R3. If there exists an X such
that wSu + det(X, B, D) is positive-definite, then the linear system is Friedrichs
symmetrizable and the Cauchy problem is L?-well-posed. An obvious necessary
condition for such an X to exist is that uSu > 0 whenever B x D =0 and
(B, D) # 0. At the non-linear level, the same procedure as the one imagined
by Dafermos in elastodynamics may be employed. The result is that the non-
linear Maxwell’s system is locally well-posed for smooth initial data and smooth
solutions, whenever W can be written as a convex function of B, D and B x D.
(See [21,188].)

1.5.4  Splitting of the characteristic polynomial

We give in this section a property of the characteristic polynomial (X;¢) —
det(X T, + A(§)), when the operator L = 0y + Y, A%, is constantly hyperbolic.
Let us begin with an abstract result.

Lemma 1.3 Let P(X;0,---,04) be a homogeneous polynomial of degree n in
1 + d variables, with real coefficients. Assume that the coefficient of X™ is non-
zero. Assume also that for all § in a non-void open subset O of R%, the polynomial
Py := P(-,0) has a root with multiplicity > 2. Then P is reducible in R[X,0).

Proof Let us denote by R :=R[6,--- ,84] the factorial ring of polynomials in
d variables 6 and by k :=R(6y,--- ,04) the field of rational fractions in 6. We
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first consider P as an element of k[X]. Let us recall that k[X] is a Euclidean
ring, which has therefore a greatest common divisor (g.c.d.)

Let @ be the g.c.d of P and P’ in k[X], a monic polynomial of X. Its
coefficients, belonging to k, are rational fractions of 8. We denote by Z the
zero set of the product of denominators of these fractions; Z is a closed set with
empty interior.

When 6 € O\ Z (this is a non-void open set), Qg := Q(+, 0) has a non-trivial
root, which means that either Qg = 0 or d°Qy > 1. However, the condition Qy =
0 defines a non-trivial algebraic manifold M (the intersection of the zero sets of
the coefficients of @), again a closed set with empty interior. Therefore, there
exists a ¢ for which d°Qy > 1, and consequently d5$ @ > 1.

Since @ divides P in k[X], we write P = QT, with T' € k[X]. Multiplying by
the l.c.m. of the denominators of all coefficients of @ and T (a least common mul-
tiple (l.c.m.) and a g.c.d. do exist in the factorial ring R), we have g(0)P = Q111,
where g € A, Q1,71 € R[X] and 0 < d% @1 < n. We recall that the contents of
a polynomial S € R[X], denoted by ¢(S), is the g.c.d. of all its coefficients.
From Gauss’ Lemma, ¢(Q171) = ¢(Q1)c(T1) and therefore g = ¢(Q1)e(Th), since
¢(P) = 1 by assumption. We conclude that P = Q2T, where Q5 := ¢(Q1) " 'Q; €
R[X] and similarly Ry € R[X]. Moreover, 0 < d%Q2 < n, which shows that P is
reducible in R[X] = R[X,0]. O

Corollary 1.2 Let P € R(X, ) be homogeneous with d3, P = d{x )P Let
L
P = H qul
=1

its factorization into irreducible factors in R(X,0), the P;s being pairwise dis-
tinct.

Then each P, has the following property: for an open dense subset of values
of 0 in R?, the roots of Py(-,0) are simple.

We now apply the corollary to the characteristic polynomial.

Proposition 1.7 Let the operator L := 0y + >, A%0q be constantly hyperbolic.
Then the characteristic polynomial det(X I, + A(&)) splits as a product

L

117" (1.5.56)

=1

where the Ps, normalized by P;(1,0) = 1, satisfy

Each P, is a homogeneous polynomial of (X; &),

The P;s are irreducible, pairwise distinct,
For ¢ € R%\ {0}, the roots of Pi(-,€) are real and simple,
For & € RY\ {0} andl # k, Pi(-,€) and Py(-, &) do not have a common root.
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An example Let us consider Maxwell’s equations, where d = 3, n = 6 and

_( 0z J(¢) o
A(f)—(_f@ 03), JEV =& x V.

An elementary computation gives:
det(X Is + A(€)) = X*(X* — [¢[*)*.

Hence the splitting described in Proposition 1.7 corresponds to P (X,¢) = X,
P2(Xa§) = X2 - ‘§|27 q1 = (g2 = 2.

1.5.5  Dimensional restrictions for strictly hyperbolic systems

We begin with a matrix theorem, due to Lax [111] in the case n =2 (mod 4),
and to Friedland et al., [62] in the case n = 3,4,5 (mod 8):

Theorem 1.11 Assume that n =2,3,4,5,6 (mod 8). Let V be a subspace of
M., (R) with the property that every non-zero element in V has its eigenvalues
real and pairwise distinct. Then dimV < 2.

In terms of hyperbolic operators, this tells us that strictly hyperbolic operators
in space dimension d > 3 can exist only if n = 0,£1 (mod 8) (assuming that the
operator really involves all the space variables). This explains why constantly
hyperbolic operators occur so frequently, as they exist in space dimension three
at every size n > 4. The simplest examples are:

n = 4. Linearized isentropic gas dynamics.
n = 5. Linearized non-isentropic gas dynamics.

n = 6. Maxwell’s equations. We know also of a non-equivalent example of this
size.

Proof We prove only the Lax case n = 2 (mod 4). We argue by contradiction,
assuming that dim V' > 3. We label the eigenvalues in the increasing order:

M(M) < - < Apg(M), M#0,.

Every non-zero element M in V', having real and distinct eigenvalues, is asso-
ciated with finitely many (precisely 2") unitary bases of R™, which depend
continuously on M. In other words, the set of (real) unitary eigenbases is a finite
covering (with 2™ sheets) of V '\ {0,}. Since the base space is simply connected
(because d > 3), the covering is trivial and a continuous map M +— B(M) can
actually be defined globally, where

B(M) = {ri(M),...,ra(M)}

is an eigenbasis. By continuity, all the bases B(M) have the same orientation.
On the one hand, it holds that

N(=M)==Xja (M), j=1,...,n
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It follows that
Tj(—M) = iTn_j+1(M).

By continuity, the sign + above is constant and depends only on j, but not on
M. Denote it p;. Exchanging j with n — j + 1, we obtain

Pn—j+1P5 = 1. (1557)

On the other hand, we know that {ri(M),...,r,(M)} and
{p1rn(M),...,ppr1(M)} = {ri(=M),...,r,(—=M)} have the same orientation.
Since n = 2 (mod 4), the order reversal®

{ri(M),...,ro(M)} — {r,(M),...,r1 (M)}

reverses the orientation. Therefore, it must hold that

H pj = —1
j=1

This, however, is incompatible with (1.5.57) when n is even. O

Note that if dim V' = 2 (that is for strictly hyperbolic operators in two space
dimensions), there does not need to exist a continuously defined eigenbasis on
V'\ {0,}, as this set is not simply connected. For instance, the system (1.5.36)
does not have this property: When following a loop around the origin in V| the
eigenvectors are flipped.

1.5.6  Realization of hyperbolic polynomial

Let p(Xo,...,X4), a homogeneous polynomial of degree n, be hyperbolic with
respect to a vector T' € R+ in the sense of Garding (see Section 1.4.4).

Given a hyperbolic polynomial p of degree n in d+ 1 variables, one may
always assume that T is the first element é° of the canonical basis. A natural
question is whether p can be realized as py, for some hyperbolic operator L. The
case d =1 is easy. Lax [110] conjectured that if d = 2, the answer is positive
and one can choose a Friedrichs-symmetrizable operator. This has been proved
recently by Lewis et al. [114], following a result by Helton and Vinnikov [82]. One
easily sees that the hyperbolic polynomial ¢(X) := X2 — X7 —--- — X2 cannot
be realized if d > 3. However, it may happen that some power ¢‘ be realizable,
as in the case of Maxwell’s system, or Dirac systems. The fundamental question
whether every hyperbolicity cone can be realized as a forward cone for some
hyperbolic operator remains open so far.

Notice that two different hyperbolic operators L and L’ can yield the same
polynomial,

pbpL =pr-

8This part of the proof would also work when n =3 (mod 4).
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This happens at least when L’ is obtained from L by a linear change of variables.
Then (A%) = P~1A®P for some non-singular matrix. We can also make only
a linear combination of the equations, which yields an operator L” = Sy0; +
Y0 8%0q, where S := Sy A%, which modifies py, by a constant factor. Change
of co-ordinates should also be allowed.

It is an important problem to classify the hyperbolic operators up to such a
change. The characteristic cone is of course an invariant of this problem, but it
is not the only one. There actually exist non-equivalent operators that have the
same characteristic cone. A way to go forward, which has not been pushed so far,
is to consider the characteristic bundle, whose basis is the characteristic variety
(the projective set associated to the characteristic cone) and the fibres are the
corresponding eigenfields. This bundle is modified by the change of variables and
the combinations of equations, by its topology is not. Thus the Chern class of
the bundle is a more accurate invariant. When the characteristics have variable
multiplicities, the cone and the bundle are not smooth and the analysis becomes
more difficult.

A similar problem, perhaps even more important is to classify within the
set of symmetrizable operator, since the physics usually provides a Friedrichs
symmetrizer, through an energy estimate or an entropy principle. Of course,
the characteristic bundle remains a crucial tool. But some other invariants may
appear, in particular in the case where L admits a linear velocity

A =V-¢,
which can be brought to the case A(¢) = 0. See the discussion in Section 6.1.2.



2

LINEAR CAUCHY PROBLEM WITH
VARIABLE COEFFICIENTS

The purpose of this chapter is to deal with variable-coefficient generalizations of
the systems considered in Chapter 1. These are of the form

d
ou o ou
Bt T AN g = Bt S0, (2.0.1)

where the n x n matrices A% and B depend ‘smoothly’ on (z,t). Such systems
may arise from constant-coefficient ones by change of variable, which is useful
to show local uniqueness properties, see Section 2.2. Variable-coefficient systems
also occur as the linearization of non-linear systems (see Chapter 10), in which
case the matrices A* and B may have a restricted regularity. In this chapter,
unless otherwise stated, it will be implicitly assumed that B and A® are €
functions that are bounded as well as all their derivatives.

To be consistent with notations in Chapter 1 we may alternatively write
(2.0.1) as

Owu = P(t)u + f,

where P(t) is the spatial differential operator

Pt):u— Pt)u := —Z AY(,t) Oqu + B(-,t)u. (2.0.2)

Or, in short, (2.0.1) equivalently reads
Lu = f,
where L denotes the evolution operator
L:uw— Lu :=0u — P(t)u. (2.0.3)

These notations being fixed, we claim that Fourier analysis is not sufficient
to deal with the Cauchy problem for the variable-coefficient operator L. We need
pseudo-differential calculus (in the variable z € R?, the time ¢ playing the role of
a parameter), and even para-differential calculus in the case of coefficients with
a restricted regularity. For convenience, the results from this field we shall use
are all collected in Appendix C.
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2.1 Well-posedness in Sobolev spaces

The main issue regarding well-posedness is the derivation of a priori energy
estimates of the form

mw%scomw%+lﬁmwmmﬁ.

The scalar case (n = 1) merely corresponds to a transport operator L, which is
much easier to deal with than the case of genuinely matrix-valued operators. For
clarity, we begin with this special case, which will serve as an introduction to the
powerful technique of symmetrizers for systems.
2.1.1  Energy estimates in the scalar case
Proposition 2.1 For a scalar operator

L=0+ a-V — b,

where a(z,t) € RY and b(x,t) € R are smooth functions of (x,t), bounded as well
as their derivatives, we have the following a priori estimates. For all s € R and
T > 0, there exists C > 0 so that foru € €*([0,T]; H*) N € ([0,T]; H*') we have

t
ol < € (IO + [ Iulfor ).
Proof We start with the case s = 0. We have

d
a”u”%z = 2Re (Lu,u) — 2Re (a- Vu,u) + 2Re (bu,u)

= 2Re (Lu,u) + / (diva + 2b) |u|?
Rd

after integration by parts. Therefore, by the Cauchy—Schwarz inequality, we get

d .
llullze < (1 + fldiva + 20]|) JullZ + || LulZs,

or
t
lu®)lZ2 < lu(0)]Z: + /0 (ILu(M)lIZ + (1 + [ldiva + 2b]|z~ ) Ju(7)l|72) d7.
By Gronwall’s Lemma this implies
lu®)Z> < e Ju(0)ll7- + /Ot T Lu(r) |2 dr VE20,

where v > 1 + ||diva + 2b|/p~. In particular, for all bounded interval [0,T],
there exists Cp (namely, Cr = exp(T' (1 + ||diva + 2b|r=)) so that

lu®)lz> < Cr (IU(O)IIiz +/0 [ Lu(r)]Z: dT) vt € [0,T].
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The general case s € R actually follows from the special case s = 0 almost
for free with the help of pseudo-differential calculus. Indeed, recall that the basic
pseudo-differential operator A of symbol A*(&) := (1 + ||£]|?)%/? is of order s
(see Appendix C) and can be used to define the H*® norm

ullze = 1A% u] L2

Now, if u € €([0,T]; H®) N €([0,T); H*TY) then Asu € €'([0,T];L?*) N
€ ([0, T); H') and therefore the inequality previously derived for s = 0 applies
to A%u. That is, we have

t
A u(®)]2 < Cr (A5u<o>%2 n / ||LASu<T>||%2dT>.
Furthermore, the commutator
[L,A*] = [a-V, A*]

is of order 1+ s —1 = s (see Appendix C). This implies the existence of Cy(T")
such that

LA Ju(t) e < Co(T) Ju(®)]|gs VE€[0,T].

Hence
t
A u(t)||7. < Cr (IIASU(O)IIZLQ + 2/0 (IA° Lu(r)]|72 + Cs(T)IIU(T)?qs)dT> :

Finally, by Gronwall’s Lemma we obtain

t

lu(®)3 < CpC-OT (||u<o>||%s =y ||Lu<r>|%{s>dr).

O

As should be clear from this proof, the crucial point is the L? estimate, relying
on the fact that the differential operator Re (a-V) = 3 ((a-V)+ (a-V)*) is
bounded on L?. The symmetrizer’s technique described below aims at recovering
a similar property for non-scalar operators.

2.1.2  Symmetrizers and energy estimates

There is a special class of systems for which energy estimates are almost as
natural as for scalar equations. This is the class of Friedrichs-symmetrizable
systems, which fulfill the following generalization of Definition 2.1.

Definition 2.1 The system (2.0.1) is Friedrichs symmetrizable if there exists a
€ mapping Sp : RY x Rt — M, (R), bounded as well as its derivatives, such
that So(x,t) is symmetric and uniformly positive-definite, and the matrices
So(x,t)A%(x,t) are symmetric for all (z,t).
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Like scalar equations, Friedrichs-symmetrizable systems enjoy a priori esti-
mates that keep track of coefficients. We give the L? estimate below, which is
proved elementarily and will be extensively used in the non-linear analysis of
Chapter 10. We postpone to the end of this section the more complete result in
H?, valid for any system admitting a symbolic symmetrizer (see Definition 2.3),
whose proof takes advantage of Bony’s para-differential calculus.

Proposition 2.2  Assume that (2.0.1) is Friedrichs symmetrizable, with a sym-
metrizer Sy satisfying

ﬂIn < SO < ﬂilIn

in the sense of quadratic forms. We also assume that Sy, A, and their first
derivatives are bounded, as well as B. Then, for allT > 0 andu € €([0,T]; H*) N
€*([0,T); L?) we have

t

B lu@®)]z: < e u(0)]l72 +/ T [ Lu(r)|Fadr VEE (0,7,
0
(2.1.4)

where L is defined in (2.0.3) and «y is chosen to be large enough, so that

Bly—1) > (2.1.5)

0450 + Zaa(SOAa) + SoB + BT So

L~

Proof The proof is basically the same as the first part of the proof of
Proposition 2.1. After integration by parts we get

%(Sou, u) = 2Re (Sou, Lu) + (Ru, u),

where

R = 08 + Y 0a(S0A%) + SoB + B S.

Of course, we have used here the symmetry of the matrices Sy A* and Sy.
Integrating in time and using the Cauchy—Schwarz inequality (for the inner
product (Sp-,-)) we arrive at

(Sou(t), u(t)) < (Sou(0), u(0)) + /0 (SoLu(r), Lu(r))dr

4 / (1 + A7V |Rll~) (Sou(r) , u(r)) dr.
0

By Gronwall’s Lemma this implies

(Sou(t), u(t)) < 't (Sou(0), u(0)) + /0 " =) ( SoLu(r) , Lu(r)) dr,
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with v > (1 4+ B71||R||z~ ). This yields the final estimate after multiplication
by 5. O

More generally, a priori estimates hold true for systems admitting a functional
symmetrizer, defined as follows.

Definition 2.2 Given a family of first-order (pseudo-)differential operators
{P(t)}+>0 acting on R?, a functional symmetrizer is a 6> mapping

¥ :RY — B(L*(RYC))
such that, for 0 <t < T,
() = 2" > al, (2.1.6)
for some positive a depending only on T, and

Re (S(t)P(t)) = %(E(t)P(t) + P)*2(t)*) € BLARD™Y) (217

with a uniform bound on [0,T].

Example For a Friedrichs-symmetrizable system of symmetrizer Sy, the simple
multiplication operator X(¢) : u — X(¢)u := Sp(-, t)u is a functional symmetrizer.
As a matter of fact, (2.1.6) merely follows from the analogous property of
the matrices So(z,¢). And, because the matrices So(z,t)A%(xz,t) are sym-
metric, 2Re (2(¢)P(t)) reduces to the multiplication operator associated with
(D°0a(SoA%) + SoB + B*Sy)(-,t).

Theorem 2.1 If a family of operators P(t) admits a functional symmetrizer,
then, for all s € R and T > 0, there exists C' > 0 so that for uw € €1([0,T]; H®) N
€([0,T); H**) we have

o0l < ¢ (WOl + [ IuBar), e

where L is defined in (2.0.3).

Proof The proof is very much like the one of Proposition 2.1. The first step is
elementary. It consists in showing the estimate in (2.1.8) for s = 0. The second
one infers the estimate for any s from the case s = 0 with the help of pseudo-
differential calculus.

Case s =0 From (2.1.6) we know that
() ult), ult) )2 > allu(®)|zs
To bound the left-hand side we write
d dx

—(Xu,u) =2Re (XLu,u) +2Re (XPu,u) + (—

I u, u).



Well-posedness in Sobolev spaces 55

Each term here above can be estimated by using the Cauchy—Schwarz inequality.
For the first and last ones, we use uniform bounds in ¢ of |[X||g2) and
|d¥X/dt|| (2. For the middle term we use (2.1.7) and a uniform bound in ¢
of Re (X P). This yields

d
7 (Zww) < Ci(lulze + |ILulfe).

Hence, we have
t
alu(®)llz: < Collu(0)Z: + C /0 (lu(m)lz2 + L u(r)|72)dr,

where Cp := [|X(0)[|(L2). We conclude by Gronwall’s Lemma that (2.1.8) holds
for s =0 with C = C"exp(C'T), C’' := max(Cy,Cy)/a.

General case Let s be an arbitrary real number. For u € €*([0,7]; H*) N
€ ([0, T); H**1) the inequality previously derived for s = 0 applies to A®u and
yields

t
nMuwmpsc<mvmmﬁz+/Mvaméw).
0
Writing
LA u = A Lu+ [A° Plu,

and observing that the commutator [A®,P] is of order s+1—1=s (see
Appendix C), we complete the proof exactly as in the scalar case (Proposition
2.1). O

Remark 2.1 By reversing time, that is, changing ¢ to T —t and P(t) to
—P(T —t) in Theorem 2.1, we also obtain the estimate

T
lu®lz: < C (IIU(T)II%S +A [ Lu(r) 1 Z dT>, (2.1.9)

for u € €1([0,T); H*) N€([0,T]); HST1).

The problem is now to construct symmetrizers. Except for Friedrichs-
symmetrizable systems, this is not an easy task. We shall conveniently use
symbolic calculus. Similarly as in Chapter 1, we denote

A,t,8) ==Y L A%x,1), (2,t) eRxRT, LR,

which can be viewed up to a —i factor as the symbol of the principal part of the
operator P(t) defined in (2.0.2).
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Definition 2.3 A symbolic symmetrizer associated with A(xz,t,€) is a €
mapping
S :RYx RT x (RN\{0}) — M, (C),

homogeneous degree 0 in its last variable £, bounded as well as all its derivatives
with respect to (z,t,§) on ||€|| = 1, such that, for all (x,t,§)

S(z,t,&) = S(x,t,8)" > 81, (2.1.10)

for some positive 3, uniformly on sets of the form R% x [0,T] x (R¥N\{0}) (T >
0), and

S(a.t,€) Alx, 1,€) = Az,1,€)* S(z,1,6)". (2.1.11)

Of course, a Friedrichs-symmetrizable system admits an obvious ‘symbolic’
symmetrizer independent of &

S(xz,t,&) = So(z,t).

Note that, in general, a symbolic symmetrizer is not exactly a pseudo-
differential symbol, due to the singularity allowed at £ = 0. However, truncating
about 0 does yield a pseudo-differential symbol in S°, which is unique modulo
S~ (see Appendix C). This enables us to associate S with a family of pseudo-

differential operators X(¢) of order 0 modulo infinitely smoothing operators. This
in turn will enable us to construct a functional symmetrizer X(t).

Remark 2.2 In the constant-coefficient case, neither A(z,t,£) nor S(z,t,§)
depend on (z,t), and it is elementary to construct a functional symmetrizer
based on S. This symmetrizer is of course independent of ¢ and is just given by

Yi=Z1'57

(where .# denotes the usual Fourier transform). Then (2.1.6) holds with a = 3
since we have

(Zu,v) = (Su, v)
for all u, v € L2. And (2.1.7) follows from (2.1.11), because of the relations
(XPu,v) + {(u,2Pv) = (SF Pu,v) + (u, SF Pv)
= (S(—iA+ B)u,v) + (u,S(—iA+ B)v) = (SB + BT S)u, v).

Theorem 2.2 Assuming that A(z,t,£) admits a symbolic symmetrizer S(x,t,§)
(according to Definition 2.3), then the family P(t) defined in (2.0.2) admits a
functional symmetrizer 3(t) (as in Definition 2.2).

Proof The proof consists of a pseudo-differential extension of Remark 2.2
above. As mentioned above, S(-,t,) can be associated with a pseudo-differential
operator of order 0, %(t). We recall that the operator %(t) is not necessarily self-
adjoint, even though the matrices S(z,, &) are Hermitian. But %(¢)* differs from
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%(t) by an operator of order —1 (since they are both of order 0), see Appendix C.
As a first step, let us define

S() = %(i(t) + 5.

By Garding’s inequality, there exists Cp > 0 such that

(20w, u) >
for all t € [0,7] and u € L%(R%). Now, noting that
lullf = (A72u, u),

we can change (t) into %(¢) + Cr A~2 in order to have

lullZ> = Cr lullF

(0w, w2 5l

This modification does not alter the self-adjointness of 3(¢) and gives (2.1.6)
with @ = /2. Furthermore, 3(t) P(t) + P(t)* X(t) coincides with the operator
of symbol

S(—iA+B) + (—iA+B)'S=5B+B'S
up to a remainder of order 0 + 1 — 1 = 0, see Appendix C. (To simplify notations,
we have omitted the dependence on the parameter ¢ of the symbols.) Since
(SB + BT 9)(+t,-) belongs to S°, X(t) P(t) + P(t)*X(t) is of order 0 and
therefore is a bounded operator on L2. O

As a consequence of Theorems 2.1 and 2.2, we have the following.

Corollary 2.1 If A(xz,t,§) = Y, o A%(x,t) admits a symbolic symmetrizer
then for all s € R and T > 0, there exists C > 0 so that for u € € ([0, T]; H*) N
€ ([0, T); H**Y) we have

lu(®)|7e < C (IIu(O)I?Is + /Ot I L) |7 dT) :

where L = 0; + Y, A*0, — B.

As already noted this applies in particular to Friedrichs-symmetrizable sys-
tems, but not only. Another important class of hyperbolic systems that do admit
a symbolic symmetrizer is the one of constant multiplicity hyperbolic systems.

Theorem 2.3 We assume that the system (2.0.1) is constantly hyperbolic, that
is, the matrices A(x,t,&) are diagonalizable with real eigenvalues A1, -+, Ay of
constant multiplicities on R x RY x (R4\{0}). We also assume that these matri-
ces are independent of x for ||z|| > R. Then they admit a symbolic symmetrizer.

Together with Theorem 2.2 this shows that constantly hyperbolic systems
are symmetrizable and thus enjoy H® estimates.
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Proof The proof is based on spectral projections associated with A(x,t,£),
which are well-defined due to spectral separation. As a matter of fact, the
assumptions imply that the spectral gap |A;(z,t,£) — Ap(x,t, )| is bounded by
below for 1 < j #k < p, (z,t) € R x [0,T] and ||¢|| = 1. Let us define

pr= g min{|(,1,6) ~ Mo, 16|, 1< £k <p, (0,0) € R x 0,7), [l = 1}

and the projectors

1

— (A, — Az, t,€)"HdA
20T Jix=x; (@, t,0)l=pll¢]l

Qj(x,t,«f) =

for 1 < j < p. Since A and its eigenvalues \; are homogeneous degree 1 in &, we
easily see by change of variables that ); is homogeneous degree 0. Furthermore,
Q; is independent of z for ||z| > R. Then we introduce

p
S(x,t,8) ==Y Qi(x,1,8)" Q;(w,1,).
j=1

By construction, the matrix S is Hermitian. Moreover, we have for any vector
veC?

P
v*Sv = Z ||QjUH2 > B,

j=1

where

P
Bi=min > [Q;(z, t,E)v)s (ol =1, |lz]| <R, 0<t < T, ¢ =15 >0

Jj=1

since Zj Q; = I,,. This proves (2.1.10). And finally, since Q;A = AQ; = \;Q;

because ); is semisimple, we have

P
w*SAv = Z Ajwt QF Qjv

j=1

for all v,w € C", and thus SA is Hermitian. O

2.1.3  Energy estimates for less-smooth coefficients

The main purpose of this section is to obtain energy estimates for less-regular
operators in which we keep track of coefficients (in the same spirit as in Proposi-
tion 2.2). This will be done in a framework preparing for later non-linear analysis.
Namely, following Métivier [132], we assume the dependence of the matrices with
respect to (z,t) occurs via a known but not necessarily very smooth function
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v(z,t). More precisely, we consider a family of operators

L, =0, + Z A%(v(x,t)) Oq

associated with functions v € L>([0,T]; H*(R%)) N €([0, T); HE (R?)) such that
O € L*([0,T); H5~1(RY)) N €([0,T); He 1 (RY)). (We recall that HS stands for
the regular Sobolev space H® equipped with the weak topology.) Observe that
such functions belong to ¢ (R? x [0,7]) assoon as s > % + 1. As to the matrices
A%, they are assumed to be ¥°° functions of their argument v € R™. We denote
A(v,&) = 3, & A%(v) and extend in a straightforward way the definition of a
symbolic symmetrizer.

Definition 2.4 A symbolic symmetrizer associated with A(v,&) is a €
mapping

S R™ x (RN\{0}) — M, (C),
homogeneous degree 0 in & such that
S(v,§) = S, §)" > 0 and S(v,£) A(v,§) = A(v,£)" S(v,§).

Theorem 2.4 Assume that A(v,&) admits a symbolic symmetrizer and take
T>0s>%+1.1If

[oll L o,y wr o may) < w
and
sup ([[oll o, 7); 15 may) + 1000l L (0,77 151 (1Y) < 12,
there exists K = K(w) >0 and C=C(n), v=~(u) so that for all ue
[0, T; H™)NE([0,T); H™*Y), £ +1 < m < s, we have

t
lu@) [ < K e [lu(0)[Fm + C/ | Lou(r)|[Fm dr.
0

Proof As mentioned before, the proof takes advantage of Bony’s para-
differential calculus.
The idea is first to replace L, by the para-differential operator

P, =0, + Z TAa(U) Oar.-
«
To estimate the error, assume first that A¢ vanishes at 0. Then by Proposition
C.9 and Theorem C.12, we have
[ A% (W) u = Taoyullam < Cllull~ |A%()[[am < K([Jollz=) [vllam [lu]z-
for all w € H™ (— L*°). Hence

| Pou — Lyullgm < K(|[o]lz=) [[0]zm

VUHLDO
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pointwisely in time for all u € ¢1([0,7]; H™) N %€ ([0,T); H™*!). By Sobolev
embedding this estimate merely implies

| Pou = Loullam < Clollam) s
In fact, the assumption A%(0) = 0 is superfluous. Indeed, denoting A*(v) =
A*(v) — A*(0), we have

A%(0) By — Tac(y) Oa = (A%(0) B — Tac(o) Do) + (A%(v) Do — Ty Oa):

where the first term is a smoothing operator according to Theorem C.13' and
the second operator can be estimated as before.

Once we have the estimate for P, — L,, it suffices to show the result for the
operator P, instead of L,. Indeed, if

t
lu@)lFm < K [lu(0)[lFm + C/ | Pou(7) |3 AT
0

Then

()3 < K e [[u(0)]|
+2C / L (IZou(m)|Fm + Clwllzm)? u(r)|Fm ) dr,
which implies by Gronwall’s Lemma
lu(®) 3 < K & [u(0) |3 + C / L | Lyu(r) g d

with 5 = 5 + C C(|[v] gm)?.

The next step is to use the symbolic symmetrizer S(v(x,t),&), which is
Lipschitz in x, to construct a functional symmetrizer for P,. The outline is
a para-differential version of the proof of Theorem 2.2. Define the symbol
r(z,t,&) = A2™(€) S(v(z,t),€). Up to a small-frequency cut-off, r(t) = r(-,t,-)
belongs to I'4™ (see Definition C.5) and thus is associated with a para-differential
operator T}.(;y, simply denoted by 7). in what follows. The constants in the esti-
mates (C.4.45) of r and its derivatives depend boundedly on [|[v]| L~ (jo,77,w 1.~ (r4)),
that is on w. Furthermore, since r is everywhere positive-definite Hermitian we
know by Garding’s inequality (see Theorem C.18) there exist 5 = f(w) > 0 and
Ky = K;(w) > 0 such that

Re (Tru, u) > Bllulfm — KillullZm/
for all w € H™(R?). Noting that

[ullFm-ase = (A2, ),

n fact, we need here only a special, easy case of Theorem C.13 because A (0) is constant.
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we may modify the symbol 7 into
=1+ KA
and get the estimate
Re (Txu, u) > B |lulf-

for the modified operator T>. We also have an upper bound (see Proposition

C.17)
Re (Tru, u)| < Ka(w) |lullFm
and Taﬁ- enjoys a similar estimate
Re (Ty7u, w)| < O, [0 e maxiory) lullm-

Observing that |0yv||p~®ax(o,r)) is controlled by [dv|lgs-1 (by Sobolev
embedding) and thus by p, we shall merely write this new constant
C(w, 00| L~ maxo,r))) = C(w,p). Finally, from the symmetry of the symbol
r(z,t,€) a(v(z,t),£) we also have an estimate

Re (T=+T2) 3" Theoydati, w)] < Ka(w) [ul3m-

The end of the proof is similar to the proof of Proposition 2.2. We have

%Re (Tou,u) = Re (T~ + T;jf) Pyu,u) — Re (Tx+ T»Tf) Z T'pe (1) Ot , u)

+Re (T ~u, u).

Denoting ¥ = T+ T;* and using the Cauchy—Schwarz inequality for the inner
product (3-,-) we get from that identity

d
&Qiu,u) < (ZPyu, Pyu) + (Su,u) + 2 K3(w) |[ul|%m + 2C(w, 1) ||ul|3m.

Hence

(Su(t), u(t)) < (Su(0), u(0) + / (SPu(r), Pyu(r)) dr

+ / (1 + 2(Ks(w) + Clw, 1))/ B()) (Su(r), u(r)) dr.

Therefore by Gronwall’s Lemma, we have

(Su(t), u(t)) < 't (Su(0),u(0)) + /0 eV T B Pu(r), Pyu(r)) dr
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for v > (1 + 2 (K3(w) + C(w, 1))/B(w)). Coming back to the usual H™ norm,
we get

K2 (W) t .
lu(®)llfm < e Ju(O)[Fm + / T Pyu(r) [Fym T ) -
B(w) 0
The proof is complete once we note that any ‘constant’ depending on w a fortiori
depends boundedly on p (by Sobolev embedding). O

Remark 2.3 The only point where we have used the assumption m > g +1is
in the comparison between L, and P,. We shall see in the proof of Theorem 2.7
that we can bypass this assumption and still obtain energy estimates in the
Sobolev space of negative index H~°. Another possibility is to derive L? esti-
mates, under the only assumption that v be W1 in both time and space. This
is the purpose of the next theorem.

Theorem 2.5 Assume that A(v,£) admits a symbolic symmetrizer and that

vllwie@ixpo,m)) < w-

Then there exists K = K(w) > 0 and y = vy(w) so that for allu € €*([0,T); L?) N
¢ ([0,T): H')

t
|u(t>||%2SK(ewuu(on%w [ e Lvumn;dr). (2.1.12)

Proof We proceed exactly as in the proof of Theorem 2.4, just changing the way
of estimating P, — L,. Indeed, examining the second step of that proof shows
that it works for m = 1 as soon as we have bounds for |[v|| ([0, 7);w1.~re)) and
10ev| L ([0,77; L (r)), Which is the case by assumption. The estimate of P, — L,
is given by Corollary C.4, namely

IPyu — Lyullze < € max[|A*@)lwis ullzz < C ol [full.

O

Remark 2.4 The estimate (2.1.12) here above applies in fact to any wu €
HY(R? x [0,T]) by a density argument. For, u € H*(R? x [0,]) can be achieved
as the limit of a sequence u;, € Z(R? x [0,]), in such a way that u, goes to u
in H1([0,t]; L2(R?)) — €([0,t]; L>(R%)) and L,uj goes to L,u in L2(R4 x [0,]).
Therefore, we can pass to the limit in the estimate (2.1.12) applied to ug, written
as

t
mx (e () < K (T + [ e Ll ar ).
o ) 0
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Remark 2.5 If the operator L, is Friedrichs symmetrizable, we also have a H'!
estimate

t
lu@®)lfn < K (e”tIU(O)II?p +/O T | Lyu(r) |2 dT>, (2.1.13)

for u € €1([0, T); HY(RY)) N €([0,T); H*>(R?)) and v € W1>°(R? x (0,T)), with
K depending boundedly on ||v|| ([0, 77;w1.~(re) and v > 7o depending boundedly
on ”v”Wl’OC(JRdx[O,T]y

The proof is most elementary. Denoting by Sy(v) a Friedrichs symmetrizer,
we see that for v € W1°° the estimate in (2.1.13) is equivalent to

t
G0l < & (1@ + [ @ Il dr)
0
where u(z,t) = 1/So(v(x,t))u(x,t) and

~ ~ L -1 o -1
L, =0+ Z A(v(z, 1) 0, with A(v) :=+/So(v) So(v) A%(v) /So(v)
being symmetric. Therefore, we can assume with no loss of generality (just
dropping the tildas) that the matrices A%(v) are symmetric. Thanks to this
property we easily find that, for u smooth enough such that L,u = f,

d
% [ull72@ay = 2Re (u, f),
d
% > 10pulliz@ay + 2Re > (9su, 95(A%(v)) Do) = 2Re Y (Dpu, daf),
8 B 8

hence by taking the sum and using the Cauchy—Schwarz inequality,

d
P lullFrrgay < ¥ el Fgay + 1F1%0 gay,

with v 1= 1+ max, g [|05(A%(v))||L~@®aix(0,r))- After integration we get
(2.1.13) with K = 1. O

2.1.4  How energy estimates imply well-posedness

The energy estimate in (2.1.8) easily implies uniqueness by linearity, for smooth
enough solutions. The existence of a solution u € € ([0, T]; H*~!) for initial data
u(0) € H® can be obtained by a duality argument, applying the energy estimate
in (2.1.8) to —s and the adjoint operator L*. The proof that u actually lies in
% ([0,T]; H?) uses mollifiers, smooth solutions and their uniqueness. The whole
result can be stated as follows, keeping the same compressed notations as in
(2.0.2) and (2.0.3).

Theorem 2.6 We assume the system (2.0.1) has 6° coefficients and is sym-
metrizable in the sense that the operator P(t) admits a functional symmetrizer
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Y(t). We take T >0, s € R and f € L*(0,T; H*(R%)), g € H*(RY). Then there
exists a unique u € € ([0, T); H*(R?)) solution of the Cauchy problem

Ou — P(t)u = f, u(0) = g.

Furthermore, there exists C > 0 (independent of w!) such that for all t € [0,T)

lu(t)|%. < C (ngnip + [ sl dT). (2.1.14)

Finally, if fe€€>(0,T);H*>(R?) and gec HT™RY) then wuc
¢ ([0, T); H*>(RY)).

Remark 2.6 Of course the equation d;u — P(t)u = f is to be understood in
the sense of distributions when s is low enough.

Remark 2.7 If the bounds associated with the symmetrizer 3(t) for ¢t € [0, T
are independent of T', and if the source term f is given in L?(RT; H*(R?)) then
the solution u is global and belongs to L?(RT; H*(R?)) too. If additionally, s = k
is a positive integer and if f belongs to H¥~}(R? x R*), then u belongs to
H¥(R? x RT). This is due to the following simple observation — which will also
be used in the context of Boundary Value Problems (Chapter 9).

Proposition 2.3 As soon as the coefficients A“ and B of the operator

P(t) = = > A%(-t)0a + B(-1)

are 6 functions of (x,t) on RY x RT, anyu € L?(R*; H*(R)) such that Oyu —
P(t)u belongs to H*~1(R? x RT), with k a positive integer, actually belongs to
H*(R? x RY).

Proof If u € L?(R*; H*(R?)) we can show indeed that for all m € N and all
d-uple a such that m + |a| < k, 97*0%u belongs to L?(R? x RT). This is trivial
if m = 0, because of the identification L?(R*; L2(R?)) = L?(R? x R*). The rest
of the proof works by finite induction on m, using the decomposition

ot = 90 (Opu — P(t)u) + 0" 0*(P(t)u),
with (Qyu — P(t)u) € HF " 1(RY x RY) and P(t)u € L*(R*T; HF-Y(RY)). O

Proof of Theorem 2.6

Uniqueness As mentioned above, the uniqueness is easy to show. By linearity,
it is sufficient to show that the only solution in €([0, T]; H*(R%)) for f =0 and
g=0is u=0. But if u € €([0,7]; H*(R?)) satisfies (2.0.1) then necessarily u
belongs to €1([0,T]; H*~*(R%)). So we can apply Theorem 2.1 to the index
s —1. For u(0) = g =0 and Lu = f = 0 this gives u = 0.
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Existence in €([0,T]; H*~!) We note that the adjoint operator

= — ZAo‘xt ZaAam - BT

(or its opposite, to fit with the standard time evolution) is also symmetrizable.
As a matter of fact, ¥(t)~! is a functional symmetrizer for P(t)*. In particular,
the estimate (2.1.9) in Remark 2.1 can be applied to L*. Now we introduce the
space

& = {pe ¢ (0, TH™R); ¢(T) = 0}.

Applying (2.1.9) to —s (where s is the regularity index of the source term f) and
L* instead of L yields the estimate

le®7- < 0/ IL* ()17 dT (2.1.15)

for all p € & and t € [0, T]. Hence the operator L* restricted to & is one-to-one.
This enables us to define a unique linear form ¢ on L*& by

T
(L) = [ (0. el a4 g 9 O@)ome (2110)
0
By (2.1.15) and the Cauchy—Schwarz inequality, we see that

UL 9)* < 2C(T 2 omey + N9l ) 1L 0Tz 0. 20-+-

By the Hahn—Banach theorem, /¢ thus extends to a continuous form
on L?(0,T; H~*). And by the Riesz theorem, we find u € L?(0,T; H®) =
L?(0,T; H=*)" such that

U(L*p) :/0 (ut), L*o(t) ) g g dt (2.1.17)

for all ¢ € &. In particular, for ¢ € 2(R? x (0,T)) we get that

T T
/ () s o0) digegpe dt = / (Lut) , @t) )rre s .
0 0

In other words, we have Lu = f in the sense of distributions. This implies that
Ou = P(t)u+ f belongs to L?(0,T; H*~1), hence u belongs to ¢ ([0,T]; H*~1).
Finally, integrating by parts in (2.1.17), substituting Lu = f and using (2.1.16),
we obtain

(g9, 90))msms = (u(0), ©(0)) g1 st

for all o € Z2(RY x [0,T)). A standard argument then shows that u(0) = g.
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Regularity If f belongs to €°°([0,T]; Ht**(R)) and g belongs to H T (R%)
then u belongs to €([0,T]; H>°(R%)) from the above construction applied to
arbitrary large s. The equation d;u = P(t)u + f then implies that u belongs
to €*([0,T); HT>°(R?)) for all k € N. If f and g are less regular, we can use
mollifiers to construct sequences fi € Z2(R? x [0,7]) and gy € Z(R?) such that

s

) H
fagk g.

k—oo k—o00

L?(0,T;H®

i

For all k there is a solution uy € €°°([0,T]; Ht°*(R%)) corresponding to the
source term fj and the initial data g;. Applying the estimate in (2.1.8) to ux —
U, yields the inequality

t
hust) — wm (% < © (ngk—gmn%p + [ 1= el dT)

for all k, m € N. This implies that (uy) is a Cauchy sequence in €([0,T]; H®)
and thus converges, say towards u € €([0,T]; H®). In the limit we have Lu = f
and u(0) = g. By uniqueness (in €([0,7]; H*~')), we have % = u, the solution
constructed by a duality argument. Observe then that u = u satisfies the energy
estimate in (2.1.14) by passing to the limit in (2.1.8) applied to ug. This completes
the proof. O

Remark 2.8 The end of this proof is sometimes referred to as a weak=strong
argument. Indeed, if we say a strong solution is a solution that is the limit of
infinitely smooth solutions of regularized problems, and a weak solution the one
obtained by duality, it shows that any weak solution is necessarily a strong one.

Remark 2.9 This theorem is also valid backward, that is, prescribing u(T")
instead of u(0). This fact will be used in the application of the Holmgren Principle
below.

Remark 2.10 In the proof above, we have crucially used the infinite smooth-
ness of coefficients. In fact, H*-well-posedness is also true for H® coefficients
provided that s is large enough. We reproduce from [132] the corresponding
precise result below, which is the continuation of Theorem 2.4 and is useful in
non-linear analysis.

Theorem 2.7 Assume s > % + 1 and take T > 0. For a function v belonging
to L>([0,T); H*(R?)) N €([0,T); H (RY)) and such that

O € L=([0,T); H*~1(R) N %[0, T]; H3 ™ (RY)),
we consider the differential operator

L, =0 + Z A%(v(z,t)) Oa,

where the n X n matrices A* are € functions of their argument v € R™.
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If A(v,€) = >, A%(v)€a admits a symbolic symmetrizer, then for all
§ € 1[0, T); H* (R) N € (0, T); Hy(RY)) and g € H(RY),
the Cauchy problem
Ly =f, ul) =g

has a wunique solution w € L2([0,T); H*(R?)). PFurthermore, u belongs to
€([0,T); H*(RY)) and enjoys an estimate

t
lu(®)llF: < K e [lu(0)llF. + C/ " | Lyu(r) 3. dr
0

where K > 0 depends boundedly on |[v|| = ([0, 1);w1.~(re)) and C, v depend bound-
edly on

sup (||v||L>o([o,T];Hs(Rd)) ) HathL*([O,T];Hﬁ*l(Rd))) .

Sketch of proof As for Theorem 2.6, the existence part of the proof uses the
adjoint operator

Ly = =0 =) 0a(A%()"

of L, and energy estimates in the space of negative index H ~*°. The existence of a
symmetrizer for L, namely S, is of course crucial to derive those estimates. By
Theorem 2.4 it does imply an energy estimate, though a priori only in H™ with
m > g + 1. However, as already observed in Remark 2.3, the only place where
the proof of Theorem 2.4 makes use of the restriction on m is in the comparison
between L} and

P; = =0 = Y 0aTiac(w)y-

If we invoke Proposition C.15, which shows that

(LY — P)llu—= < Cllvllas) | @llm-—

for all ¢ € €5°(R? x [0,T]), and perform the estimate of ||¢| g in terms of
||} ¢|| -+ as in the proof of Theorem 2.4, we eventually obtain

t
lo@)IF- < K [lo(0)l[F- + C/O | Lyg(r) | Fr-- dr

for all ¢ € Z(RY x [0,T]). Once we have this estimate, the same arguments
as in the proof of Theorem 2.6 show the existence of a solution u €
L3([0,T], H®). Using the equation L,u = f, we see that additionally u €
HY([0, T]; B~ (RY)) < €((0, T]; H*1(RY)).

The rest of the proof consists in showing more regularity on w. This can
be done thanks to the estimate in Theorem 2.4 for m = s and a weak-strong



68 Linear Cauchy problem with variable coefficients

argument, the latter being also used to prove u satisfies the H® energy estimate
(hence its uniqueness). See [132] for more details. (Also see the proof of Theorem
2.8 hereafter for a similar method in L2.) O

Theorem 2.7 deals with smooth solutions. There is also a L?-well-posedness
result for Lipschitz coefficients, relying on the energy estimate (2.1.12) in Theo-
rem 2.5, which can be stated as follows.

Theorem 2.8 Let v belong to WH(R? x (0,T)), and consider the operator

L, =0 + Z A%(v(x,1)) O,

where A% are € functions of their argument v € R™ and A(v,§) =
> EaA%(v) admits a symbolic symmetrizer. Then for all f € L*(R? x (0,T)
and g € L*(R?), the Cauchy problem

Lvu:fa u(O):g

has a unique solution u € € ([0, T); L>(R?)), which enjoys the estimate

t
lu®)z. < K (e“ (0172 +/O D f ()12 dT) ,

where K >0 and v > 0 depend boundedly on [|v]|y 1. (gay-

Proof Using the energy estimate (2.1.12) in Theorem 2.5, we can find a weak
solution u € L2([0,T]; L2(R%)) by the same duality argument as in the proof of
Theorem 2.7, with H** replaced by L2. It remains to show u in fact belongs to
€([0,T); L*(RY)), and does satisfy the L? energy estimate in (2.1.12).

We take a mollifying kernel p € 2°°(R%; R*), define p.(z) = e~ p(x/e), and
consider the operator R, associated with the convolution by p.. Then u. := R.u
belongs to L?([0, T]; H*>°(R%)) and goes to u in L?([0, T]; L*(R?)), and similarly
for f. := R.f, while g. := R.g belongs to Ht>(R%) and goes to g in L?(R?) when
€ goes to zero. Furthermore, by Theorem C.14 we have

limy [[[Lo, Re]u(t)l| L2y = 0.
Therefore,
Opue = fo + Lyue — [Ly, Relu
belongs to L2([0,T]; L?(R%)), and consequently u. belongs to H*(R? x [0, T]).

Thanks to Remark 2.4 this additional regularity of u. allows us to apply the
energy estimate in (2.1.12) (Theorem 2.5) to u., and of course also to us — ugr.
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Hence

ue () = ue ()72 < K (e” [ue (0) — ue (0)]17

t
+/ || Lyue (1) —Lvug/(T)H%ng)
0
for all €, ¢/ € (0,1). Since u.(0) = g. goes to u(0) = g in L*(R?), and (using
the Lebesgue theorem in the time direction),
Lyus = fo + [LMRE]U

goes to Lyu = f in L?(R? x (0,7)), the inequality here above implies that
(u.) is a Cauchy sequence in %([0,7]; L?(R?)). By uniqueness of limits in
L2([0,T); L*(R%)) (and the Lebesgue theorem again), u is necessarily the limit
of (ue) in €([0,T]; L?(R9)). Finally, by passing to the limit in

t
lue()lI7 < K (e”t lue (0)][72 +/0 | Lyue (7)1 2 dT)

we obtain

t
lulze < K (e”tluw)lliz + / ) | Lyu(r) 2, dT>.

Uniqueness readily follows from this estimate. O

Finally, for Friedrichs-symmetrizable systems with Lipschitz coefficients, H-
well-posedness also holds true, as stated in the following result, which will be
used in the Initial Boundary Value Problem theory.

Theorem 2.9 Assume v € WH2(R? x (0,T)) and the operator

0 + > A%(w)da

is Friedrichs symmetrizable for w in a domain containing the range of v. (As
usual, A“ are supposed to be €°° functions of w, and so the Friedrichs sym-
metrizer.) Then for all g € H'(R?), the Cauchy problem

Lyu =0, u(0) =g
has a unique solution u € € ([0,T]; HY(R?)) N €1 ([0, T); L2(RY)).

Proof Unsurprisingly, the proof relies on a regularization of the coefficients
and on the H' estimate in (2.1.13). Consider a mollifier p. and v. = p. *v.
Then v, is bounded independently of & in W1>°(R? x (0,7)) and goes to v in
€([0,T]; L>°(R%)). By Theorem 2.6, the Cauchy problem

Ly, u. =0, Us(o) = Pe*xg
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admits a unique solution u. € €>°([0,7]; H>(R)). Applying (2.1.13) to u. we
see (u.) is uniformly bounded in €([0, T]; H!(R?)). Furthermore, (u.) is a Cauchy
sequence in €([0, T]; L?(R%)). Indeed, by the L? energy estimate (2.1.12), we have

Jue(t) — uer()]|2@ey) < K (e”t lue (0) — uer(0)]17

t
+ [ O I - wlEsar )
0

and

[ Lo(ue — uer)(7)|22 < (Hu5||<€([O,T};H1(Rd)) + HUE/H%([O,T];Hl(Rd)))

X mgXHAO‘(vE) - Aa(”a’)H%([O,T];Lm(Rd))-

Therefore, u. converges to some u € €([0,7]; L?(R?)). Furthermore, for all t €
[0, T, u.(t) belongs to H*(R?) by weak compactness of bounded balls in H*(R%),
and by L2-H' interpolation, u. converges to u in € ([0, T]; H*(R%)) for all s €
[0,1). It is not obvious that u belongs to ([0, T]; H*(R?)) though. If we can
prove that u is continuous at ¢ =0 in the space H'(R?), then for the same
reason, by translating time it will also be right continuous at any ¢ € [0,T], as
well as left continuous by reversing the time. Now by an /3 argument together
with the continuity of u. at ¢ = 0, the convergence of p. * g to g in H® and the
convergence of u. to u in €([0,T]; H*(R?)), we already see that

1. — s =

L |u(t) — gllgs@ay = 0
for all s € [0,1), and we want to prove that

li — 1ray = 0.

L |u(t) — gllgrgay = 0

We can first show that u(t) converges to g as t goes to 0+ in H} (R?), the Sobolev
space H'(R?) equipped with the weak topology. Indeed, for all ¢ in H~! and
€ H™® (for s < 1), we have

(0, u(t) = g)ur.m | < [Ju(®) —gllg ¢ = Pllar + 9]

in which ||¢ — %||g-1 can be made arbitrarily small, ||u(t) — g|| g1 is bounded
independently of ¢ and ||u(t) — g||g= is already known to go to zero with ¢. So by
a standard result on weak topology, the strong convergence of u(t) to g in H*!
will be proved if we can show that

u(t) = glla-,

limsup [[u(t)|| g2 < [|gla-
N0

And this inequality is a (tricky) consequence of (2.1.13) applied to u., or more
precisely of the refined version

[ue ()10, < € [[ue(0)]]1,0.» (2.1.18)
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where we have defined a modified, equivalent norm on H' by
[ull},, = IVSo(v) ullzz + ZII\/SO ) Dacul| 72,

with Sy a Friedrichs symmetrizer of the operator. We postpone the proof of
(2.1.18) for a moment, and complete the proof of Theorem 2.9. Observe that
(ue(t)) also converges to u(t) uniformly on [0, 7] in H}. Indeed, for all ¢ in H~!
and ¢ € H~* with s € (0,1), we have

sup (¢, (ue —u)(t) ) g1, 11 | < ||ue — ulleqo,r);mr @aey) |0 — ¥lla
te[0,T]

Yl - [Jue — u”‘g([O,T];HS(]Rd))v

where the first term in the right-hand side can be made arbitrarily small, and
the second term is already known to tend to 0. Therefore, using the convergence
of v, in €([0, T); L>=(R?)), we get by passing to the limit in (2.1.18),

sup [u(t) oy < limsup sup |lue(t)[1,0. < € lg]l100)s
T€[0,t] e\0  7€[0,]

hence

limsup [[u(t)[l1,0¢6) < llgll1,0(0)
t\0

This shows that wu(t) does go to g strongly in H! when t goes to zero.
In conclusion, up to manipulating the time as explained above, this implies
u belongs to %€([0,T]; H'(RY)), and by passing to the limit in L, u. =
0 in the sense of distributions, L,u = 0, which implies u is also in
([0, T]; L(RY)). O

Proof of the inequality in (2.1.18) We omit the subscript €. Revisiting the
proof of (2.1.13) (in the case L,u = 0) and differentiating the equation

atu + ZAQ(’U) 804u =0
before multiplying by Sy(v), we get

D105u + ZA ) 0adpu = Y [0, A*(v)0a] u,

[

where

110, A%(0)0a] u(®)|[L2®ey < (A% (0(E))lwroeey [u®)lmr @e)-
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Now we compute

d
Q& [[u(?)] ?,v(t) = (Ryu,u) + Z<Rvaﬁuvaﬁu>
B
+2Re Z<SO(U)8L3U7 [aﬂa Aa(v)aa] u>a

a,p

where

Ry i= 83:S0(v) + Y dalSo(v) A%(v)),

[0

and infer by the Cauchy—Schwarz inequality that

d
3 e < vle®lhew,
with
1 _ a
7= 5 [S0(v) Yzw@axpr) (IRolle@axporn + D 1A @E) lwrse))-
O

2.2 Local uniqueness and finite-speed propagation

Most of the definitions introduced in Chapter 1 extend to the variable-coefficient
systems by ‘freezing’ the coefficients. We already used the notions of Friedrichs-
symmetrizable systems (Definition 2.1) and constantly hyperbolic systems (in
Theorem 2.3) as a generalization of Definition 1.2. In view of Definition 1.5, we
can also associate to system (2.0.1) a characteristic cone

char(z,t) := {(£,\) € R x R; det(A(z,t,&) + A\,) =0}

at each point (z,t) € R? x R*, and the corresponding forward cone I'(x,t), which
is the connected component of (0,1) in (R? x R) \ char(z,t). Additionally, for a
symmetrizable system with symbolic symmetrizer S(z,t,£), we can also define

T(a,t) = {(67) € R x R;S(2,4,€) (r L + Aw,,)) > 0}, (22.19)

where positivity is to be understood in the sense of Hermitian matrices. Observe
that the set Y (z,t) is still an open cone due to the homogeneity degree 0 of S in
&. If the operator L is constantly hyperbolic, then I'(z, t) is the set of (£, A) such
that all the roots 7 of the equation

det (A(z,t,§) + (A +7)I,) =0
are strictly negative, that is,

[(z,t) = {(&N); Sp(A L, + A(z,t,€)) C (0,+00) }.
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We thus have, for a system both Friedrichs symmetrizable and constantly hyper-
bolic,

L(z,t) = {(&N); S(2,t,8) (M + A2,8,€)) > 0} = T(x,t)
for any symmetrizer S(z,t,¢).

Definition 2.5 Let H be a smooth hypersurface in R? x RY. Denoting by 7 the
normal vector to H, we say that 'H is

i) characteristic at point (x,t) if i(x,t) € char(x,t),
it) space-like at point (x,t) if i(x,t) € —T'(x,t) UT(z,t).

If i), or respectively ii), holds for all (x,t), H is simply said to be characteristic,
or space-like, respectively.

By definition of I', a space-like surface is, of course, not characteristic. And
the most natural example of a space-like surface is {t = 0}! The interest of
space-like surfaces is that they are associated with local uniqueness results.

Theorem 2.10

i) Assuming that the system (2.0.1) is constantly hyperbolic and f =0, let H
be a space-like hypersurface at (xo,tg). Then there exists a neighbourhood
N of (zo,to) such that, if u is a €' solution of (2.0.1) in A" and u|yny =
0 then u|y = 0. (The reader may refer to Figure 2.1.)

it) Assuming that the system (2.0.1) is Friedrichs symmetrizable and f =0,
let £ be a lens made of two space-like surfaces, H and J£, sharing the

Figure 2.1: Tlustration of local uniqueness for constantly hyperbolic systems
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> X

Figure 2.2: Tllustration of local uniqueness for Friedrichs-symmetrizable systems

same boundary. If u is a € solution of (2.0.1) in L and if u=0 on H,
for instance, then u = 0 also on J£ . (The reader may refer to Figure 2.2.)

Proof We begin with 1), the proof of which is more elementary. It is analogous
to the localized computations performed in Sections 1.3.1 and 1.3.3. We denote
by So a Friedrichs symmetrizer of (2.0.1). Multiplying (2.0.1) by u* Sy we get

/£ Ou(Sou, ) + /L S 0a(SoA%u, u) = /£ (Ru, ),

where R := 0;5) + Y_,04(S0A%) + SoB + BTS; (like in Proposition 2.2). Inte-
grating the left-hand side yields the equality

/%/ no (Sou,u) + /% Y ala(SoA%u, u)

- /H no (Sot, 1) + /H S na(SoA%u,u) + /L (Ru, u),

where ng denotes the t-component and n, the x,-component of 7. Since 7
belongs to —Y U T, the matrix Sy (no I, + >, naA%) is definite, with the same
sign at all points (z,t) of L by continuity. Assume, for instance, that it is
positive. Then there exists v > 0 such that

So(noln + > naA%) > v,
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in L. Hence we have

3 [ i <o (/H||u||2 . /L”“”2>’

where C' = max(||So|| + >, [1S0A4%], ||R]|). By the multidimensional Gronwall’s
Lemma (see Lemma A.3 in Appendix A) we conclude that there exists C’

(independent of u) so that
/ Jul? < ¢ / .
K H

If u| = 0 then clearly u|x = 0. O

Proof of i) The proof relies on a change of variables, transforming H into the
hyperplane {t = 0} and preserving constant hyperbolicity, and on the Holmgrem
principle applied to the new (Cauchy) problem. We consider a local diffeomor-
phism x such that x(xo,%) = (0,0) and

Hi=x(H) = {(@8); t=0}.
In particular, V(w,t)tNiS parallel to 7i. We can even choose y so that
Ot = ng, Out = Na.
The transformed operator L under x is defined by
(Lo)(@ D) = Lwe x)(x,).
More specifically, it reads
L= A%+ > A*9- - B,

where

A @) =nol, + Y npAP(x,t), A%E,1) = 0Faln + Y (OayTa)A’(x,1)
B B

and B(Z,t) = B(x,t). Note that A°(0,0) is an invertible matrix since 7i(xo, to) &
char(xg, tp). Furthermore, we have

FAYZ ) + AE,5E) = (Fng + M) I, + Az, t, €+ 7o), (2.2.20)
where v = (n1,--- ,nq) and

AN=E0F, €= &V
B

Observing that
(€)= (£,0)dx(z,t) and 7 = (v,ng) = (0,1)dx(,1),
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we see that (£, A) and (v, ng) are not parallel, unless E = 0. By assumption, either
fi(xo, to) or —7(zg,to) belongs to T'(zg,ty). Then we know from Theorem 1.5 of
Chapter 1 that the operator is constantly hyperbolic in the direction 7, which
means that for all (£, \) not parallel to 7 = (v, ng), the roots o of the polynomial

det(A(xo,to,& 4+ ov) + (A + ono)ly)

are real with constant multiplicities. Because of (2.2.20) this shows that the roots
T of

det(7 A°(0,0) + A(0,0,,7))

are real with constant multiplicities for §~ # 0. This means that the transformed
operator L is constantly hyperbolic at point (0,0), and thus also in the neigh-
bourhood of (0,0). Up to replacing A®(z,t) by A*(6(||(z,t)||) (z,t)) for all
a € {0,---,d}, where 6 is a smooth cut-off function, we can assume that L
is globally defined, constantly hyperbolic, and has constant coefficients outside
some bounded ball. So we are led to show the result for L instead of L, and
H:={(F,1); t =0} instead of H.

From now on we drop the tildas. The (hyperbolic system associated with)
operator L* meets the assumptions of Theorem 2.3. Thus Theorem 2.6 applies
to L*. This will enable us to apply the Holmgren principle to L.

We must show the existence of a neighbourhood .4 of (0,0) such that
if u is a ¢! solution of Lu =0 in .4 and u(z,0) = 0 for (x,0) € .4 then
u(z,t) = 0 for all (z,t) € A". Without loss of generality, we can consider a conical
neighbourhood 4/, foliated by the hypersurfaces with boundary

Ho = {(x,t); 03|||2 — V2(t — 0T)% + 2V2T2(1—0) = 0,
0<t<o0T, ||z <VT}, 0€[0,1).

(The reader may refer to Fig. 2.3.) Choosing
Vo= max {[X;(z,t,§)]; €] =1},

where A;(z,t,£) denote, as usual, the eigenvalues of A(x,t,&) (recall that
A(z,t,€) has been modified to be independent of (z,t) outside a bounded ball), it
is not difficult to show that all the hypersurfaces Hy are space-like, as Hy C H.
To be precise, one can compute that a unit normal vector to Hy at point
(z,t) reads i = (v,ng) = N/||N| where N := (63z, V2(#T —t)). And thus the
matrix (A(z,t,v) 4+ nol,) has eigenvalues

Hi = ”]17“ (V2(9T — t) + )\j(l‘, t, 939;‘) ) .

By definition of V', we have
|)‘j(x7t’03$)| < Ve ||.Z’H,
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Figure 2.3: Foliation of a conical neighbourhood .4 of (0, 0)

and thus

A(z,t,0%)
V2(0T —t)

6% ||z
T VO a]F + 2V2T2(1-0)

< 1 on Hy.

This proves that p; > 0 and thus 7 belongs to —I'. Therefore, Hy is space-like.
Now, similarly as in the first part of the proof, we can transform by change
of variable the problem

{L v =0, (2.2.21)
90|H9 =49

for g € 2(Hy) into a standard Cauchy problem

{ﬁa =0,
Phy =9,

with L* being constantly hyperbolic and having constant coefficients outside a
bounded ball. So by Theorems 2.3 and 2.6 the problem (2.2.21) admits a unique
smooth solution . Now, denoting by Ly the lens lying in between Hy and H,
we have for all €' solution u of Lu = 0 in A4

0=/£9(¢,LU) —/LQ(L*%U) - /H (9, (n0 + Fome A%) ) —/How,m,
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where 77 = (n1,--- ,nq,n0) denotes the normal vector to Hy. Thus if u(x,0) = 0
for all (x,0) € A we see that

[ (ot + Smaa®yu) = o
Ho
Since this holds for any g this implies that

(no + > onaA%)u =0

on Hp. But the matrix (ng + >, na A% ) is known to be invertible since 7 does
not belong to the characteristic cone. Finally, this shows that v =0 on Hy for
all 6. O

Theorem 2.10 has a counterpart/consequence in terms of finite-speed propa-
gation, which is as follows.

Theorem 2.11

i) We assume that the system (2.0.1) is constantly hyperbolic and has
constant coefficients outside a compact set. We also take f =0, and set

Vo= max {|A;(z,t,9)]; €l =1},
with \j(z,t,€) the eigenvalues of A(x,t,€). To any point (X,T) € RY x

(0,4+00) we associate the conical set

C:= |J Q) x{t} withQt) = {a; |z - X|| <V(T -1},

o<t<T
0<t<T.

Ifu e €1([0,T); H®) is a (weak) solution of (2.0.1) (with s € R) such that
uloy = 0, then ulc = 0.

it) Assuming that the system (2.0.1) is Friedrichs symmetrizable (and still
f=0), the same result holds on changing the balls (t) to the convex sets

Q) = () {20 -T)+&- (- X) <0},

where

v(€) = r(nagc max{v € R; (& v) € char(x,t) }.

Proof i) We first show the result for u € €1 (R? x [0,T]) a smooth solution.
The proof is based on a connectedness argument using Theorem 2.10 i). We take
€ (0,7) and define T, =T — ¢,

Co={z; 0<t<T, lz - X|| <V(T: = 1) }.



Local uniqueness and finite-speed propagation 79

Similarly as in the proof of Theorem 2.10 i), we can construct space-like surfaces
5, depending smoothly on 8, such that

U Hy; and H§ C £(0).

0€(0,1)
Then, if u € €1 (R* x [0,T7]) is the solution of (2.0.1) and u|q) = 0, the set
© :={60€[0,1); uly, =0}

of course contains 0, and is a closed subset of [0,1) by a continuity argument.
But, covering the compact sets Hy by a finite number of neighbourhoods .47,
Theorem 2.10 4) also shows that © is open. Therefore, we have © = [0, 1), which
means that u =0 on C: = Jy ,oq, Q) x {t}.

In general, we can proceed by regularization. Setting f := Luand g := u|;=o,
we have by assumption that f = 0in Uy, ©(t) and g = 0 in ©Q(0). Introducing
a mollifier p;, in R?, the Cauchy problem

Lv = fxpr , v|=0o = g*pr,

has a unique solution v = wuy,, which is in €*(R? x [0,7]) by Theorem 2.6. For
k large enough, we have f*pp =0 in C. and g* pr =0 in H{ (with the same
notations as before). We thus infer that, for k large enough, ux = 0 in C; by the
first part of the proof. But the energy estimate in (2.1.14) shows that

€ ([0,T);H?)
)

n—oo
since

CKOTH s
LOIED, f = 1w and ulimo = g% pr —— g = ulimo.

Luy, = f * pr
Passing to the limit, we conclude that v = 0 in C..
it) The proof is a natural generalization of Section 1.3.1. It is roughly the
same as in Theorem 2.10 1), except that we are going to consider lenses £ that
are only weakly space-like. Let us consider

Lo= |J Qs) x{s}.
0<s<T—¢
The boundary of £, is made of three parts, the bottom 7 = Q(0) x {0}, the top
T. = QUT —¢) x{T — ¢}, and the side S. The top and bottom are obviously
space-like. As regards the side, for all (y,s) € S, there exists &, such that

{(,t);0(€)(t =T)+ & (z - X) = 0}

is a hyperplane of support for £. at point (y,s). A normal vector to L. at point
(y,s) is necessarily of the form 7 = (§o,v0;= v(&0)). By definition of v(), we
know that v is not smaller than any v such that the matrix vl + A(y, s, &)
is singular. Therefore, all the eigenvalues of voI,, + A(y, s,&y) are non-negative.
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This implies in particular that the symmetric matrix So(y, s) (vol, + A(y, s,&0))
is non-negative. Therefore, integrating by parts the identity

/LE 0s(Sou, u) + /ﬁ >0 (SoA%u,u) = /[:E(Ru,u),

(with the same notations as in the proof of Theorem 2.104%)), we get

0> /Z(Sou,u)Jr/La(Ru,u),

if w vanishes on the bottom. Then by the Cauchy—Schwarz inequality and the
definiteness of Sy, there exists a > 0 such that

/ Jul? < / .
7. Le

Since this holds for all € € (0,T], we can conclude by the Gronwall Lemma. O

2.3 Non-decaying infinitely smooth data

As a consequence of Theorem 2.11, we have that, under either one of the
assumptions, the Cauchy problem can be uniquely solved for any smooth data,
without any assumption on their far-field behaviour.

Theorem 2.12 We assume that the system (2.0.1) is either constantly hyper-
bolic with constant coefficients outside a compact set, or Friedrichs symmetriz-
able. Then, for f € €<(R%x [0,T]) and g € €>(R?), there ewists a unique
u € €< (R x [0,T)) such that

Lu=f and uli=0 =g.

Proof Uniqueness directly follows from Theorem 2.11. Existence is based on
truncation of f and g. We take a smooth cut-off function 6 and define

fr(z,t) =6 ('i’") flz,t), gr(z,t) =0 (llﬁ”) g(z,t)

for all positive integers k. To fix the ideas, we assume that § =1 on the unit
ball. By Theorem 2.6, there exists a unique solution ug € €°°([0,T]; H*°) of
the Cauchy problem

Lug = fr, ukli=0 = g-

Furthermore, Theorem 2.11 shows that uy is compactly supported, and that uy
coincides with wu,, for all m > k > VT on the cylinder {||z|| <k —VT} x [0,T].
Therefore, the sequence (uy,) is convergent in 4> (R¢ x [0, T'|) and the limit solves
the Cauchy problem

LU = fa u|t:0 =4g.
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2.4 Weighted in time estimates

We conclude this chapter by an estimate that will be useful in Chapter 9. It does
not actually deal with the Cauchy problem. It gives global in time exponentially
weighted estimates. The important feature of these estimates is that the weight
depends on a parameter, denoted by «, which has to be chosen large enough for
the estimate to hold. This gives the flavour of the machinery that will be used
in Chapter 9 for the resolution of Initial Boundary Value Problems.

Theorem 2.13 We assume that the system (2.0.1) is symmetrizable with
uniform bounds on 3(t) (including the lower bound o > 0 in (2.1.6)) and on
d¥/dt for t € R. We also assume that the matriz B is uniformly bounded on
R Then there exist C >0 and vy > 0 so that for u € 2(R1) and v > o
we have

1/2
5 ( /R e~ ||u(t)||§2(Rd)dt) < C ( /R e | Lu(®) |72 (gay dt)

1/2

(2.4.22)

Remark 2.11 According to Theorem 2.2, this result applies in particular to
systems admitting a symbolic symmetrizer (see Definition 2.3) with bounds valid
for all t € R.

Proof Elementary calculus yields

% [e7®" (Su,u)] = e®" (2Re (S Lu, u) + 2Re (S Pu, u)
dx

for all . Then, integrating on R and estimating all terms by the Cauchy—Schwarz
inequality, we obtain a constant C; (depending on « and bounds for X, dX/d¢
and Re (X P)) such that

v /Re—w lu(®) 72 gy - < Co /Re—w lu(NZz ) At

1/2
+Ch </]R e—2’yt Hu(t)HQL‘z(Rd)) dt) (/R e—2’yt ||Lu(t)||2L2(]Rd) dt)

for all v > 0. This implies that

~y /R e J|u(t) |72 (gay dt < Ch ((Hm) /R e u(t) 172 gay dt

1
dey Jr

1/2

e | Luat) P dt)

for any € > 0. Choosing for instance € = 1/(3C4) yields the desired estimate
with 79 = 3Cy and C' = 3C4/2. O
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3

FRIEDRICHS-SYMMETRIC DISSIPATIVE IBVPs

We begin the analysis of the Initial Boundary Value Problem (IBVP). Although
this book is devoted to general hyperbolic operators, the study of Friedrichs-
symmetric ones with dissipative boundary conditions allows us to uncover crucial
concepts and methods. In particular, we shall see in Chapter 4 that a suitable
tool for proving strong well-posedness is a symbolic symmetrizer for which the
boundary condition is strongly dissipative. This motivates us to devote a full
chapter to the IBVP for a Friedrichs-symmetrizable operator, when the boundary
condition is dissipative in a classical sense. Then the symmetrizer is classical,
instead of symbolic. Since it is given with the system, we do not have to build it.

Of course, we could develop a full theory of dissipative IBVPs in the Friedrichs
sense, with variable coefficients and general domains. But since a full account
of the theory of IBVPs will be given in the next chapters, we may restrict
ourselves to the simplest possible situation. Namely, our operators have constant
coefficients, and the physical domain is the half-space

Q:={zx eR%; 24 > 0}.

We shall frequently use the notation x = (y,z4), where y € R?~! are the co-
ordinates along the boundary. Frequency vectors are also split into £ = (n,&y),
with n € RI~1,

3.1 The weakly dissipative case

Let L =0;+ ), A%0q be a Friedrichs-symmetric operator, meaning that the
matrices A® are symmetric.
A general IBVP takes the form

Lu=f, x2€Q,t>0, (3.1.1)
Bu=g z4=0,¢t>0, (3.1.2)
u=uy, x€Qt=0, (3.1.3)

where B € M, (R) and A have constant entries. We shall see in a moment
that the number p of scalar boundary conditions must equal that of the positive
eigenvalues of A%, It thus usually differs from n. If g = 0, then we speak of the
homogeneous IBVP. If instead ¢ is an arbitrary vector field of given regularity,
the IBVP is non-homogeneous.
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To begin with, we consider the homogeneous IBVP. Thus let u be a clas-
sical solution of (3.1.1)—(3.1.3) with g = 0. Let us integrate the energy con-
servation law (3.1.1) on Q. Assuming that u(t), V,u are square-integrable, we
obtain

4 / fu(z, £)Pda = / (A, ) dy +2 / (f,u) da. (3.1.4)
dt Jg o9 Q

To obtain an a priori estimate from (3.1.4), we need an upper bound of (A%, v),

knowing the value of Bv. Of course, we cannot use the Gronwall Lemma in order

to control the boundary integral, since there is no trace in L?(Q2). The existence

of such a bound amounts to assuming the (strict) dissipativeness of the boundary

condition.

Definition 3.1 We say that the boundary condition (3.1.2) is dissipative for the
symmetric operator L in the domain Q defined by xq > 0, if A% is non-positive
on kerB:

(v € R", Bu=0) = (A%,v) <0

For a more general domain with smooth boundary, we say that the boundary
condition (38.1.2) is dissipative for the Friedrichs-symmetric operator L, if A(v)
is mon-negative on kerB at every boundary point x € 02, v being the outward
unit normal to OQ at x (in that case, B often depends on x € 9Q itself,
through v):

By =0= (A(v)v,v) > 0.

We say that A(v) is the normal matrix.

For a reason that will become clear in Chapter 4, we shall only consider
maximal dissipative boundary conditions:

Definition 3.2 We say that the boundary condition (3.1.2) is mazimal dissi-
pative if it is dissipative, and if kerB is not a proper subspace of some linear
subspace on which A% is non-positive.

This definition generalizes in an obvious way to general domains.

Lemma 3.1 Assume that B is maximal dissipative for L. Then ker A% C kerB.

Proof Given u € kerA?, let us define N := Ru + kerB. For v € kerB, we have
(Ad(u+v),u+v) = (A%, u+v) = (v, A%u +v)) = (v, A%),

which is non-positive by assumption. Since kerB C N, we must have N = kerB
by maximality. In other words, u € kerB. O

Assuming that the boundary condition is maximal dissipative, we shall solve
the homogeneous IBVP. This kind of well-posedness, which is qualified as weak, or
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homogeneous, in the literature, is expected because of the following consequence
of (3.1.4) when g =0

t
)22y < lluollaqay + / 1£(5) 22 ey ds.

To prove the weak well-posedness, we remark that the homogeneous IBVP has
the abstract form of a differential equation (3.1.5) below, and thus can be treated
within the theory of continuous semigroups in a Hilbert space. The space that
we consider is X = L?(£2). We shall use a restricted version of the Hille-Yosida
theorem (see, for instance, [28,51]):

Theorem 3.1 Let X be a Hilbert space, D(A) a linear subspace and A : D(A) —
X be a mazimal monotone operator. Then, for every ug € D(A), there exists one
and only one u € €([0,+00); D(A)) N€([0,+00); X), such that

{?;;JrAuOon [0, 4+00),

) (3.1.5)

Moreover, one has
lu(®)lx < lluollx, vt =0.

We recall that the linear operator A is called monotone if (Au,u) > 0 for all
u € D(A), and mazimal monotone if, moreover, Ix + A is onto, that is

Vf e X, 3u € D(A) such that u + Au = f. (3.1.6)

Since A is maximal monotone, D(A) is dense in X and A is closed. The
fact that the map ug +— u(t), defined on D(A), is non-expanding for the X-
norm, allows us to extend it continuously as a bounded operator S; € Z(X).
The family (S;)¢>0 is a continuous semigroup:

St4s = St oS, }im Siug = Ssug.
—8

Since A will be a differential operator, it will not be bounded in X. Thus we
do not expect that the semigroup is continuous in the operator norm (‘uniform
continuity’).

The use of the semigroup gives a sense to the well-posedness of the Cauchy
problem (3.1.5) in X. We call u(t) := Syuo the unique solution in ¢(R*; X) with
initial data ug € X. Since it is the limit of strong solutions, it is a solution in the
distributional sense.

We first consider the case where not only g =0 but also f = 0. Then, the
IBVP takes the form (3.1.5), where

A= —L=) A%0,,
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and

D(A) :={u € L*(Q); Au € L*(Q) and Bu = 0 on 9Q}.

3.1.1 Traces

To make the definition of D(A) mathematically correct, we need to explain
the meaning of Bu on 9. We recall that if a vector field ¢: 2 — R? and its
divergence are square-integrable, then ¢ admits a uniquely defined normal trace
v,q € H=/2(89Q), such that the following Green’s formula holds

/Q (@ V6 + 6divg) de = (1@, 708 1 12 gries Vo € H'(Q),

Yo : HY(Q) — H'Y/2(0Q) being the well-known trace operator. The trace 7,
extends continuously (see [208], Theorem 1.2) the map (‘normal trace’)

(T'_’V'q_]agy

a priori defined for smooth vector fields on €2, where v is still the outward unit
normal.
Given u € L%(Q)", such that Au € L*(Q)", and applying v, to each vector

field q_%, defined by
Q' = (A%u);,

we obtain a trace Adu’aQ € H=/2(09Q) (recall that v = —ed here). Then, because
of Lemma 3.1, there exists a matrix M € My, such that B = M A?. Then the
trace of Bu is simply M times the trace of A%u. Therefore D(A) is well-defined.

Several calculations will be made using the Fourier transform in the
y-variables, #,. A vector field ¢ as above has the following properties:
(n, xq) — Fyqa is square-integrable for every «, as well as (1, z4) — 0aFyqa +
iZTl NaFyqa- It follows that

Fyqa € L (R HY(0, +00)).

loc

Because of Sobolev embedding, we conclude that

Fyqa € LE (R 4]0, +00)).

loc

Then, testing against smooth functions, we find easily that .%,v, ¢, which belongs
to L2((1 + |n|?)~/2dn), coincides almost everywhere with vo[(:#,qa) (7, -)], where
70 is the trace operator on H*(R™).

From this remark, we conclude that, in order to verify that u belongs to D(A)
when v and Au are already in X, it is sufficient to prove that voB.#,u vanishes
almost everywhere. Also, proving that A% has a square-integrable trace (instead
of being in H~1/2) amounts to proving that v0A%.%,u is square-integrable.
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3.1.2  Monotonicity of A

Since A commutes with translations along the variable y, we consider the
conjugated operator Ag, obtained after a Fourier transform in the y variable:

ov
— Ad ;
Apv=A iy +iA(n)v,

D(Afp) = Z,D(A) = {v € L*(Q); Apv € L*(Q) and Bv = 0 on 00Q}.

Let us point out that in this definition, the functions are complex-valued. The
trace of Bv has been defined in the previous section.
The monotonicity of A is the property that

(Au,uy >0, Yue D(A). (3.1.7)
By Plancherel’s formula, it is equivalent to
Re (Apv,v) >0, Yve D(Ap). (3.1.8)

From the previous section, we know that, for almost every n € R4~!, the field
Ady(n,-) is in H'(R*) and its trace is well-defined. In particular, we know that
~YoBuv(n,-) = 0 for almost every 7.

Let us define a matrix S as follows. Since A? is symmetric, we have
R? = R(A?) @t kerAd. If w € kerA?, we set Sw = 0, while if w € R(A?), there
is a unique w’ € R(A?) such that A% = w, and then we set Sw = w'. We
easily check that S is symmetric and that SA? is the orthogonal projector!
onto R(A?). In particular, the bilinear form w + (A%w,w) can be rewritten as
w — (SA%w, A%w). Dissipativeness means Re (SA%w, A%w) < 0 on kerB.

Let w e L?(R*) be such that A%dw/dzgq € L?(R*). Then z:= Adw ¢
H(R*). Given n € R471, let us compute:

—+oo +oo
/ Re (Add“’ +z‘A(n)w,zD) dzg = / Re <Addw,w> dzg
0 dzy 0 dzq

+oo
Re <dZ7 SZ) dxg
0 dzq

= —JRe (52(0), 2(0)) > 0

Now, if v € D(AF), we have v(n, ) € L>(RT) and Addv(n,-)/dzq € L*(R") for
almost every 7. Hence we deduce, for every non-negative test function ¢ €
-@+ (Rd_l)v

/ d(n)Re (Apv,v) dzgdn > 0.
Q

IThe matrix S is called the Moore-Penrose generalized inverse of A%. It coincides with the inverse
when A? is non-singular. See [187], Section 8.4.
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Finally, we let ¢ tend monotonically to one everywhere. The right-hand side
tends to Re (Apv,v) and we obtain the inequality (3.1.8). This proves that A is
a monotone operator.

3.1.3  Maximality of A

We now solve the equation
u+ Au = f, (3.1.9)

where f is given in L?(2) and u is searched in D(A). Thanks to a Fourier
transform, it is enough to solve v+ Apv = g, where g := %, f and v := F u.
The latter equation decouples as a set of ODEs with boundary condition,
parametrized by n € R4~

v+ iA(n)v + A% = g(n,), Buv(n,0)=0. (3.1.10)

In order to simplify the presentation, we shall make the unnecessary assumption
that A¢ is non-singular, the so-called non-characteristic case. The general case
is treated similarly, after a projection of the ODE onto kerA¢ and R(A%).

To solve the differential equation in (3.1.10), we split v and ¢ into their stable
and unstable components, with respect to the matrix

A(n) = — (A (I + iA(n)).

We shall denote E4(n) the corresponding stable and unstable subspaces? in C"
(see the introductory section ‘Notations’). With obvious notations, we split

V= Vg + Uy, (Ad)_lg:gs + Gu, Vs, s EE*(H% Vuy Gu €E+(77)'

Let (S(z)).er be the group generated by A(n), that is S(z) = exp z.A(n). We
look for a solution v of the form

vs(n, zq) = S(xg)vo + /Omd S(xq — 2)gs(n, z)dz, (3.1.11)

—+o0
vy (N, xq) = —/ S(xqg — 2)gu(n, z)dz. (3.1.12)
Zd
Since g € L?(Q), the partial function g(n, -) is square-integrable for almost every
7. For such s, the integrals in (3.1.11) and (3.1.12) are convolution products of
the components gs(7,-), gu(7,), with integrable kernels. Actually, denoting by
Ss and S, the restrictions of S to the invariant subspaces Ey(n), we know that
Ss(z) and S, (—z) decay exponentially fast as z — +o00. Then

Trq —
/ S(za — 2)ga(n, 2)dz = 8o Gulza), 74 >0,
0

2Tt is shown in Lemma 4.1 that the real part of the eigenvalues of .A(n) does not vanish. Hence
Ch=E_(n) @ E(n).
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where h — h is the extension from R* to R by zero. Another formula resembling
the one above holds for the integral in (3.1.12). By Young’s inequality, the
convolution products belong to L2.

Hence, Equations (3.1.11) and (3.1.12) define an L2-function v, provided one
chooses vg in the stable subspace E_ (7). Obviously, v(n,-) solves the ODE in
(3.1.10). In order to satisfy the homogeneous boundary condition, it remains to
solve

+oo
Bug = B/ S(—2)gu(n,z)dz, wvo € E_(n). (3.1.13)
0

Lemma 3.2 Under the above assumptions (L Friedrichs symmetric, B mazimal
dissipative), it holds that

E_(n) @ kerB = C". (3.1.14)

Equation (3.1.13) admits a unique solution vy.

Proof We first show (3.1.14), admitting a result of Hersh (Lemma 4.1) proved
in the next chapter. Let Uy € E_(n) be given, and define U(xq) := S(xq)Up. It
satisfies the differential equation

aw _

I, +iA Al
(I, +1A(n))U + a2y

0
and decays exponentially fast at +00. Multiplying on the left of this equation by
U*, and taking the real part, we obtain

1d

|U]1* + §d—de*AdU =0.

Integrating from 0 to +o00, we derive
+oo
2/ U (24)||?dzq = Re (A%Uy, Uy).
0

If, moreover, Uy € kerB, the right-hand side is non-positive, by dissipative
assumption. It follows that

“+o0
| WPz <o
0

that is U = 0 and Uy = 0. This proves that E_(n) NkerB = {0}.
The conclusion is obtained by proving that dim E_(n) + dimkerB = n. Since
B is maximal dissipative, the dimension of its kernel is the number of non-
positive eigenvalues of A%. The fact that dim E_ () equals the number of positive
eigenvalues of A¢ will be proved in a much more general context in Lemma 4.1.
Thanks to (3.1.14), B is an isomorphism from E_ (1) onto R(B). This ensures
the unique solvability of (3.1.13). O
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At this stage, we have built, in a unique way, a solution of (3.1.10). It is defined
for almost every n € R4~! and is square-integrable with respect to 4. Clearly, it
is also measurable in (7, z4). Given 1, we may apply the energy estimate, which
reads

—+oo

+oo
> / lo(n, 24)[2dza = Re (A%(n,0), v(5,0)) + 2Re / (v, 9)(1n, 24) .
0 0
(3.1.15)

Because of Bv(n,0) = 0 and the dissipativeness, we derive

+oo +o00
| ot aolPar < Re [ (w.g)(0.w0) daa
0 0

which gives, thanks to the Cauchy—Schwarz inequality,

+o0 +oo
/0 lo(n, z4)|*deg < / lg(n, za)|*dea.

Integrating with respect to 1, we obtain that v € L?(Q2). Using Plancherel’s
formula, we conclude that u € L?(2) as well. By Fourier inversion, u + Au = f
holds in the distributional sense. Therefore, Au = f — u is square-integrable too.
At last, the trace of Bu is zero because that of Bv is so. Therefore u belongs to
D(A) and A is maximal monotone.

Applying Theorem 3.1, we have

Theorem 3.2 Let L =0;+ ., A%Dy be a symmetric hyperbolic operator, and
let the boundary matric B € My, (R) be mazimal dissipative. Finally, let D(A)
be the functional space

D(A) := {u e L*(Q)"; ZAaaau € L*(Q)"™ and Bu=0 on 89} .

Then the homogeneous IBVP in Q x R},
Lu(z,t) =0, Bu(y,0,t)=0, wu(z,0)=1u(z) (3.1.16)

is L*-well-posed in the following sense. For every ug € D(A), there exists a
unique u € € ([0, +00); D(A)) N €1 ([0, +00); L?) that solves Lu =0 as an ODE
in X = L?(Q)", such that u(0) = ug. Furthermore,

t= Ju(®)] L2
1S MON-INCreasing.

The map ug — u(t) therefore extends uniquely as a continuous semigroup of
contractions in L?(Q)" (see the book by Pazy [156] for the semigroup theory).
This allows us to define a solution in the weaker case of a square-integrable
datum. Such weak (or mild) solutions are distributional solutions of Lu = 0,
since they are limits of stronger solutions. The same density argument shows
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that they satisfy the boundary condition Bu = 0 in the trace sense, as explained
in Section 3.1.1.

Data with f#0 We may use the semigroup defined in the Theorem 3.2,
together with Duhamel’s Formula

u(t) = Srug +/ Si—sf(s)ds,
0

provided f is integrable from (0,T) to X = L?(2)". This defines a mild solution
of Lu= f, Bu(y,0,t) =0 and u(¢t = 0) = ug. This mild solution is a distribu-
tional one. For instance, if f € L?((0,T) x 2), we easily obtain the following
estimate (see also Section 3.2.1):

T T
1
e lu(T)]17 +v/0 e lu(t)||72 dt < luoll7= + ;/0 e | f(B)]|72 dt.
(3.1.17)

Variational IBVPs. In some physically relevant cases, a second-order IBVP
is formed by the FEuler-Lagrange equations of some Lagrangian

// (é'“tp - W(Va;u)) da dt,

where W is a quadratic form on Mgy, (R). We also mean that the boundary
conditions are of Neumann type and figure the Euler—-Lagrange equations along
the boundary. These special boundary conditions are conservative, in the sense
that (A(v)u,u) = 0, when rewriting the IBVP to the first order. If W is positive-
definite, we can apply the above procedure, Friedrichs symmetrizing the problem
thanks to the energy

£lu] —/<;|ut|2+W(VIu)> da = E.Ju] + &, [u].

More generally, the Hille-Yosida Theorem applies whenever &, is convex and
coercive over H'(2)", Q := R~ x (0, +00). A natural question is whether the
strong well-posedness of a variational IBVP implies that &, is convex and coercive
over H1(2)™ (a property that is not equivalent to the positive-definiteness of W).
The answer turns out to be positive, see [189]. In particular, there is no need
to construct a symbolic symmetrizer (as we do in Chapter 7 in a more general
context). See also [190] for the case where n = d and (H')? is replaced by the
subspace with the incompressibility constraint divu = 0.

3.2 Strictly dissipative symmetric IBVPs

The symmetric dissipative IBVP occurs in several problems of physical impor-
tance, in elasticity and electromagnetism, when energy must be conserved along
an evolution process. However, the theory suffers from a major weakness when
one wishes to treat free-boundary value problems by Picard iterations, for one
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is unable to control norms of the trace you on 9Q (or that of y9A% in the
characteristic case), in terms of the same norms of vy Bu.

To improve the theory, we need a notion stronger than dissipativeness. We
present it first in the non-characteristic case (recall that this means det A% # 0).

Definition 3.3 Let L be Friedrichs symmetric. If Q:={xzq >0} is non-
characteristic (that is, A? is non-singular), we say that the boundary condition
(4.1.2) is strictly dissipative if the three properties below hold:

i) A% is negative-definite on kerB:
(v #0, Bv=0) = (A%, v) <0,

i1) kerB is maximal for the above property,
i1i) B is onto.

For a more general domain with smooth boundary, the dissipation property must
be with respect to —A(v), at every boundary point x € Q, v being the outward
unit normal to OQ at x (in that case, B often depends on x itself):

(v#0, Bv=0) = (A(v)v,v) > 0.

The fact that B is onto is natural in the non-homogeneous boundary value
problem, since the boundary condition itself must be solvable at the algebraic
level; otherwise there would be a trivial obstacle to the well-posedness of the
IBVP. As above, the dimension of ker B equals the number of negative eigenvalues
of A%, Since B is onto, this means that p equals the number of positive eigenvalues
of A%,

We are going to show that under strict dissipativeness, an a priori estimate
holds for the full IBVP (3.1.1)—(3.1.3), which is much better than the one
encountered before in the sense that it controls the L2-norm of g A%u (therefore
that of you in the non-characteristic case) in terms of that of ~yBu.

An equivalent formulation of strict dissipativeness is given by the following

Lemma 3.3 Assume that the boundary condition is strictly dissipative. Then
there exist two positive constants €, C' such that the quadratic form w — e|lw|? +
(A%w,w) — C|Bw|? is negative-definite.

Proof We argue by contradiction. If the lemma was false, there would be a
sequence (W, )men With the properties that |w,,| =1 and

1
7|wm|2 + (Adwmawm) - m\me|2 > 0.
m

By compactness, we may assume that (w,,),, converges towards some w.
Since |Bwp,| = O(1/y/m), we find w € kerB. On an other hand, L |w,,|*+
(A%w,,, wp,) > 0 gives in the limit the inequality (A%w,w) > 0. Finally, w # 0
since |w| = 1. This contradicts the assumption. O
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3.2.1 The a priori estimate

We assume that u is a smooth solution of the full IBVP, with smooth decay as
|z| goes to infinity. Multiplying (3.1.1) by u* and taking the real part, we obtain
Oy|ul? + Z Oa(u* A%u) = 2Re (f,u).

Integrating on €2, we obtain

4 lu(t)[?dz = 2Re /(f(t),u(t)) dz +/ u* Adudy. (3.2.18)
dt Jo Q o9
Using Lemma 3.3, we obtain
d
— [ Ju(®)]dz + 6/ |u(t)[*dy < 2Re /(f(t),U(t))dx +C [ g(t)]*dy.
dt Jo o9 Q 0

Let v be a positive number. We apply the latter estimates to v := exp(—~t)u,
for which Lv = —yv + exp(—t)f =: F, v(t = 0) = up, and Bv = exp(—yt)g on
the boundary. By Young’s inequality, we have

1
2Re (F,v) < exp(—29t) <7|f|2 - 'y|u2> .
We thus obtain

S B u(t) 22 + e u(®) |3 + e rou(t) |3

< o2 ( T +C||g<t>||%2) ,

where || - ||z2 denotes the norm in either L?(2) or L?(9£2). We now integrate
from 0 to T' > 0 and obtain

T
e ()17 +/O e ([lu(®)[Z2 + ellou®)|Z2) dt

T
< Juolla + [ e ( oI +c||g<t>||iz) at.

Notation For positive v, T, we define a ‘norm’ || - ||,,r by

T T
Jul? 7 _/ / e—2vt|70u(y,t>|2dydt+y/ /e_27t|u(a:,t)\2dxdt.
0 o0 0 Q

We warn the reader that this expression does not define a functional space, and
therefore cannot be considered as a genuine norm, since the corresponding closure
of 2(Q) is isomorphic to L%(Q) x L%(99), so that the function on the boundary
is no longer a trace of the interior function.

We summarize this weighted estimate in the following
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Proposition 3.1 For the symmetric, strictly dissipative IBVP in Q = {xq >
0}, there holds the following a priori estimate for every positive numbers v, T,

2T (D)2 + lul. (3:2.19)
T 1
<c (o2 + / <7||<Lu><t>|i2+|mBu<t>%z)dt 7

where the constant C' > 0 depends neither upon f, g,ug,u, nor on vy, T.

The characteristic case The definition of strict dissipation given in Definition
3.3 was appropriate when the boundary is not characteristic. Of course, one says
that the boundary is characteristic if the normal matrix A(v) is singular. In the
general case, we ask that the quadratic form v +— (A%, v), defined on kerB, be
non-positive, and vanishes only on kerA? (in particular, kerA? C kerB, as quoted
before). This assumption yields the fact that the quadratic form w s e[ A%w|? +
(Aw,w) — C|Bwl|? is non-positive and vanishes only on kerA? (compare with
Lemma 3.3). The norm || - ||,z in the a priori estimate (3.2.19) is then weakened
into

T T
= [ [ e hoatuoPdydt e [ ] e ute st
0 o0 0 Q

3.2.2  Construction of 4 and u

The existence of the solution of the homogeneous boundary value problem (that
is, with g = 0) was obtained in Section 3.1. Since strict dissipativeness implies
dissipativeness, we may use this construction to solve our problem when g = 0.
Following the details of this construction, we verify that the estimate (3.2.19)
holds true (without the g term of course). Since our problem is linear, it remains
to treat the pure boundary value problem. Hence we shall assume that ug =0
and f = 0. Since ug = 0, we may extend the solution and the data g by zero to
negative times. We therefore have to solve a problem in the domain defined by

reQ =R x (0,00), teR,

and we may assume that g is supported in a slab 9Q x [0,T]. This problem is
the occasion to describe for the first time, but in a simple context, the use of
the Fourier-Laplace transform (see Appendix B.3). We warn the reader that we
apply the Fourier transformation to the variable y only, since x4 does not vary
on the whole line but only® on (0, +00).

We now face the pure boundary value problem. Taking the Fourier-Laplace
transform (in variables (y,t)) of the PDEs and of the boundary condition, this

30ne might apply the Laplace transform to the variable 24, but this would not help anyway.
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problem is formally equivalent to the following:

(r1, +iA(n))i + a2 9t 0, x4>0, (3.2.20)
8a3d
Bi(n,0,7) = g(n, 7). (3.2.21)

The problem (3.2.20) and (3.2.21) is clearly a set of uncoupled differential-
algebraic problems, parametrized by (n,7). We may solve separately each of
them (or merely almost all of them). Doing so, the partial derivative will of
course be seen as an ordinary derivative.

The solutions of (3.2.20) are smooth functions (see their description in
Section 4.2.3, when the boundary is characteristic). Since (-, -,y + i-) is expected
to be square-integrable with respect to dndzgdo, @(n,-,7) must be square-
integrable on RT. This means here that it decays exponentially fast as x4 — +o0.
In other words, the integrability property translates into

w(n,0,7) € E_(n,T). (3.2.22)

This, together with the boundary condition (3.2.21), determines in a unique way
i(n,0,7) (adapt Lemma 3.2), and hence @(n, x4, 7).

Once we have determined the function 4, it remains to show that it is the
Laplace—Fourier transform of some function u, which satisfies the IBVP. We begin
by noticing that, since the coefficients of (3.2.20) are holomorphic in 7, the map
7+ E_(n,7) is holomorphic too. And since g itself is 7-holomorphic, the trace
@(n, 0,7) is holomorphic, as the solution of a Cramer system with holomorphic
coefficients. Hence, 4 itself is 7-holomorphic.

We now turn to the estimate of 4. Since it decays exponentially fast as z4 —
+o00, we may multiply (3.2.20) by @*, take the real part, and integrate with
respect to x4 on RT. Because of the symmetry of A(n) and A%, we obtain

a(0)* A%0(0).

N =

+oo
(Re T)/ |a|?dzg =
0

Let now € >0 and C >0 be such that the quadratic form w — e|A%w|? +
(Adw,w) — C|Bwl|? is non-positive. We deduce

“+oo
(Re 7’)/ (i deq + | A% (O) < ClgP.
0
This inequality implies that if § is square-integrable in (7, o) for some value of

v, then the left-hand side enjoys the same property. An integration yields the
inequality

“+o0
7// / |a\2dndxdda+a// |A%a2dndo < C// |§|%dn do.
RJO Rd-1 xq=0 xq=0

(3.2.23)
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In particular, the trace at x4 =0 of A% is square-integrable. Assuming, for
instance, that g belongs to L?(9Q x R*) (actually, some growth is allowed as ¢
increases), the right-hand side of (3.2.23) is bounded. Thus, ||a(-, -,y + )|z is
an O(1/7). Since 4 is T-holomorphic, the theorem of Paley—Wiener (see Rudin
[169], chapter 19) implies that there exists a function u :  x (0, 4+00) with the
following properties:

e For every v > 0, the function e™*u is square-integrable,

e The function @ is the Fourier-Laplace transform of u, with respect to the
variables (y,t).

The inverse Fourier—Laplace transform of (3.2.20) shows that u satisfies the
system Lu = 0. In particular, Lu is square-integrable and A% must admit a
trace on zq = 0, of class H~'/2, which we denote abusively voA%u. Since kerB
contains kerA?, the trace of Bu makes sense as well.

The following estimate follows from (3.2.23) and the Parseval formula:

+o0 +oo
V[T i< [ e Ot G229

At last, arguing as in Section 3.1.1, we see that e 7'yyA% is square-integrable
(rather than of class H~'/2), and that the following estimate holds

+oo too
1 [ e @ e+ e [ e oA @) s onydt

—+oo
<c / M g(0)3aomydt.  (3.2.25)
0
We summarize our result in the following statement.

Theorem 3.3 Let L be a Friedrichs-symmetric (hence hyperbolic) operator. Let
Q =R x (0,+00) be the spatial domain. Finally, let B be a strictly dissipative
boundary matrix.

Then, for every data ug € L?(Q2), g € L?>((0,T) x 9Q) and f € L*((0,T) x
Q), there exists a unique solution of the Initial Boundary Value Problem (3.1.1)-
(3.1.3) in the class u € L2((0,T) x Q). In addition, A% admits a trace on the
boundary, of class L*((0,T) x 99Q). Finally, we have u € C([0,T]; L*(Q)), and
the estimate (3.2.19).



4

INITIAL BOUNDARY VALUE PROBLEM IN A HALF-SPACE
WITH CONSTANT COEFFICIENTS

In this chapter, we drop the assumption of Friedrichs-symmetry and therefore
dissipativeness, while keeping the other features of Chapter 3: L is a hyperbolic
operator with constant coefficients, and the spatial domain is a half-space. We
impose linear boundary conditions. Of course, most physical problems yield a
Friedrichs-symmetric operator, but we wish to consider boundary conditions that
are not dissipative in the sense of Definitions 3.1, 3.2 and 3.3.

Our main purpose is the well-posedness of such an Initial Boundary Value
Problem (IBVP). We postpone the study of more natural linear problems (gen-
eral smooth domain, variable coefficients) to Chapter 9, which uses the results
displayed in the present one, together with those of Chapter 2.

4.1 Position of the problem
Let

d
L:=0,+ Y A%0,

a=1

be a hyperbolic operator (with A% € M,,(R)), and let B be a constant real-valued
q x n matrix. Let € be the half-space in R?, defined by the inequality x4 > 0.
Denote the tangential variables (z1,...,24—1) by y. We have

Q={(y;zq); y € R, 2q > 0}.

The general problem that we have in mind is still

(Lu)(x,t) = f(x,t), x4,t>0,y€ R (4.1.1)
Bu(y,0,t) = g(y,t), t>0,yeRIL (4.1.2)
u(z,0) = up(x), zq>0,yecRIL (4.1.3)

Here above, the source term f(x,t), the boundary data g(y,t) and the initial
data ug(z) are given in suitable functional spaces.

Since practical applications involve systems with variable coefficients, the
present chapter investigates robust existence and stability results. As for the
Cauchy problem (see Chapter 1), or the symmetric strictly dissipative case
(Chapter 3), the terminology ‘robust results’ refers to strong well-posedness
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theorems, where the solution not only exists and is unique, but is estimated
in the same norms as the data.

4.1.1  The number of scalar boundary conditions

Before going further, we observe that we may always choose the matrix B with
full rank ¢, since otherwise g would have to satisfy compatibility conditions,
and we could reduce the set of boundary conditions by extracting r independent
lines, with r = rank B. Therefore, we shall always assume that ¢ = rank B. In
particular, we have ¢ < n. The most significant object is kerB, rather than B
itself, since a multiplication on the left by a regular ¢ x ¢ matrix G transforms
our boundary condition into an equivalent one, whose matrix is B’ := GB.

As we shall see in Sections 4.2 and 4.3, the matrix B in the boundary condition
(4.1.2) must satisfy several requirements of algebraic type, for the IBVP to be
well-posed. In this section, we concentrate on its rank ¢, that is the number of
scalar boundary data that we need.

With this purpose in mind, let us consider data that do not depend on the
tangential variable y: we have f = f(x4,t), g = g(t) and ug = ug(z4,t). Assuming
that the IBVP is well-posed (which means at least existence and uniqueness)
in some appropriate functional space, the corresponding solution must have the
same translational invariance : u = u(z4,t). This means that the reduced system

(0r + A%g)u = f, Bu(0,t) = g(t), u(zq,0) = uo(xq) (4.1.4)

is well-posed in the quarter-plane {z4 > 0,t > 0}. By assumption (hyperbolicity)
A% is diagonalizable. Up to a linear tranformation of dependent variables, we may

assume that A¢ is already diagonal, A? = diag(ay,...,a,), with a; > --- > a,.
Each co-ordinate u; must obey the transport equation
(8t + ajad)uj = fj. (415)

Denote by p the number of positive eigenvalues: a, > 0 > ap+1. We say that

p is the number of incoming characteristics. Split the unknown into an incoming
and an outgoing part,

Ul Up+1

Uy = , U_ =

Up Up,
Integrating (4.1.5), we observe that u_ is uniquely determined by its value at
initial time:

t
uj(zq,t) = ugj(zqg — aj;t) +/ fi(xa —aj(t—s),s)ds, j>p+1.
0

Tn a half-space defined by the reverse inequality x4 < 0, the incoming characteristics correspond
to aj <0.
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Let ¢ be a linear form vanishing on the vector space B(R? x {0,,_,}), and let
L denote ¢B, so that Ly =--- =L, =0 (¢ and L are row vectors with ¢ and n
components, respectively). From (4.1.2), we obtain

n

S <u0j(—ajt)+ /0 t fj(aj(s—t),s)ds) — (). (4.16)

Jj=p+1

When £ £ 0, (4.1.6) is a non-trivial compatibility condition for the data (ug, g, f)-
Such a constraint prevents a general existence result from being obtained.
Therefore, well-posedness requires

B(R? x {0,—p}) =R,
which implies p > ¢. In other words,

Ezistence for every reasonnable data requires that the number of boundary
conditions be less than or equal to the number of incoming characteristics.

We now turn to uniqueness, by considering the homogeneous IBVP (f =0, ug =
0, g = 0). From above, we already know that u_ = 0. Let R € R? be such that
(R,0)T € kerB. Let us choose a smooth function v of one variable, with v = 0
on [0,400), and define u by its co-ordinates

uj(zq,t) :v(%t)Rj ji=1,...,p.

a;

We verify immediately that « is a solution of the IBVP. By uniqueness,
we must have w = 0. This means R = 0. Therefore, well-posedness requires
(R? x {0,—p}) NkerB = {0}. Since the dimension of kerB is n — ¢, this means
in particular p < g. In other words,

Uniqueness requires that the number of boundary conditions be larger than or
equal to the number of incoming characteristics.

Gathering these results, we obtain that for the IBVP (4.1.1)—(4.1.3) to be well-
posed, it is necessary that

R"™ = (R? x {0}) @ kerB.

In particular, the number of independent scalar boundary conditions (the rank of
B) must be equal to the number of incoming characteristics, that is

q=Dp-
Going back to a general matrix A%, not necessarily diagonal, this reads

Proposition 4.1 For the IBVP (4.1.1)-(4.1.8) to be well-posed, it is necessary
that

R" = U(A%) @ kerB, (4.1.7)

where we recall that U(A?) is the unstable subspace of A<.
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4.1.2 Normal IBVP

The previous analysis concerned only the well-posedness of the one-dimensional
IBVP, where the differential operator is Lo := d; + A%0,. Going back to the
general case where A? is diagonalizable (but not necessarily diagonal), we
conclude that in order that this reduced IBVP be well-posed in reasonable spaces
like L2, it is necessary and sufficient to have

R" = (kerB) @ E"(A%), (4.1.8)

where E%(A%) denotes the unstable invariant subspace of A?.

As we already saw in Section 3.1.1, the need for a correct definition of the
trace of Bu when u and Lu belong to a weak class, like L2(Q2 x (0,7)), requires
that kerA? C kerB. This leads us to the following.

Definition 4.1 We say that the IBVP (4.1.1)-(4.1.3) is normal if

® B e Myxn(R), where p is the number of positive eigenvalues of Al
e kerA? C kerB,
e property (4.1.8) holds true.

Of course, dimensionality ensures that p = rank B for a normal IBVP. Using
the characteristics, one easily shows that, in one space dimension, a normal
hyperbolic IBVP is well-posed in L?, in the sense that, for every data

ug € L*(RT), ¢ge€ L*(0,T), feL*R" x(0,7)),

there exists a unique solution u € L?(RT x (0,T)), which satisfies, moreover,
u(0,-) € L?(0,T), with obvious norm estimates.

4.2 The Kreiss—Lopatinskii condition

We derive in this section a condition that turns out to be necessary for any
kind of very weak well-posedness. The idea is very similar to the one followed in
Section 1.1. In particular, we examine only the semigroup aspects of the IBVP,
that is we shall only consider a homogeneous boundary condition (g = 0). Of
course, as seen in Chapter 3, we do not expect a simultaneous characterization
of the well-posedness of non-homogeneous IBVP.

A Fourier transform with respect to the full space variable x being impossible,
we content ourselves with %, the Fourier transform with respect to the tangen-
tial variables. As we saw in Chapter 3, it is worth treating the time variable by
a Laplace transform. Hence, we begin by looking for particular solutions of the
form (normal mode analysis)

u(z,t) = e TV (24),

where 7 € R%~! and 7 € C. Since we aim to find a necessary condition, we are
only interested in those solutions that could contradict well-posedness, that is
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those that grow rapidly as time increases, while being temperate in space. Thus
we restrict ourselves to complex numbers 7 of positive real part.
A field u defined as above solves Lu = 0 if and only if

adU _

Zq

(T, +iA(n))U + A 0. (4.2.9)
Up to now, we did not assume anything about A% but hyperbolicity. Since this
allows A? to be singular, Equation (4.2.9) need not be an ODE. We recall and
generalize a notion introduced in Chapter 3:

Definition 4.2 We consider the hyperbolic IBVP (4.1.1)-(4.1.8). The boundary
{x4 = 0} is said to be characteristic if the matriz A? is singular (that is det A% =
0). When the IBVP is posed in a more general spatial domain Q with a smooth
boundary, OS) is said to be characteristic if the matriz A(v) is singular, v being
the outward normal vector field. It is non-characteristic otherwise.

This notion is local in nature. The boundary can be characteristic on a part
of the boundary only, this part being either a set of full dimension d — 1 in 91,
or a submanifold. However, the theory of the IBVP is essentially open when the
rank of A(v) varies along a connected component of 9€).

4.2.1 The non-characteristic case

In order to make the exposition as clear as possible, we first suppose that the
boundary is non-characteristic. Then (4.2.9) may be recast as an ODE in C",

dU

qu, = AT, Al = —(ADY(rL, + iA(n)). (4.2.10)

The following lemma is fundamental in the theory.

Lemma 4.1 (Hersh) Under the hyperbolicity assumption, and for n € RI~!
and Re 7 > 0, the matriz A(1,n) does not have any pure imaginary eigenvalue.
The number of stable eigenvalues (see the introductory paragraph ‘Notations’),
counted with multiplicities, equals p, the number of positive eigenvalues of A?.

Proof Let w be a pure imaginary root of the characteristic polynomial of

A(r,m),
P(X;1,n) :=det(XI, — A(1,7n)).
Thus w satisfies
det(71, +iA(n) +wA?) = 0.

Then, hyperbolicity implies 7 € iR, which contradicts the assumption. This
proves that A(7,n) may not have a pure imaginary eigenvalue. Since P depends
continuously on (7,7) and has a constant degree, we infer that the number of
roots with positive real part (counted with multiplicities) may not vary locally.
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Since {Re 7 > 0} x R?~! is a connected set, this number must be constant. We
evaluate it by choosing n = 0, 7 = 1: We have

A(LO) = _(Ad)_17
whose eigenvalues are the —1/a;s. O

Using this lemma, we decompose the space C™ as the direct sum of the
stable and unstable spaces of A(7,7n). Recall that the stable (respectively,
unstable) subspace is the sum of generalized eigenspaces of A(7,7) correspond-
ing to eigenvalues of negative (respectively, positive) real parts. We denote
E_(1,n) = E*(A(r,n)) (respectively, E,(r,n) = E“(A(7,n)).) These are the
spaces of incoming (respectively, outgoing) modes. As mentioned in the section
‘Notations’, these spaces can be characterized by means of contour integrals.
Choosing a large enough loop v in the half-space {Re w > 0}, enclosing the
unstable eigenvalues (namely the ones with positive real parts) of A(7,7), the
projector onto E (7,7n), along E_(7,7n), is given by the formula

me(rn) = 5z [ (el = Alrn)) (4.2.11)
2 J,

A similar formula holds for the projector m_ = I,, — 7. Since we may vary

slightly the arguments (7,7) without changing the contour (because of the

continuity of the roots of a polynomial), we infer from (4.2.11) that the maps

(1,m) — 7w+ (7,n) are holomorphic in 7, analytic in 7, which amounts to saying:

Lemma 4.2 The stable and unstable subspaces E+(7,n) depend holomorphically
on T, analytically on n. In particular, their dimensions do not depend on (1,7)
as long as n € R and Re 7 > 0.

Fix now n € R%~! and Re 7 > 0. Given an initial datum U(0), the Cauchy
problem for (4.2.10) admits a unique solution U. Decomposing U(0) into a stable
part Up_ := m_U(0) and an unstable one Uy, the solution reads

U(zg) =U_(2q) + Up(xq), Ux(xq) = exp(zqA(T,n))Uox.

Because of Lemma 4.1, the matrix

€xXp ( $d-A(Ta 77) ‘ E,)

decays exponentially fast as x4 tends to +o0o. Similarly, the inverse of

exp (22 A(r, )l 5, )

decays exponentially fast. This shows that U_ decays exponentially fast, while
U, is not polynomially bounded, except in the case Uy = 0 (that is U(0) €
E_(7,7m)). Therefore, in order that U be a tempered distribution on R, it is
necessary and sufficient that U(0) € E_(7,7). In that case, U actually decays
exponentially fast, and is therefore square-integrable.
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For this reason, we admit only those solutions of (4.2.10) for which U(0) €
E_(7,n). They take their values in E_(7,7) and form a vector space of dimension
p. Let U be such a solution and u be the corresponding solution of Lu = 0.
If, moreover, BU(0) = 0, then u satisfies the homogeneous boundary condition
Bu(y,0,t) = 0. At initial time,

u(y, zq,0) = ei”'yU(xd)

belongs to every Holder space €%<(Q), while the norm of u(-,t) grows exponen-
tially fast (like exp(tRe 7)) as ¢ increases, provided U (0) # 0. Now, rescaling both
space and time variables yields the parametrized solution to the homogeneous
IBVP:

ut(x,t) = u(Az, At), A€ (0,400).

As X\ — +o0, the sequence (u*(:,0)), grows at most polynomially in Holder
spaces, with respect to A, while the sequence (u*(t)), grows always exponentially
fast for given positive time. This shows that the mapping

u(,O) '_)u('vt)a (t>0)7

if ever defined, may not be continuous between Holder spaces, even at the price
of a loss of derivatives. From the Principle of Uniform Boundedness, we conclude
that this map cannot actually be defined.

This analysis shows that a necessary condition for well-posedness in Holder
spaces is that E_(7,m) NkerB = {0} for every n € R?"! and Re 7 > 0.

Definition 4.3 We say that the hyperbolic IBVP (4.1.1)-(4.1.8) satisfies the
Kreiss—Lopatinskii condition (or briefly the Lopatinskil condition) if

E_(7,n) NkerB = {0}
for every n € R and Re 7 > 0.

Making n = 0, we see that this condition implies that the IBVP is normal in
the sense of Definition 4.1. Because of Lemma 4.1, the Lopatinskii condition is
equivalent to saying that

C"=FE_(1,n) ®kerB, VnecRY! VReT > 0.

Note that, contrary to the hyperbolicity assumption, this condition is not invari-
ant by time reversing. If one wishes to solve the backward IBVP, one needs to
consider the Laplace variable 7 of negative real part, instead of positive ones.
Also, the number of boundary conditions must be equal to the number of negative
(instead of positive) eigenvalues of A?.

The names of Lopatinskii and Kreiss have been associated with the stability
condition described above since their seminal works [121-123] and [103]. Hersh’s
article [83] is anterior, but the merit of Kreiss, as well as of Sakamoto [174]
in the context of higher-order scalar operators, was to understand the role of
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the uniform version of the Lopatinskii condition in the well-posedness theory.
Lopatinskil is much better known for his analysis of the elliptic boundary value
problems, but did contribute to the hyperbolic problem [122]. The algebraic
conditions that ensure the well-posedness in the elliptic theory resemble actually
very much those of the hyperbolic case. The fundamental paper by Agmon et al.
[2], for instance, manipulates the same kind of stable subspaces as we do here.
The Lopatinskii condition is by nature the fact that the following linear
differential problem is well-posed in L?(R*) when zo € C™ and F € L*(R™)

are given
d /X X

An important instance of such a problem occurs in control theory, X being the
state and Y the adjoint state. See [72] for a discussion. In the context of initial
boundary value problems, the matrix of the ODE depends on parameters, say
the Laplace—Fourier frequencies, and we shall need some kind of uniformity of
this well-posedness. This important aspect will be discussed in Section 4.3.

4.2.2  Well-posedness in Sobolev spaces

The solutions considered in Section 4.2.1 are not square-integrable with respect
to y and therefore cannot be used directly in the study of the well-posedness in
Sobolev spaces. In order to prove that well-posedness in this context still requires
that the Kreiss—Lopatinskii condition be fulfilled, we improve our construction.

Let us assume that the Kreiss—Lopatinskii condition fails at some point
(70, m0) With ng € R4 and Re 79 > 0. We shall use an analytical tool described
in Section 4.6, called the Lopatinskii determinant. This is a function A(7,7),
which is analytic in 17 and holomorphic in 7, with the property that the Kreiss—
Lopatinskil condition fails precisely at zeroes of A. Its construction will be
explained in Section 4.6.1.

As 1 moves around 7y, the holomorphic function A(-, n) keeps as many zeroes
close to no as the multiplicity of the root 79 of A(-,m9) (Rouché’s theorem?).
Since the multiplicities of zeroes are upper semicontinuous functions of 7, we
may choose a zero (71,71) such that, when 7 moves in the neighbourhood V of
m, A(-,n) has a unique root close to 71, obviously with a constant multiplicity
m. This root, denoted by T'(n), is analytic, because it is a simple root of

8m—1
WA(WU)'

For each n €V, the space F(n):=kerBNE_(T(n),n) is non-trivial and, as
above, we may assume that it has a constant dimension and is analytic in 7.

2A correct use of Rouché’s theorem requires that A(-,1p) do not vanish identically. This is proved
in Lemma 8.1.
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Then we may choose a non-zero analytic vector field X (n) in it. Taking X (n) as
an initial datum, (4.2.9) defines a function x4 — U(z4; 7).
Now, each of the functions

(z,t) = exp(T'(n)t +in - y) U(za;n)

solves Lu = 0, as well as Bu(y,0,t) = 0. To build an L? function with the same
property, we choose a non-zero scalar function ¢ € 2(V) and define

u(w,t) = / ¢(n) exp(T'(n)t +in - y) U(za;n) dn.
%
Plancherel’s Formula yields
/|u (t)]2dx = (2m)'~ d/ |p(n)]? exp(2tRe T'(0))|U(x4;1)|*dnda,.

We see that the L2-norm of u(t) increases exponentially fast as ¢ grows. Perform-
ing a rescaling as in Section 4.2.1, we find a sequence of solutions (u*)y, such
that the L2-norm of u*(t) increases exponentially fast as A — oo for any given
t > 0, while the L?-norm of u*(0) is a constant times A\~%/2. Even the H*-norm
of u*(0) is polynomially bounded in A for every s. We conclude that the IBVP
cannot be well-posed in Sobolev spaces, even at the price of a loss of derivatives.

Proposition 4.2 The Kreiss—Lopatinskii condition is necessary for the well-
posedness of the IBVP in either Hélder or Sobolev spaces. When it fails, no
estimate can hold in such norms, even at the price of a loss of derivatives.

In other words, the failure of the Kreiss—Lopatinskii condition implies a
Hadamard instability.

4.2.3 The characteristic case

When A? is singular, (4.2.9) is not an ODE any longer. To mimic the analysis
of Section 4.2.1, we need to extract from (4.2.9) an ODE. To do that, we first
observe that, since A% is diagonalizable, C™ is the direct sum of R(A%) and ker A?,

C" = R(A%) @ kerA?.
Denoting by 7 the projector onto ker A%, along R(A?), we decompose U = r + k,
with k:=nU, r:= (In —m)U. Then (4.2.9) is equivalent to

At dxd + (In = m)(T 1+ iA(n))(r + k) = 0, (4.2.12)

m(tl, +iA(n))(r + k) = 0. (4.2.13)
From Theorem 1.6, we know that the endomorphism 7A(n) of kerA? has a

real spectrum. Hence 7(71,, + iA(n)) is non-singular on ker A?. Therefore, we may
invert (4.2.13), as k = M(r,n)r, with M (7,7n) € £(R(A%); kerA4). Then (4.2.12)
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becomes an ODE,

dr

P B(7,n)r.

Given an initial datum r(0), it admits a unique solution r(x4), and k is deter-
mined by k(xq) = M(7,n)r(z4). Our next result is

Lemma 4.3 For Re 7 >0 and n € R4, the matriz B(r,n) does not have
pure imaginary eigenvalues. Consequently, the number of eigenvalues of positive
(respectively negative) real part does not depend on (1,7n). It equals the number
of negative (respectively positive) eigenvalues of A

Proof For A to be an eigenvalue of B(7,7), it is necessary and sufficient that
there exists an r € R(A%), non-zero, and a k € kerA?, such that

MY 4 (11, +iA(n))(r + k) = 0.
This amounts to saying that
(71, +iA(n) + AAD (r + k) = 0.

Therefore one must have det(71,, +iA(n) + AA%) = 0. If X is pure imaginary,
then 7 is so, by hyperbolicity assumption. The rest of the proof is similar to that
of Lemma 4.1. O

We conclude from Lemma 4.3 that bounded solutions of (4.2.9) on RT
actually decay exponentially fast at +o0o, and form a vector space of dimension
p. They take values in a p-dimensional vector space E_(7,n), again called the
stable subspace of (4.2.9). The space E_(7,7) is made of sums r + M (7, n)r, with
r in the stable subspace E*(B(T,7)).

Mimicking Sections 4.2.1 and 4.2.2, we see that a necessary condition for
well-posedness in either Holder or Sobolev spaces is again the Kreiss—Lopatinskit
condition, which reads

C" =kerB® E_(1,1), VYneRY! VYReT > 0.

To finish this section, we notice the following property, whose meaning
is that the failure of the Kreiss—Lopatinskii condition cannot come from the
characteristic nature of the boundary.

Proposition 4.3 For every n € R4~ and Re 7 > 0, it holds that
E_(7,n) NkerA? = {0}.

Proof Let u=r+k belong to E_(7,7n). From (4.2.13), n(vI, +iA(n))(r +
k) = 0 holds, that is u = r + M (7,n)r. If, moreover, u € kerA?, then r» = 0 and
therefore u = 0. 0
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4.3 The uniform Kreiss—Lopatinskii condition

The symmetric, strictly dissipative case is very suggestive because its estimate
(3.2.19) is the kind that we need for iterative purposes: It measures the solution
u, its value at a given time 7" and its trace on the boundary, in the same norms
as the corresponding data, respectively f, ug and g.

Another nice feature of (3.2.19) is that it is invariant under the rescaling
(x,t,u) — (Az, A\t,u). This transforms (f, g, ug) into (Af,g,uo) and (v,7T) into
(v/A, AT). All five terms in (3.2.19) are multiplied by the same power of . This
immediately gives the following

Lemma 4.4 Assume that the (not necessarily symmetric) hyperbolic IBVP
(4.1.1)-(4.1.3) satisfies the a priori estimate (3.2.19) for every compactly sup-
ported, smooth w, for a given value of the parameter v >0 and every time
T > 0. Then the estimate holds for every parameter ~v with the same constant
C. Similarly, if the estimate holds for a given time T > 0 and every v > 0, then
it holds for every T,~ > 0 with the same constant C.

This suggests to introduce a stronger notion of well-posedness, which turns out
to be suitable for a generalization to variable-coefficients IBVPs. It turns out to
be well-suited for non-homogeneous IBVPs too.

Definition 4.4 Let us consider a non-characteristic hyperbolic IBVP (4.1.1)-
(4.1.3) in the domain x4 > 0,t > 0. We say that this IBVP is strongly well-posed
in L% if the a priori estimate (3.2.19) holds for every smooth, rapidly decaying
(in x) u, and every value of v, T > 0, with a fized constant C.

The presence of the parameter v in (3.2.19) (see (4.3.14) below) provides some
flexibility in a non-linear iteration. It can be adjusted to ensure contraction in
local-in-time problems.

4.3.1 A necessary condition for strong well-posedness

Let v be the partial Fourier transform of u, with respect to y, the estimate
(3.2.19) is equivalent to

T ()2 + o0 (43.14)
T 1 R
<<7<M%®H%-+%;e‘”t(VWLMGH@w+WWBv@m%J<ﬂ>,
where L = 9, + iA(n) + A%9,. Since (4.3.14) reads

/'¢WMnsm
Rd'

where ®(n) depends only on the restriction v(1,-,-) (but does not depend on 7-
derivatives), it decouples as parametrized inequalities Out{w] < C In,[w] between
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measurements of the output and the input, for every n € R4~ and every smooth
w(xq,t) with fast decay as x4 — 400, where

T
Out[w] := e~ 27T ||lw(T)||2. —|—/ e 2t (’y/
0 0

“+oo
|w|?dzq + |w(0,t)|2)

T “+o0
1
In,[w] := [|[w(0)/|3. +/ e 27t <’y/ |Lyw|*dzg + |Bw(0,t)2> .
0 0

Hereabove, L, is obtained from L by freezing 1. We emphasize that the constant
C' is the same as that in (4.3.14). In particular, it does not depend on 7. Since
Out[w] is a sum of positive terms, the estimate (3.2.19) implies the inequality

T
/ e w(0,t)|?dt < C'In,[w], (4.3.15)
0

for every i and smooth, fast decaying w. Let us now choose a complex number
7 with Re 7 > 0 and a vector V € E_(7,n). We apply (4.3.15) to the space-
decaying function

w = e'" exp(za AT, 7))V,

for which we have L,w = 0. We then obtain

T -1 +oo
VI?<c [ |BV] + (/ exp(2(Re 7 — 'y)t)dt> / lw|*dxzg
0 0
Let us choose v in the interval (0,Re 7). As T' — +o00, the integral

T
/ exp(2(Re 7 — v)t)dt
0
tends to infinity. Passing to the limit, we obtain
VI2 < CIBV.

In conclusion, we have found a necessary condition for strong well-posedness, in
the form

VRe 7> 0,Vn e R YV € E_(r,n), |V|><C|BV|?, (4.3.16)

for some finite constant C, independent of (7,7, v).

We point out that (4.3.16) implies the Kreiss—Lopatinskii condition (that is,
BV =0and V € E_(7,n) imply V = 0). However, it is a stronger property, since
the Kreiss—Lopatinskii condition is only equivalent to an estimate of the form

VI < C(r,n)|BV|, VYV eE_(r,n),

where the number C' might not be uniformly bounded (though being an homo-
geneous function of (7,7), of degree zero). Hence, (4.3.16) exactly means that
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the Kreiss—Lopatinskii condition holds, with a uniform constant. This justifies
the following

Definition 4.5 Let L be hyperbolic, A? be invertible. Given B € Myxn(R),
we say that the IBVP (4.1.1)-(4.1.3) satisfies the uniform Kreiss-Lopatinskil
condition (UKL) in the domain x4 > 0,t > 0, if

* p equals the number of positive eigenvalues of A%,
e there exists a number C > 0, such that

V| < C|BV|, V¥neR*' VRer>0,VV € E_(r,n).

We point out that the inequality |V| < C|BV]| for a single pair (7,n) already
implies that p is larger than or equal to the number of positive eigenvalues
of A%,

Remark We have shown above that (UKL) is a necessary condition for the
L2-well-posedness of the pure (namely f =0, ug = 0) boundary value problem.
If in addition, the operator L is Friedrichs symmetric (or symmetrizable as well),
it is rather easy (see [185], page 199-200) to show that (UKL) is also a sufficient
condition for the pure L2-well-posedness. Thus, it seems at first glance that
the (UKL) condition concerns only the pure boundary value problem, though
the general IBVP decouples into this one, plus a pure Cauchy problem, via the
Duhamel formula. It is therefore fascinating that the (UKL) condition actually
enables us to prove the L? estimates for the complete IBVP, at least when L is
constantly hyperbolic and the boundary is not characteristic, as we shall see in
Chapter 5.

4.3.2 The characteristic IBVP

Recall that we assume kerA? C kerB in the characteristic case (A? is singular.)
The best control of boundary terms that we expect is that of A%. Control of
the components of u in the kernel of A% will at least involve higher-order norms
(norms of derivatives) of the data. Consequently, we must adapt our definition
as follows. We recall that vy denotes the trace operator on the boundary (while
~y is some positive real number).

Definition 4.6 Consider a (possibly characteristic) hyperbolic IBVP (4.1.1)-
(4.1.8) in the domain x4 > 0,t > 0. We say that this IBVP is strongly L?-well-
posed if kerA? C kerB and if, moreover, the quantity

T
7 u(T)|2, + / e”dt(/ o A%u(y, )2dy + 7 / |u<x,t>|2dx>
0 oN Q

is bounded by above by

C <||u<o>%z o [ e (in(Lu)(t)nizdt n woBu(t)n%z) dt) ,
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for every smooth, rapidly decaying (in x) w, and every value of v, T > 0, with a
fized constant C.

As before, we obtain a necessary condition for strong well-posedness, in the form
of a (UKL) condition

3C >0, (neR*"  Rer>0,VEE_(r,n)=(|A"V| < C|BV|). (4.3.17)
Let us note that (4.3.17) not only implies
E_(1,m) NkerB C kerA¢.
In view of Proposition 4.3, this actually ensures the Kreiss—Lopatinskii condition
E_(7,n) NkerB = {0},
though uniformity holds only® ‘modulo kerA%’, according to (4.3.17).

4.3.3  An equivalent formulation of (UKL)

We shall prove later that the (UKL) condition is actually a necessary and suffi-
cient condition for well-posedness, at least for the important class of constantly
hyperbolic operators, in the non-characteristic case*. However, this condition, as
defined above, does not give a practical tool when one faces a particular IBVP,
because the computation of the constant C(7,7) is intricate, and it is not easy
to see whether it is upper bounded as (7,7) varies. It turns out that there is a
much more explicit way to check (UKL) condition. To explain what is going on,
we begin with the following observation, which will be proved in Chapter 5.

We recall that the set G(n,p) of vector subspaces of dimension p in C" is a
compact differentiable manifold, called the Grassmannian manifold. This object
is isomorphic to the homogeneous space (set of left cosets) GL,(R)\M),, ,(R),
where M, (R) denotes the dense open set of M,,,(R) consisting in matrices of

full rank p.

Lemma 4.5 Assume that the operator L is constantly hyperbolic and the
boundary is non-characteristic. Then the map (1,m) — E_(7,n) (already defined
for Re 7 > 0, valued in G(n,p)) admits a unique limit at every boundary point
(ip,n) (with p € R, n € RI™Y) with the exception of the origin.

It is then natural to call E_(ip,n) this limit. We emphasize that, in general,
E_(ip,n) only contains, but need not be equal to, the stable subspace of the

3In view of Proposition 4.3, we also have an estimate |V| < C'|BV| on E_(7,7), at least when
Re 7 > 0. However, we do not know whether E_(7,7) N ker A9 is trivial at boundary points Re 7 = 0.
This left the possibility that C' = C’(r,7) and that the estimate of V in terms of BV be non-uniform.

4We should temper this sentence. By well-posedness, we mean strong L?-well-posedness of the
non-homogeneous BVP. We shall see in Chapter 8 that strong well-posedness may hold true in some
complicated space, when the Kreiss-Lopatinskii condition is satisfied but not uniformly. In Chapter
7, we show that the IBVP with an homogeneous boundary condition needs a property weaker than
(UKL).
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differential equation AU’ + i(pl,, + A(n))U = 0, since the latter has dimension
less than or equal to p.

Let us assume that the IBVP defined by the pair (L, B) satisfies (UKL)
condition. Then, by continuity, (4.3.16) still holds when Re 7 = 0, which means
that E_(7,n) NkerB = {0} for these parameters too. Conversely, assume that
this intersection is trivial for every non-zero pair (7,7) with Re 7 > 0. Then, for
every such pair, the number

e(r,n) == sup{|V|' VeE_(r,n),V# O}
) |BV| ) ) 9
is finite. The function (7,7)+— ¢ is continuous and homogeneous of degree
zero. Since the hemisphere defined by Re 7 > 0, n € R%~! and |7|? + [n|?> = 1 is
compact, we infer that this function is upper bounded. Hence, the IBVP satisfies
(UKL) condition. Finally,

Corollary 4.1 Let L be constantly hyperbolic and the boundary be non-
characteristic. Then the IBVP (4.1.1)-(4.1.3) satisfies the uniform Kreiss—
Lopatinskit condition if, and only if, E_(r,n) NkerB = {0} for every non-zero
pair (1,m) with Re 7 > 0 and n € RI71L.

This corollary gives a practical tool for checking the (UKL) condition. The
main difficulty during calculations being the computation of E_(7,7) when Re 7
vanishes.

Remark We warn the reader that the continuous extension of E_(7,7n) to
boundary points (Re 7 = 0) may not exist for non-constantly hyperbolic oper-
ators (operators for which eigenvalues do cross each other). This happens
even within the class of Friedrichs-symmetric systems. See, however, the deep
analysis [135] by Métivier and Zumbrun of Friedrichs-symmetric IBVPs with
characteristic fields of variables multiplicities, which works out in the case
of MHD.

4.3.4  Ezample: The dissipative symmetric case

To show the relevance of the notion of the uniform Kreiss—Lopatinskii condition,
we prove:

Proposition 4.4 Let L be Friedrichs symmetric. If B is dissipative, then the
IBVP satisfies the Kreiss—Lopatinskii condition. If B is strictly dissipative, the
IBVP satisfies (UKL).

Proof Let n € R¥! and Re 7 > 0 be given. Let u be an element of E_(7,7)
and U be the solution of the differential-algebraic Cauchy problem

(L, +iAm)U + 4299 — o U(0) = .
dl‘d
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Then U decays exponentially fast at +o0o. Since L is Friedrichs symmetric, the
standard energy estimates gives

“+o0
2(Re 7')/ |U|2dzg = (A%, u).
0

If B is dissipative and if u € ker B, we deduce that
—+o0
/ ‘U|2dl‘d <0,
0

hence U =0 and uw = 0. Therefore E_(7,7) NkerB = {0}. This is the Kreiss—
Lopatinskii condition.

If B is strictly dissipative, we know that there exist positive constants € and
C such that the Hermitian form

w — | A%w|? + (A%w, w) — C|Bw|?
is non-positive. With u as above, we immediately obtain
| A%u)? < C|Bul*.
Since this inequality does not depend on (7, 7), the Kreiss—Lopatinskii condition
is satisfied uniformly. O

It is not true in general that every IBVP satisfying (UKL) can be put
in a symmetric, strictly dissipative form. A crude reason is that if n >3
and d > 2, most hyperbolic operators are not symmetrizable. However, when
Lu = (07 — Az)uwith u : @ — R™ (hence L is diagonal) and the IBVP is coupled
through first-order boundary conditions, Godunov et al. proved the converse of
Proposition 4.4; see, for instance, [71].

4.4 The adjoint IBVP

The existence of a solution of a general IBVP will be proved by a duality
argument®. Hence, we need to construct an adjoint IBVP. To a pair (L, B),
where L is a hyperbolic operator and B a boundary matrix, we shall associate a
pair (L', C), such that whenever

Lu=f, L'v=F inxg>0
and

Bu=g, Cv=h onzg=0,

5In the present context of constant coefficients and a half-space domain, the solution could
be constructed directly, as we did in the symmetric dissipative case. But we have in mind the
generalization to variable coefficients.
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a duality formula holds. Of course, L’ will be the adjoint operator L* found in
Chapter 1,

L= -0, - (A)70,.
Assume that u,v € Z(Q x R)™ (for the sake of simplicity, the time variable runs
through the whole line) and let us compute

// — (u, F))dz dt = // (v, L) — (u, L*v))dz dt

://(@(u,v)+Z&a(Aau,v))dxdt (4.4.18)

*7// (A, v) dydt,
R JoQ

from Green’s formula. The left-hand side is a bilinear form in the variables (u, f)
and (v, F), respectively. Similarly, we search a decomposition of A% in such a
way that the right-hand side be bilinear in (u,g) and (v, k). It will be sufficient
that A% reads CTN + MT B, for suitable matrices M and N, for then

(A%u,v) = (Nu, Cv) + (Bu, Mv) = (Nu, h) + (g, Mv).

Moreover, in order that the (backward) adjoint IBVP be well-posed, we ask in
particular that it be normal, which at least requires that C is ¢ X n, where ¢ is the
number of negative eigenvalues of (A%)7 that is of A%. In the non-characteristic
case, this means ¢ = n — p, while in general it only implies ¢ < n — p.

Let us begin with the non-characteristic case. We choose any (n —p) xn
matrix X that is onto, such that

(i) € GL,(R).

Such a matrix exists since B is onto. Let us write the inverse blockwise as (Y, D),
where D is n X (n — p). From the identity Y B + DX = I,,, we may choose C :=
(A'D)T, M = (A?Y)T and N = X.

We notice that R(D) C kerB, since BD = 0y, (,,—p). However, both spaces
have the same dimension n — p, since B is onto and D is one-to-one. Hence
R(D) = kerB and

kerC = (R(A?D))* = (A’R(D))* = (A%erB)™*. (4.4.19)

Identity (4.4.19) shows that kerC', which is the meaningful object in a boundary
condition, does not depend on the choice of the complement X. It actually does
not even depend on the procedure; we leave the reader to verify that the duality
identity (4.4.18) only needs kerC = (AkerB)*.

The characteristic case can be treated in the same spirit. However, the matrix
(A?D)T built above is (n — p) x n instead of being ¢ x n. Hence, we must first
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reduce the matrix A% to the block-diagonal form
0 O
( 0 ad> 5 Cld S GLn_m(R)

Because of kerA? C kerB, we then have B = (0, By), where By is p x (n —m)
and is onto. Then we proceed as before, replacing B by By and n by n — m. We
thus find a matrix C, such that a¢ = M{ By + CT Ny and kerC; = (a%kerB;)=.
Then the following matrices work:

C= <001> M=(0,M), N=(0,N).

Finally, we obtain the result:

Proposition 4.5 Let a pair (L,B) be given, where L is hyperbolic, B €
M, (R), where p is the number of incoming characteristics, and kerA? C kerB.
Let L* be the adjoint of L, with q the number of its incoming characteristics,
that is the number of negative eigenvalues of A®. Then there exists a matriz
C € Myxn(R) and matrices M,N such that A= CTN + MTB. The matriz
C' is characterized uniquely, up to left multiplication, by the identity kerC' =
(A(kerB))*.

When u,v are smooth fields on Q2 x R, decaying fast enough at infinity, the
following identity holds

/ /((Lum) — (L*v,u))dzdt + / / ((Nu,Cv) + (Bu, Mv))dy dt = 0.
RJQ R /00
(4.4.20)

As a corollary, we obtain

Theorem 4.1 Given a normal hyperbolic IBVP, defined by (L, B), there exists
an adjoint IBVP, defined by the pair (L*,C'), which is normal hyperbolic (back-
ward in time) and satisfies the identity (4.4.20). One has

L= =0, = (A*)"0a,

AY=C"N+M"B,
where C' € Myx,(R) satisfies kerC = (A%(kerB))t. Moreover,
kerA? = kerN NkerB. (4.4.21)
Finally, the former IBVP is the adjoint of the latter.

Proof It remains to prove that the adjoint problem is backward normal and
to check the validity of (4.4.21).

By backward normal, we mean that the IBVP obtained from (L*,C) by the
time reversion ¢ — —t is normal. This amounts to saying that C € My, (R),
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where ¢ is the number of negative eigenvalues of (A% (or of A? as well), and
that R = kerC' @ E*(—(A%)T). In other words, it remains to check that

R" = (kerC)* + (E*(A?) @ kerA?). (4.4.22)

However, our construction satisfies (kerC): = R(CT) = A%(kerB). Therefore,
(4.4.22) follows from the sequence

R™ = R(A?) + kerA? = A%(kerB @ E*(A%)) + kerA? C A%(kerB)
+AYEY(AY) + kerA?

Last, ker N NkerB C kerA? is trivial, and the converse follows from the facts
that kerA? C kerB and that C is onto. d

The method of duality will need the following important fact.

Theorem 4.2 Let (L, B) define a normal hyperbolic IBVP on Q = {xz4 > 0},
and let (L*,C) define its dual IBVP. Let (1,m) € C x R~ be given, such that
Re 7 > 0. It holds that

(C"=E_(7,n) ®kerB) < (C" = E* (-7, —n) @ kerC),

where E* (z,0) denotes the stable invariant subspace for the differential-algebraic
equation

(ANTV' 4 (20, +iA(0)T)V = 0.

Consequently, (L, B) satisfies the Kreiss—Lopatinskii property if and only if
(L*, C) satisfies the Kreiss—Lopatinskii property, backward in time. And similarly,
(L, B) satisfies the uniform Kreiss—Lopatinskii property if and only if (L*,C)
satisfies the uniform Kreiss—Lopatinskii property, backward in time.

Proof We first note that, whenever V solves (AN)TV' — (71, +iA(n)T)V =
0 and U solves AU’ + (71, +iA(n))U = 0, then (V*A%U) =0 and therefore
VT AU is constant. If, moreover, U and V decay as x — o0, this constant is
zero. In other words, we have

Lemma 4.6 Assume that Re >0 and n € R, If ue E_(1,n) and v €
E* (—7,-n), then v*A%u = 0.

By continuity, the equality also holds true if Re 7 > 0.

Let us assume that C* = E* (—7, —n) @ kerC, that is C(E*) = C(C™) = C1.

Then let u belong to kerB N E_(7,7n). From Lemma 4.6 and the decomposition
of A%, we have, for all v in E* (-7, —n),

0 =v*A% = (Cv)*Nu,

which amounts to saying that Nu = 0. From (4.4.21), we obtain u € kerA%.
Proposition 4.3 then gives u = 0, proving that C* = E_(7,7) @ kerB.
The converse follows after the exchange of (L, B) and (L*,C).
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We now prove the uniform part of the theorem. Let us assume that the dual
IBVP satisfies (UKL) condition, meaning that there exists a positive constant ¢
such that, for every complex number 7 with Re 7 > 0, for every n € R?~! and
every vector v € E* (=7, —n), it holds that

\(Ad)Tv\ < ¢y |Cul.

From Theorem 4.1, there exists a positive number ¢; such that the following
inequality holds

|Adu\ < ¢1(|Nu| + |Bul).

Using the Kreiss—Lopatinskii condition for the dual problem, and then its uni-

formity, we may write

(Cv, Nu)
|Cvl

Cv,Nu v
< cosup{(|(Ad)TU|); v E E(—T,—n)}.

| Nul —sup{ ;veEi(—f,—n)}

Since the kernel of M contains that of (A%)T, there exists another constant cy
such that |Mv| < cp|(A%)Tv|. Using now the decomposition of A%, we conclude
that

Ad
|Nu| < coea| Bu| + co sup {W ;v € ET(-T, 77)} .
The use of Lemma 4.6 now gives the expected result: if u € E_(7,n), then
| A% < ¢1(1 4 coca)|Bul,

where the constants do not depend on the pair (7, 7). O

4.5 Main results in the non-characteristic case

The main statement of this chapter is the following strong well-posedness result
in L2. It completes the study of the strongly dissipative symmetric case (see
Chapter 3).

Theorem 4.3 Let Q be the half-plane {x € R%; x4 > 0}. Let

d
L=0,+) A +R

a=1

be a constantly hyperbolic first-order operator, with constant coefficients. Assume
that the boundary is non-characteristic (det A #0), and let p be the number of
positive eigenvalues of A% (the number of incoming characteristics). Let B €
Mp«n(R) have rank p.
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Then the IBVP
Lu=f, inQx(0,7T),
Bu=g, ondQx(0,T),
u=ug, nQx{0}

is strongly well-posed in L? if, and only if, the uniform Kreiss—Lopatinskii
condition holds. In other words:

® On the one hand, if (3.2.19) holds for smooth solutions, then the IBVP
satisfies (UKL).

e On the other hand, assuming that (UKL) holds, we have the following
existence and uniqueness property: for all data f € L*(Q x (0,T)), g €
L2092 x (0,T)) and ug € L?(R2), there exists a unique u € L*(Q x (0,T))
with the following properties:

— It satisfies Lu = f in Q x (0,7T),

— Its trace on 0Q x (0,T) (which is known to belong to H='/? because of
Lu € L*(Q x (0,T))) is square-integrable, and satisfies Bu = g,

— It belongs to €([0,T]; L*(Q)), and satisfies u(t = 0) = ug,

— Finally, (3.2.19) holds for every v > 1. Here, 1 and the constant C
depend only on A%, B, R, but not on T, f,g or up; when R =0, one may
take v; = 0.

A related result holds when the boundary is characteristic. However, we
shall establish it for a smaller class of admissible operators. We postpone the
corresponding analysis to Chapter 6.

4.5.1 Kreiss’ symmetrizers

The proof that (UKL) implies well-posedness follows the lines of Chapter 2, but
displays new ideas, coming partly from Chapter 3.

We begin by the analysis of the BVP, that is a boundary value problem, posed
for all time ¢ € R, thus without initial condition. We first prove the analogue of
(3.2.19), but without final and initial states:

/Refzvtwnu(t)n%z + lou(t)[22)dt

oyt (1 w 2 w(®)|2,
< C/Re (W(L JOIZ2 + lIvoBult)lz >dt- (4.5.23)

It readily implies that the solution is unique. Since the adjoint BVP satisfies
the same assumptions as the direct one, it enjoys the same estimate. Through
a duality argument, using Hahn-Banach and Riesz theorems, we obtain the
existence of the solution of the BVP. The resolution stands of course in the
space associated to the norms present in (4.5.23), say in Lff.
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The passage from the well-posedness of the BVP to that of the IBVP is made
in three steps, and is due to Rauch. The first one is causality; we prove that if
the source f and the boundary data vanish for negative times, then so does
the solution. This allows us to solve the IBVP when the initial data vanishes
identically. The next step consists in a new estimate, namely that of u(-,T) in
Lz/, when u(-,0) = 0. The last one is again a duality argument.

The proof of the estimate (4.5.23) mimics that of the Friedrichs-symmetric
case with strict dissipation, considered in Chapter 3. However, a dissipative
symmetrizer has not been given a priori and we have to build it. A main technical
difficulty is that this symmetrizer, called a Kreiss symmetrizer, is symbolic, thus
it depends on the frequencies (7, 7). Its construction is lengthy and is postponed
to Chapter 5. Theorem 5.1 tells us that there exists a map (7,7) — K(7,7)
(the Kreiss symmetrizer), defined for n € R? and Re 7 > 0, with the following
properties:

i) (1,m) — K is bounded and homogeneous of degree zero,
ii) X(7,n) := K(7,1n)A? is Hermitian,
iii) There exists a positive constant ¢y, independent of (7,7), such that

w*S(1,n)w < —col|w||®, Vw € kerB (4.5.24)
iv) There exists a positive constant, say again cp, independent of (7,7), such
that
Re (v*M(1,1m)v) > co(Re 7)|v|?, Vv e C™, (4.5.25)
where

M(r,m) = K(r,n)(TIn +iA(n)).

Note that in the Friedrichs-symmetric, strictly dissipative case, one can simply
choose K = I,,, which is classical instead of symbolic. Point i) is the symmetry
property, while point #4) is the strict dissipation.

Remark Estimate (4.5.23) can be used the same way as (3.2.19) to show
the necessity of (UKL). We leave the reader to adapt the calculations of
Section 4.3.1.

4.5.2 Fundamental estimates

Recall that the construction of the Kreiss symmetrizer is postponed to the next
chapter, under appropriate assumptions. We thus suppose that L is constantly
hyperbolic, that the boundary is non-characteristic and that the boundary
condition satisfies (UKL), and we admit in the remainder of the present chap-
ter that these properties ensure the existence of a dissipative symmetrizer K
(Theorem 5.1).

Let u be given in 2(Q x R;), meaning that u is extendable to RY x R as a
€ function with compact support. For the sake of clarity, we define f = Lu
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and g = y9Bu. Let us define the Laplace transform in time, Fourier transform
iny

h— Lh(T,n) = // e MY R(y, ) dydt n e R Re 7 > 0.
R4-1 xR

Since we shall deal with smooth and compactly supported functions, we shall
never discuss the convergence of the integral. We need the following auxiliary
functions:

U(,za) = Llu(za,0)), F(, o ma) = L[f(5ma,0)], G = Lyg.
Integration by parts yields the identities
L[Ogh] = ineLh, a=1,...,d—1, L[Ogh] = 0qLh, L[0:h] = TLh.
Therefore, we have
(tI, +iA(n) + R)U + AU’ = F,

where the prime denotes the z4-derivative. Multiplying on the left by U* K (7, 7),
we have

U*(M(r,n) + K(m,n)R)U + U"S(7,n)U" = U"K(7,n)F.
Let us take the real part in this identity. Since X is Hermitian, we have

Re (U*S(r,n)U’) = %(U*E(T, mU)'.

Using points i) and iv) above, and integrating in z4 over RT, we derive an
inequality

oo 1 o0
(eobe 7= Co) [ UPdza < JUQ) S mU©) +C [ U] |F] doa
0 0
We now appeal to Lemma 3.3: There exist positive constants € and C, such
that the Hermitian form w — e|wl|? + w*¥(r, n)w — C||Bw||?* is non-positive.
Checking the proof of the lemma, we easily see that the constants may be chosen
independently of (7,7). We may write ¢y instead of . We deduce therefore the
bound
o0 ¢ o0
(coRe 7 — 01)/ 1U]*dzq + 50||U(0)||2 < C/ U E]l dza + C|IBU(0)]|?,
0 0

where the argument 0 stands for the x4-variable. If C; > 0, we take a threshold
~1 larger than C4 /¢, to obtain

o 1 oo
’Y/O U] dza + S U O)]* < C/O [UIIE]| dza + CIBU(0)]1,
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for v = Re 7 > 1. Using now the Cauchy—-Schwarz inequality, we obtain

oo 1 oo
7/0 [U|*dzq + [U(O)]* < C (7/0 1F*da + IIBU(O)II2) :

Integrating in 7, we obtain
1
N + U072 < C <7||F(T)|%2 +[|BU(r, O)II%z) :

where the L2-norm is taken in terms of  and, for U and F, in terms of x4 too.
Integrating then with respect to the imaginary part of 7 and using Plancherel
formula, we obtain the weighted estimate

7// e*%tuun?dxdw// =27 |you 2y dt (4.5.26)
OxR OO xR

1
= ( // L dw dt + // e_Q”II%BuH?dydt) .
Y J Jaxr IAXR

We consider now less-regular functions. For this purpose, we define the
weighted spaces L2 of measurable functions u such that (x,t) — e™"u(x,t) is
square-integrable. These are Hilbert spaces with the obvious norms

lully = lle™" ull 2.

Such spaces may concern functions defined either on Q x Ry, or on 992 x R;. We

define in a similar way weighted Sobolev spaces H. 5 We note that, given u in L%

such that Lu € L2, the trace you is well-defined in a class H-1/?

1/2

, weighted by

e, which we denote H;
Lemma 4.7 Assume that u, Lu and yoBu are in the class L%. Then

i) The trace you belongs to the class L,Qy.
it) The function u satisfies (4.5.26).

Proof Using a cut-off function, we may restrict ourselves to the case of a
compactly supported functions.

We begin with the easy case where u belongs to H, }/ (Q x R) and has a compact
support. Then point i) is obvious. On the other hand, u is the limit in H}/
of functions u® € Z(Q x R). Hence Lu and yBu are the limits in L2 of the
sequences Lu® and yoBu®. The latter satisfy (4.5.26), which remains valid in the
limit.

We turn to the general case of an L2-function with compact support. Let
p° be a mollifier in the variables (y,t) (the tangential variables.) A convolution
by p€ yields a function u¢, compactly supported and %°° with respect to y and
t. Besides, Lu® = p * (Lu) and yoBu = p® * (y9Bu) are smooth in (y,t). The
sequences (uf)., (Lu®). and (yoBu®) converge, respectively, to u, Lu and vyoBu
in L2. In particular, they are Cauchy in L2.
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When 0 < a < d, we have 0,uf = (0np¢) * u, with 9y := 9;. Hence 9 uc is
square-integrable. Next, the identity

d—1
Oqut = (A7 (Lu — Opu = > A*Oquc)

a=0

shows that dgu¢ is square-integrable® too. Hence u¢ belongs to H,% (2 x R), and
we are allowed to use (4.5.26).

This estimate shows that the sequences (uf). and (yyu). are Cauchy, hence

. 2 e . e 2 . . . € e

converge, in L7. This proves that you is actually an L3-function. Similarly, u° is

Cauchy in € (I; L?(f2)), for every bounded interval I. Hence, it converges in this

space and that proves the continuity of u with respect to time, with L?-values.

Finally, the estimate passes to the limit. O

Lemma 4.7 immediately gives the following results:

Corollary 4.2 Let f(z,t) and g(y,t) be given in the classes L%, Then the solu-
tion of the boundary value problem Lu=f (x € Q, t e R), vyBu=g (y € 99,

t € R), if it exists, must be unique in the class L%.

Corollary 4.3 Assume that u, Lu and ~yyBu are of class L% for every ~ larger
than some finite threshold. Assume also that Lu and Bu vanish identically for
t <T. Then u vanishes fort <T.

Proof Because of translational invariance, we may take T' = 0, meaning that
Lu =0 and y9Bu = 0 for ¢ < 0. Then the right-hand side of (4.5.26) is an o(e®?)
as 7 — —+00, for every positive €. Hence the left-hand side has the same property,
which implies that u = 0 for ¢ < 0. g

Corollary 4.3 is a principle of causality.

4.5.3  Ezistence and uniqueness for the boundary value problem in LZ;

2

=, when

We proceed by duality, using the fact that the dual space to L?Y is L
using the standard product

(u, v) = //QXRu(x,t) o, 1) dz dt.

In particular, we have

|(u, v)]
[ully = sup
T vl

Assume that v and Lu belong to L%. Then the well-defined boundary trace yyu

belongs to Hy_l/Q, and we have a Green’s formula: For every v € H;, it holds

SWe point out the importance that the boundary be non-characteristic in this argument.
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that
(Lu,v) — (u, L*v) + {(yoBu, yoMv) + (yoNu,vCv) = 0, (4.5.27)
where the adjoint operator L* is defined by

L*i=—0,— > (A*)"0,,

and we recall that A? = MTB + CTN. The boundary terms in (4.5.27) are
duality products between H, /2 and Hi/f

Since A(€) and A(€)T are similar, L* is constantly hyperbolic too. We have
seen (Theorem 4.2) that the backward adjoint IBVP satisfies (UKL). Therefore,
the latter admits a dissipative symmetrizer” and we may use an estimate similar
0 (4.5.26): If v, L*v and ~vCw are of class L? _, then yyv is of class L2, and v
satisfies

y / / 1 o] 2 it + / / 1! ygu 2dy dt
QxR OO xR
1
gc( [[ emipasac+ [ ewmcvﬁdydt), (4.5.28)
v QxR OO xR

at least for v > ;.

Define the subspace X, of L—w whose elements are the functions of the form
L*v, where v and L*v are in L? , such that 4Cv = 0. From (4.5.28), the map
L*v — v is well-defined and continuous from X, into LQ_,Y.

Given functions f(x,t) and g(y,t) of class L2, we may define a linear form ¢

on X, by
L*v — {(L*v) // da:dt+// (g, Mv) dy dt,
QXR 0N xR

where we recall that AY = MTB + CTN. Estimate (4.5.28) and the Cauchy—
Schwarz inequality show that ¢ is continuous, with

L 0)] < Noll— /1y + Cllrovll—- gy
< C (v + 7 llglly ) 1270l

Thanks to the Hahn-Banach and Riesz Theorems, there exists a function u(x,t),
of class L%, satisfying

— —>

(L*v) = (u, L*v), (4.5.29)
and

Aull3 <€ (A + llgl3) - (4.5.30)

TA dissipative symmetrizer for a backward IBVP obeys the same requirements as for the direct
IBVP, except that an inequality has to be reversed. We leave the reader to write the details.
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Testing (4.5.27) against functions L*v where v € Z(€) x R), we obtain Lu = f in
the distributional sense and (yoBu — g, Mv) = 0. However, the equality kerC' =
(AdkerB)* and the fact that B is onto imply that M : kerC' — RP is onto, and
therefore we may replace Mz by any test function. It follows that vgBu = g.

With Lemma 4.7 and Corollary 4.2, we conclude with the well-posedness of
the Boundary Value Problem:

Lemma 4.8 Given f(z,t) and g(y,t) in the classes L2, there exists a unique u
mn L,QW solution of the Boundary Value Problem Lu = f and yyBu = g, relative

to the half-space  x R.
Moreover, this solution satisfies (4.5.26).

Applying this result to the adjoint problem, we obtain
Corollary 4.4 The space X, defined above coincides with L%v,

4.5.4  Improved estimates

In order to pass from the well-posedness of the BVP to that of the IBVP, we
need to improve (4.5.26) in the following way.

Lemma 4.9 With the above assumptions, every smooth and compactly sup-
ported function u satisfies for every T € R:

T
e*”/wmw%mﬂ/ / e u%dz dt
Q —oco0 JOXR

T
+ / / e 27 ||l you||*dy dt (4.5.31)
—oo JOIOXR

1 (7 T
<C f/ / e_2’7t|\Lu||2dscdt+/ / e 27|y Bul2dy dt | ,
Y J—oo JOXR —oco JOOXR

where the constant C' does not depend on vy, T or u.

Proof The first step is to replace the integrals over R by integrals over (—oo, T).
This immediately follows from Corollary 4.3 and from the existence part. Let f
be defined by f = Lu if t >T and f =0 if ¢t <T. Define in a similar way g.
Then let u € LEY be the solution associated to f and g. Then u vanishes for t < T
(Corollary 4.3). The estimate (4.5.26) for v := u — @ precisely reads

T T
v e uPasdes [ e gy
—oo JOXR —oo JOOXR

17T T
so(2) [ et [ e ponuaya).
Y J—oo JOXR —oco JANXR
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We turn to the estimate of the L?-norm of u(7T'). The proof below, which we
borrow from Rauch’s PhD thesis [161], covers the physically significant case of a
Friedrichs-symmetric operator. For a proof in full generality, we refer to [162].

Thus let us assume that L is Friedrichs symmetric. Integrating the identity

O (e7 2" ul?) + Z@a (e "u*A%u) = 2e™ 7" ((Lu, u) — |ul?)

on  x (—o00,T), we obtain

T
D+ 20 [ e (o)t

T T
:2/ e*QVt(u(t),Lu(t))LthJr/ e 2 (A%ygu(t), you(t)) 2dt.

— 00 — 00

The Cauchy—Schwarz inequality yields

_ 1T r
e u(T)|72 < 5/ e 2”IILu(t)II%deC/ e Iyou(t) |72 dt.

We conclude with the help of (4.5.26). O

Working now as in Lemma 4.7, we obtain

Proposition 4.6 Let u, Lu and yoBu be of class L?Y. Then u is continuous in
time, with values in L?(SY), and satisfies 4.5.31.

4.5.5  Ezistence for the initial boundary value problem

Existence Given three functions f € L2(Q x RT), g € L2(9Q x RT) and ug €
L?(Q), we define a linear form on L?  (see Corollary 4.4 above) by

lo(L*v) = /OJFOO/Q(v,f) dxdt+/ﬂuo -v(0) dm+/0+oo/m(g,fyon) dy dt.

We may think that the time integrals run over R, and that we have extended f
and g by zero to negative times.

Once more, £y is well-defined on some subspace of L? , and continuous, for
every p larger than «. This gives the existence of a u” in Li7 with the property
that (o(F) = (u’, F) every F in L? . Since L? ;N L?_ is dense in L?_, we see
that u” = v almost everywhere. In other words, the common value u belongs to
L? for every p larger than .

Testing ¢, against elements of X, given by the vs in Z(Q x R*), we obtain
the differential equation

Lu=f, (t#0)
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in the distributional sense. This allows us to apply Green’s identity

// (L) — (u, T*0))dz dt + (o Bu, 7o Mu)oas 5.1
Qx(S,T)

+ (0N 0C) sy = (W(T),0(T)) — (W(SH),o(S),  (45.32)
both in (—o0,0) and (0, +00). This gives

// (v Lu —wu- L*v)dxdt = (yoBu, voMv)saxr + (YoNu, %Cv)saxr
QxR*

- <[u]t:07 U(O)>Q7

where [u];—¢ denotes the difference of the traces of u at t =01 and ¢t = 0~. We
thus obtain

“+o00
<’YOBU,MU>an1R=/ / (g, Mv) dy dt, (4.5.33)
0 o0

([uli—o, 0(0))0 = /Q uo - v(0) da. (4.5.34)

The argument that we developed in the previous section applies to (4.5.33)
and shows that yoBu = gx;>¢. In particular, Lu and ~yBu vanish for ¢t < 0.
Given € > 0, let ¢ € €° be a function of time, satisfying ¢ = 1 for ¢t < —e¢, and
¢ =0 for t > —€/2. Then u€ := ¢u is in L?Y, as well as Lu® and® ~oBu¢. Since
Luf and 79 Buf vanish for ¢ < —e (where they coincide with Lu and v9Bu), and
since u¢, Luf, voBu® belong to L?) for every p >y, Corollary 4.3 tells that u¢
vanishes for ¢t < —e. Since € is arbitrary, we deduce that u vanishes on t < 0.

In particular, the trace of u at t = 0~ is zero, and (4.5.34) amounts to saying
that u(t = 01) = ug. Hence there exists a solution of the full IBVP, which lies in
L%(Q x RT). We shall see in a moment that this is unique. Because of the bound

(L) < € (vl + 7~ ol + 42l ) 1270
given by (4.5.28), this solution satisfies the estimate
1
qu<c(¢u3+mm%erm), (4.5.35)

for every v > 71, where C does not depend on ~.

Uniqueness Let u € L2(Q x R;") be such that Lu = 0. Hence you and u(0)
make sense. Assume that u(0) = 0 and y9Bu = 0. Green’s Formula yields

// (u, L*v) dz dt = (yoNu, %0Cv)gaxr+
QxR+

8Note that Lu itself is not in L?Y(SZ x R).
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for every v € 2(Q x R). Extending u to negative times by zero, we obtain

// (u, L*v) da dt = (yoNu, %Cv)gaxr+-
QxR

In particular, Lu = 0 on 2 x R and «yBu = 0 on 992 x R. Using Corollary 4.2,
we deduce u = 0.

Improved estimates Apply (4.5.32) with (S,T) = (0, +00):
// (u, L*v)dz dt — (yoNu,yCv) = // (f,v)dzdt + (g, voMw)
Qx(0,4+00) Qx(0,4+00)

+ (uo, v(0)).
According to (4.5.28), the left-hand side is bounded above by

C (v 1y + 4™l llz2 + 52l ) (N vll - + oColl )

We thus obtain the estimate
1
a3 + oNull3 < © (Wlflli + [luoll7 + |9|3> :
However, since ker N NkerB = kerA? = {0}, this really means

1
Yull3 + Ioull3 < € (Wlflli + lluollz2 + 93) : (4.5.36)

If ug vanished, the argument employed for uniqueness would show that, after
extension by zero to negative times, Lu still belongs to L2. Then (4.5.32) would
be valid. We are now going to prove that it remains valid for general data ug in
L?. For that purpose, it is enough to assume f =0 and g = 0. By density, we
may also assume that u belongs to 2(12).

From the uniqueness result above, tangential derivatives d,u (a=1,...,
d — 1), being the solutions of the IBVP corresponding to f* =0, ¢* =0 and
Uy = Oalg, belong to L?y. Similarly, d;u is the solution corresponding to f! = 0,
¢g' =0 and the initial data — ) A%Jaup, and thus belongs to L%. Hence
dau = =0y — Y, A%Dqu is L2. Hence u is H'(y) and we may integrate the
energy identity on the slab Q x (0,T), as in the proof of Lemma 4.7.

4.5.6  Proof of Theorem 4.3

It remains to treat the case of a time interval (0,7). Let f € L?(Q x (0,T)),
g € L2(0Q x (0,T)) and ug € L?(Q2) be given. The extensions of f and g by
zero, for times ¢ > T, belong to L,QY for every . We thus obtain a unique solution
u of the IBVP in Q x RY. Its restriction to times ¢ € (0,T) furnishes a solution
of the IBVP in the slab, with the required estimate.

We now prove uniqueness. Assume that f, g and ug vanish identically. and
u € L?(Q x (0,T)) satisfies the IBVP. If € € (0,7, choose ¢ in Z(R) such that
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p(t)=1if t <T —e and ¢(t) =0 if t > T — ¢/2. Extending u by zero to t ¢
(0,T), we obtain that ¢u and L[¢u] are in L2 for every +. Since L[pu] and
~voB(¢u) vanish for t < T — ¢, Corollary 4.3 tells that w vanish for T' — e. Since €
is arbitrary, we conclude that u = 0.

4.5.7  Summary

We summarize below the strategy that we followed for proving the existence and
uniqueness, and establishing estimates for the IBVP.

e With the help of the Kreiss’ symmetrizer, we establish an a priori estimate
in L2, when u € 2(Q x Ry).

¢ By truncation and convolution, we extend this estimate to the case where
u, Lu and ygBu are of class L,Zy.

® This implies uniqueness for the BVP.

e This implies also a causality property: If Lu = 0 and yyBu = 0 in the past
(say for t < T), then u = 0 in the past.

e Since (UKL) and constant hyperbolicity pass to the adjoint BVP, we
also have an estimate for the latter when its data and solution are of
class L%v'

® By a duality argument, which uses Hahn-Banach and Riesz Theorems, the
BVP is solvable in the class L?/, for data in L%.

e Thanks to the existence result and to the causality, one may replace R; by
(—00,T) in the estimates. Also, the IBVP with a zero initial data admits
a solution.

e Thanks to the energy estimate (when the operator is Friedrichs symmetric),
we also have an estimate of u(T) in L?(9).

¢ We deduce that, for data in Li, the solution is continuous with values in
L?(Q).

e Thanks to the causality property and to the time-pointwise estimate, and
using a duality argument, the IBVP is solvable in the class L?y.

e As above, the IBVP has a causality property and estimates on  x (0,7)
instead of §2 x (0, 4+00).

4.5.8 Comments

BVP vs IBVP We emphasize that the existence and the estimates for the
Boundary Value Problem do not automatically imply the corresponding results
for the Initial Boundary Value Problem. Let us consider an abstract differential
equation

dx

== 45.
5 = Avt ], (4.5.37)
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which is a model for the homogeneous BVP (Bu(0,t) = 0). Let us assume that
(4.5.37) has an existence property with an estimate

02
/e—wuu(tm?dt < ¥/e_27t||f(t)||2dt, Wy > 0, (4.5.38)
R R

where the norm is taken in some Hilbert space. Letting v — 400, we find as
usual that if f vanished in the past, then u does too.
It is not hard, using the Parseval Identity, to prove that 71 — A has a bounded
inverse for every 7 of positive real part, with the estimate
C/
I — A7 < =—. 4.5.39
T =AY < (45.39)

However, (4.5.38) is essentially equivalent to (4.5.39), and it is not possible from
there to derive a pointwise estimate for the semigroup generated by A (assuming
that it exists). This prevents us from proving anything about the Cauchy problem
for (4.5.37) without some additional information about A.

Historically, this difficulty was encountered by Kreiss [103], who solved only
the (non-homogeneous) BVP. The extension of his results to the full IBVP
was obtained later by Rauch [161, 162]. We shall face this difficulty in the
homogeneous IBVP (that is with a zero boundary condition, see Chapter 7)
and in the so-called WR case, see Chapter 8.

4.6 A practical tool
4.6.1 The Lopatinskit determinant

We are going to define in this section a (not very) practical tool called the
Lopatinskii determinant. This is a function (7,7n) — A(r,n), with the following
properties
i) It is well-defined for n € R¢~! and Re 7 > 0,
it) Tt is jointly analytic in (7,7), and therefore holomorphic in T,
ii1) Tt vanishes precisely at points violating the Lopatinskii condition.

To fill these three properties, it is enough to construct a basis

ﬁ(T, 77) = {Xl (7-7 77)7 ce XP(T’ 77)}

of E_(7,n), which satisfies the first two ones. Then we define the Lopatinskii
determinant as

A(r,n) == det(BX1(1,n),...,BX,(1,1)), (4.6.40)

since the vanishing of the determinant is equivalent to the existence of a non-
trivial linear combination
p
X = ZCij(T,’I])

1
such that BX = 0, which amounts to X € kerBN E_(7,n).
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To construct 8, we use the procedure described by Kato in [95], Section
4.2, which goes as follows. Let z — P(z) be an analytic function with values in
projectors, where z ranges on a simply connected domain. From identity P? = P,
one easily finds P’ = [Q, P], with @ := [P’, P]. Then the linear Cauchy problem
M’ =QM, M(zy) = I, is globally solvable and yields the formula

M(z)"*P(2)M(z) = P(z).

Therefore, given a basis [y of the range of P(z), the set G(z) := M(2)f is a
basis of the range of P(z), and is analytic in z.

When P depends on several variables, this procedure cannot be done simul-
taneously in general. If Q; := [0P/0z;, P], simultaneity requires the compati-
bility condition 0Q/0z — 0Q/0z; = [Qj, Qk), though in practice we have oddly
0Q/0z, — 0Q/0z; = 2[Q;, Qx| However, we may apply Kato’s procedure succes-
sively to each of the arguments, provided that at each step, a Cauchy problem
is posed in a simply connected region. Because ODEs with analytic coefficients
propagate analyticity, the resulting matrix M is jointly analytic in its arguments.
The inelegant fact is that the result depends on the order in which we solve ODEs,
because of the lack of compatibility.

Applying these ideas to the projectors w_(7,7), which are jointly analytic,
we now have

Lemma 4.10 For n € R4 and Re 7 > 0, the space E_(7,m) admits a basis
B(7,m), which is jointly analytic in (1,7m), and thus holomorphic in 7.

The symmetric case We restrict ourselves here to the non-characteristic case.
When the operator L is symmetric, that is A(£)T = A(€) for every ¢ in RY, an
alternative construction can be done, with the help of the following

Lemma 4.11 In the symmetric case with a non-characteristic boundary, one
has for every n € R and Re 7 > 0

B“(A%) By (7,1) = {0}, (4.6.41)
where E*(A%) stands for the unstable invariant subspace of A<.

To our knowledge, the validity of property (4.6.41) under the assumption of
hyperbolicity, instead of symmetry, remains an open question.

Proof Let ug belong to E4(7,7n). Then the unique solution
A% + (1 +iAMm))u =0, u(0) = ug

decays exponentially fast at —oo. Multiplying the ODE by «* and integrating,
we obtain

0
uh A%ug = —2(Re T)/ lu|?dzq < 0.

— 00
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If, moreover, uy € E*(A%), the unique solution of
v =A%, v(0) =u

decays exponentially fast at —oo. Multiplying the ODE by v*A? and integrating,
we obtain

0
ug Adug = 2/ |A%|2dzq > 0.

— 00

We conclude that u}A%ug =0, which readily implies that uw=0. Thus
() =0. O

Thanks to the lemma, the map 7_ (7,7) : E*(A%) — E_(1,n) is injective, thus
bijective since both spaces have dimension p. Now, given a basis vy of E*(A%),
we obtain a basis y(7,n) := 7_(7,1)70 of E_(1,7n), which is jointly analytic.

An abstract definition of A We use here the exterior algebra A(C™). For a
construction of this object, we refer, for instance, to Harris’ book [81]. The (non-
commutative) algebra A(C™) is spanned by C™ under the associative product
(exterior product) A. The exterior product basically satisfies X ANY = =Y A X
for every X,Y in C". This rule defines a graded algebra,

A(C™) = Ag(C) & - ® An(C7),
with
A(C*)=C, M(CH=C"

and
dim A, (C") = (Z) .

Elements of Ax(C") are called k-vectors. Given a basis {e!,...,e"} of C", they
are linear combinations of /' A --- A e%, where j; < --- < jx. When F is a k-
dimensional subspace of C", we may define a k-vector Xz by Xp := X' A--- A
X* where {X!,..., X*} is a given basis of F. One verifies that different bases
of F give the same X, up to a non-zero scalar factor. This procedure defines a
unique one-dimensional subspace in Ag(C"). The map F' — CXp is one-to-one,
but not onto, because not all k-vectors are simple exterior products.

Let M € My« (C) be a matrix. For k € N, define a linear map M®) .
Ar(C™) — A(C™) by

NN NeT s Mt NI A ANeTE eI A AT A M
and linearity. It satisfies the identity
M®(XTA - AXF)Y = MX'AXZA AXF 4 XU A AXEI A MXE

for all X',..., X* in C". Let us assume m = n and let (\q,...,\,) be the eigen-
values of M, counted with multiplicity. One easily verifies that the eigenvalues
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of M®)_ counted with multiplicities, are the sums
A+ A, g <o < e

When applying this observation to the matrix A(7,n), we find that its ‘pth
sum’ admits a unique eigenvalue u(7,7) of minimal real part, namely the sum
of eigenvalues of A(7,n) with negative real part. Moreover, u(r,n) is a simple
eigenvalue, whose eigenvector is Xp, for F':= E_(7,7). Using Kato’s argument,
we may construct a jointly analytic choice X (7,n) of Xp. For instance

X(r,m) = Xa(r,m) A /\XP(T777)
works. Then we may define
A(r,n) := BP X (7,n).

This expression belongs to A(p)((Cp), a one-dimensional vector space. The link
between both definitions is

Aerl/\-~-/\ep7

where {e!,...,eP} is any basis of CP with determinant one. We shall not
distinguish A from A in the following.

4.6.2 ‘Algebraicity’ of the Lopatinskii determinant

We show in this section that the Lopatinskii locus, that is the set of zeroes of the
Lopatinskii determinant A, is a subset of an algebraic manifold of codimension
one. In general, this subset is strict, although it has the same codimension. In
other words, there exists a single polynomial Lop(X,n) such that A(r,n) =0
implies Lop(it,n) = 0. Obviously, Lop is a homogeneous polynomial, so that
its zero set may be viewed as a projective variety. More importantly, it has real
coefficients, so that the zeroes (ip,n) of A on the boundary Re 7 = 0 belong to
a real algebraic variety.

Recall first that, in the non-characteristic case, A is defined as the deter-
minant in C? of vectors Bri(r,n),...,Brp(r,n), where the r;s span the stable
subspace of A(7,7). When A is diagonalizable, a generic property, r; may be
taken as an eigenvector associated to u,(7, ), one of the stable eigenvalues. Using
the polynomial P(X,¢) := det(X 1, + A(§)), the eigenvalues are constrained by
P(r,in, n;) =0, or equivalently P(—ir,n, —ip;) = 0.

Since r; solves (11, + A(in, p1j))r; = 0, a choice of r; can be made polyno-
mially in (7,7, ;). For instance, we may choose the first column of M (7,7, 1;),
where M (7,n, 1) is the transpose of the matrix of cofactors of 71, + A(in, u),
since

(T1n + A(in, p)) M (7,m, ) = (det(71,, + A(in, pn)))In,
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and the right-hand side vanishes whenever p is an eigenvalue of A. Note that the
columns of M are non-trivial; for instance, they do depend on 7. From now on,
let us denote by R(7,n, u) this choice.

The zeroes of the Lopatinskii determinant therefore satisfy the following list

of polynomial equations:

det(BR(m,n, 1) - ., BR(T,1m, t1p))

= O7
P(_iTa m, _Z:ul) = 07

P(—it,n, —ip,) = 0.

Using the resultant, we may eliminate pp, considered as a dummy variable,
between the first two equations. These are thus replaced by a polynomial equation
in 7,n, g2, ..., 4p. Using again the resultant, we eliminate successively o, ..., tp
and end with a single polynomial equation

Lop(it,n) = 0.

Practical aspects

® The procedure described above may be the simplest one, in the sense that it

gives the simplest result Lop. This seems to be true when P is irreducible.
However, in practical situations, symmetry properties are responsible for
the presence of multiple eigenvalues of A(£), which yield a splitting of P
(see Proposition 1.7, for instance). When P does split, our procedure must
be reconsidered and gives rise to a polynomial of lower degree. See Chapter
13 for convincing examples within gas dynamics.

A flaw of Lop is that it has been built without any consideration about
the sign of the real part of the p;s. Therefore, its zero set also contains the
zeroes of fake Lopatinskil determinants, where the ;s are chosen arbitrarily
in the spectrum of .A. The manifold defined by Lop(it,n) = 0 thus contains
irrelevant parts, which have to be removed on a case-by-case analysis. This
difficulty is always encountered when one wishes to check the Lopatinskii
condition, or (UKL).

Another difficulty arises when A displays a Jordan block. In this case, the
columns of M do not span the corresponding generalized eigenspace of A,
since it only spans the classical eigenspace. Therefore, it may happen that
Lop admits spurious zeroes, which do not correspond to zeroes of A. This
has been the cause of a misunderstanding in [166], where some Lax shocks
in an ideal gas flow were unduly claimed to be unstable. See [42] for a
detailed explanation.

Similarly, there are points (7,7) where the first column of M vanishes,
therefore it does not span an eigenspace. At such points, Lop vanishes
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automatically. Since the set of such points is algebraic, its equation must
divide Lop or merely a power of it, according to Hilbert’s Nullstellensatz.
Since the corresponding factor of Lop does not involve the coefficients of
the boundary operator B at all, it is easily identified and can be removed
immediately. An alternative method consists in the replacement of the first
column of M by another one. The choice of the jth column of M yields a
polynomial Lop;. These polynomials differ only by these spurious factors.
Taking their g.c.d., one obtains a simpler polynomial Lop, that vanishes
everywhere A does.

¢ Points where A displays a Jordan block also form an algebraic variety,
whose equation enters automatically as a factor in Lop. This factor may
be identified since it does not involve B, and is then removed. However, it
is not removed by taking the g.c.d. Lopy, since it is present in every Lop;.

Example Consider the system dyu + A(Vy)u =0, with d =n = 2 and

ao=(8 %)

The spectrum of A(§) consists in +|¢|. Hence the boundary condition at zo =0
must be scalar (one incoming characteristics): Bu = bju + bougs. Given an
eigenvalue u of A(7,n), that is a root of 72 +n? = u?, a typical eigenvector is
R(7,7m) := (in — 7, 1)T. The only exception is the point given by 7 = in (a bound-
ary point) and p = 0; near such a point, a convenient choice of an eigenvector
would be R'(7,7) = (—u, 7 +in)T.

The Lopatinsgkii determinant is A(7,7n) = by (in — 7) + bop. Eliminating u
between A = 0 and 72 + n? = u?, we obtain the equation

b3(r* + %) = bi(in — 7)°.
Therefore,
Lop(z,n) = bi(n+ 2)* + b3(n* — 2%) = (n + 2) (b1 (n + 2) + b3(n — 2)).

The fact that Lop vanishes at the point z = —n, regardless of the value of 5,
reflects the fact that R does not span an eigenspace at this point. A computation
with the choice R'(7,n) would have given a similar result with the factor
z —n instead of z + 7. This factor is thus irrelevant, and the vanishing of the
Lopatinskii determinant must imply that of the simpler polynomial

Lop(z,n) = bi(n+ 2) + b3(n — 2).

This formula shows that the IBVP satisfies the Lopatinskii condition for every
b such that b1 # +by. What the formula hides is that the IBVP still satisfies
the Lopatinskii condition when by = by, while it does not if by = —bs. The
replacement of the half-space z2 > 0 by the domain zo < 0, or the reversal of
the time arrow, exchanges the roles. Hence, it is important to keep in mind
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that the vanishing set of Lop, encodes not only the vanishing of the Lopatinskil
determinant, but also a number of other properties.

4.6.3 A geometrical view of (UKL) condition

Denote by W (k, n) the Grassmannian manifold, consisting of the linear subspaces
of dimension k in C™. For instance, W (1,n) is just the projective space P,,_1(C).
A correct definition is the following one. Recall that Ay (C™) is the set of elements
of degree k in the exterior algebra A(C"). Consider the subset Ay (C") of non-
zero simple k-vectors, that is of the form X, where F' is some linear subspace of
dimension k, in the notations of Section 4.6.1. This set is a cone, and W (k, n) is its
quotient by the relation X ~ Y iff X and Y are parallel. In other words, W (k, n)
is the projective space associated to Af (C™). The Grassmannian manifolds are
compact and endowed with an analytic structure. For a theory of Grassmannian
manifolds, we refer to Harris’ book [81].

Let M be a linear subspace in C™, of dimension n — p. One easily sees that
the subset M° in W (p,n) consisting of p-dimensional subspaces that meet M
non-trivially, is closed and therefore compact.

Assume now that the IBVP (4.1.1)—(4.1.3) satisfies the uniform Kreiss—
Lopatinskii condition. Let W be the subset of W (p,n), consisting of the spaces
E_(7,n) for n € R4~ and Re 7 > 0. The (non-uniform) Lopatinskif condition
tells us that W does not meet (kerB)°. Uniformity obviously tells us more. If
F belongs to the closure of W, then there exists a sequence (7,,, ), such that
E_(Tm,nm) converges towards F. Then the inequality |V| < C|BV| passes to
the limit and therefore holds on F. This proves that F ¢ (kerB)°.

Conversely, assume that (kerB)° does not meet the closure of WW. When
F €W, let CFr be the best constant in the inequality |V| < C|BV| for V € F.
Obviously, F + Cp is continuous. Since W is compact, F + Cp is bounded. In
other words, the IBVP satisfies (UKL) condition. We can summarize as follows

Lemma 4.12 If the IBVP (4.1.1)-(4.1.8) is hyperbolic and has the correct

number of boundary conditions, then the uniform Kreiss—Lopatinskii condition is
equivalent to

(kerB)° nW =0
in the Grassmann manifold W (p,n).
Remark Because of homogeneity, we may also define the set W by
W ={E_(r.n); |7]* + [In]* = 1}.

The closure of W differs from W itself only by limits of sequences E_ (T, m)
when Re 7,,, — 07 and 7, converges.
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4.6.4  The Lopatinskii determinant of the adjoint IBVP

Recall (Theorem 4.2) that the Kreiss—Lopatinskii condition is satisfied by the
adjoint IBVP if and only if it is satisfied by the original IBVP, and similarly
for the uniform KL condition. This suggests that a relation holds between the
respective Lopatinskii determinants. We state it now. For the sake of simplicity,
we restrict ourselves to the non-characteristic case.

Theorem 4.4 Assume that (L,B) is normal and the boundary is non-
characteristic. Let (19,m0) (with Re 70 >0, ng € R4™1) be a point in the neigh-
bourhood of which a Lopatinskii determinant A is well-defined, meaning that
E_(7,m) is locally continuous.

Then E* is well-defined in a neighbourhood of (—To, —19), and one may take
the function

(9, U) = A(_oa _O')
as a Lopatinskii determinant for the dual IBVP.

Remark Taking the complex conjugate in the formula above is useful only in
that it preserves holomorphy in 6 as Re 6 < 0.

Proof The first statement is a consequence of the fact that
Ei (_?a —77) = (AdE— (T7 ’rl))l

We now turn to the construction of the adjoint Lopatinskii determinant A*(0, o).
Recall the definition (4.6.40), where {X:(7,7),...,X,(7,n)} is a regular basis of
E_(7,7n). Let us choose constant vectors X,41,..., X, such that

{Xl(T07770)7 o 7Xp(7—07 no)?Xp-‘rla s aX'fL}
is a basis of C™. Then, in a neighbourhood of (79, 70), the matrix
X(T7 77) = (Xl(T7 77)7 ey Xp(Ta 77)7Xp+17 R 7X7l)

is non-singular. Denote by Yi(7,7),...,Y,(7,n) the column vectors of YV :=
(A4X (7,m))~*. Then Ypi1,...,Y, forms a regular basis of E* (=7, —n).
Let us write these matrices blockwise:

X:(X—vX-‘r)a Y:(Y—5Y+)7

where the minus blocks are n X p and the plus blocks are n x (n —p). Our
Lopatinskii determinants are defined by the formula

A(r,n) = det(BX_(7,n)), A™(=T,—n) = det(CY (7, 7))

(note that both sides of the last equality are anti-holomorphic in 7).
Finally, we recall the equality

A =CTN+ MTB.
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Defining the n x n matrices

= (8). o=(2).

we have QTP = A%, Tt follows that
(QY)(PX)=Y*QTPX =Y*A'X = I,,
thus QY = (PX)™*. However, we have by definition

pr= (T 0) e en).

Using Schur’s formula (see Proposition 8.1.2 and Corollary 8.1.1 in [187]), one

sees that

Arl = o\ _ A(T,n)
A*(=T,—n) = W'

Since P and X are locally non-singular, the function (,7) — det(PX) and its
inverse are smooth . Therefore, the formula above, together with a renormaliza-

tion of, say, the vector Y, allow us to take simply

A*(_?7 —77) = A(Tv 7))-
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CONSTRUCTION OF A SYMMETRIZER UNDER (UKL)

This chapter is devoted to the proof of the existence of a Kreiss’ symmetrizer in
the non-characteristic case. A technical, though important ingredient in the proof
is to establish the so-called ‘block structure’ property for the matrix A at points
(1,m) where Re 7 = 0 (boundary points), of glancing type. Although we focus on
problems with constant coefficients in a half-space, our construction is flexible
enough to handle the case where the data (normal direction to the boundary,
entries of the symbol, boundary matrix) are parametrized. This fact is crucial
in the applications to variable-coefficient problems, especially non-linear ones,
and/or in general domains.

5.1 The block structure at boundary points
5.1.1  Proof of Lemma 4.5

Let us recall the terms of Lemma 4.5:

Assume that the operator L is constantly hyperbolic and the boundary {z4 =
0} is non-characteristic. Then the map (7,7) — E_(7,n) (already defined for
Re 7 > 0) admits a unique limit in the Grassmannian G(n, p) at every boundary
point (ip,n) (meaning that p € R, n € R%"1), with the exception of the origin.

Proof We first prove that the stable spectrum of A(7,n) admits a continuous
extension up to the boundary. Let (ipg,79) be a non-zero boundary point, and
let w(7,n) be an eigenvalue of A(7,7n) for Re 7 > 0, depending continuously on
(1,m). As (7,7) tends to (ipo,no), the omega-limit set of w(7,n) is connected, by
continuity and boundedness of w, and by connectedness of the domain. However,
this omega-limit set is contained in the spectrum of A(ipg, 7o), a discrete set.
It is therefore a singleton. This shows that w(7,n) has a limit as (7,7) tends to
(ipo,no)-

Denote by &1, ...,&, those distinct eigenvalues of A(ipg, 7o) that are limits,
as T — ipp and Re 7 > 0, of stable eigenvalues of A(7,n). Obviously, Re @; <0,
although eigenvalues with non-positive real part need not belong to {&1,...,0,}
in general.

When (7,7n) is close to (ipg,nm0) and Re 7 > 0, E_(7,n) may be split as a
direct sum of invariant subspaces Fy(7,n),..., F..(7,n), so that the eigenvalues
of A(r,n) on F; have the single limit &; as (7,7n) tends to (ipo,n0). Each F}
inherits the analyticity of F_.
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It will be sufficient to prove that each of these spaces F; has a limit as (7,7)
tends to (ipo,no). We select an index j and denote F(7,n) = F;(1,n), & = w;
for the sake of simplicity. Let F' be a cluster point of F(7,7) as (7,1) tends to
(ipo,mo). It will be enough to prove the uniqueness of F. By continuity, ' is
invariant under A(ipg, o), and is associated to the sole eigenvalue @. Therefore,
we have F' C G, where G denotes the generalized eigenspace of A(ipo, o),
associated to the eigenvalue w.

Let us begin with the easy case, when Re @ < 0. Classically, G locally extends
analytically as an invariant subspace G(7, ) of A(7,n). But since the correspond-
ing eigenvalues will keep a negative real part, we find that G(7,n) C E_(7,7), so
that F'(7,n) must be equal to G(7,n) for (7,n) close to (ipo,no), and therefore
F = G. Notice that this argument can be used to prove that every eigenvalue w
of A(ipo,no) with negative real part must belong to the list @1, ...,,., with its
full multiplicity.

There remains the case © =iug, with pg € R. By Proposition 1.7,
we decompose the characteristic polynomial P, of A(r,n) as P, (X)=
Py(r,in, X)Q(7,in, X )1, where Py and @ are homogeneous polynomials with real
entries and

® g is a simple root of Q(-, 1o, o),
° PO(POJ?O»HO) 7é 0.

Let N > 1 be the multiplicity of pg as a root of Q(po,no, ). The eigenvalues of
A(7,n) that are close to iy are roots of Q(—it,n, —i-) and their multiplicities are
multiples of ¢. Since F'(7,7) is the sum of some of the corresponding generalized
eigenspaces, ¢ divides its dimension. We shall denote [ := (dim F(7,7))/q. Then
dim F = lq.

Let O denote the open set of pairs (1,7) € C x R4~! for which the factors
Py(7,in,-) in (1.5.56) have simple roots, distinct for distinct indices k. Likewise,
we denote by O¢ when allowing complex values for both 7 and 7. For instance,
(¢,0) € O holds. The complement of Oc, being the zero set of the discriminant A
of ¥ Py (7,7, -), is an algebraic variety of complex codimension one. Therefore,
Oc is dense and arcwise connected. Likewise, @ is dense in C x R?!, for
otherwise the polynomial A, vanishing on a non-void open set, would vanish
identically, contradicting the fact that (i,0) € O. We shall admit for a moment
the following

Lemma 5.1 For every pair (1,m) in Oc, the matriz A(t,n) is diagonalizable.

In particular, there is a neighbourhood V of (ipg, 7o), such that if Re 7 >0
and (7,7) € VN O, then F(7,n) is the sum of | eigenspaces, all of them being
of dimension q. Therefore, the minimal polynomial of A over F' has the form
I (X — w;(7,n)). Since O is dense, we obtain by continuity that a polynomial
of degree ! annihilates the restriction of A on F, for every (7,n) € V with
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Re 7> 0. Letting (7,n) tend towards (ipo,70), we see that the polynomial
(X —iuo)! annihilates the restriction of A(ipg,no) on F.
Let us now define the Jordan tower of A(ipg, no), associated to the eigenvalue
if0,
Gy = ker(A(ipo,n0) — i,uo)k, gr = dim Gy — dim G_;.

Classical linear algebra tells us that g; > -+ > ¢g;. Also, GG is simply the kernel
of pol,, + A(no, i), which has dimension ¢ by assumption, just because py has
multiplicity ¢ and A(no, po) is diagonalizable. Thus gy = ¢. Since F' C Gy, we
have ql = dim F <dimG; =g+ -+ g <lg; = lq. Therefore dim G; = dim]:_',
and we conclude that F' = G;, which is the uniqueness property. g

Proof of Lemma 5.1 From Theorem 1.5, the matrix

Alip,n) = —i(A") " (pI, + A(n))

is diagonalizable for real p and n, provided p >> |n|.

In a small neighbourhood of (4, 0), let w;(7,n) be the distinct eigenvalues of
A(7,n), each of them being of constant multiplicity m;, and therefore holomor-
phic. The generalized eigenspaces are holomorphic too and one can choose, using
Kato’s procedure, holomorphic bases {X ]17 . ,X;n"}. Given two indices j and
k < my, the holomorphic map

V(r,m) = (A(r,n) — w;(r,7) X} (7,7)
satisfies
(Re7=0,Imn=0)= (V(r,n) =0),

according to the beginning of the proof. Hence, V' vanishes identically. This shows
that A(7,n) is diagonalizable in a neighbourhood of (i, 0).

Given a point (7,7) in Og, there exists a path I in Oc¢, connecting (z,0) to
(1,m). From the definition of O¢, the generalized eigenspaces of A can be followed
holomorphically along I'. Using the same argument of holomorphic continuation
as above, we see that A(7,n) is diagonalizable. O

5.1.2  The block structure

The proof of Lemma 4.5 tells us much more than actually stated. First,
E_(ipo,no) is the direct sum of subspaces that we denote by E; (possibly
many) and Ey (only one), each one being invariant for the matrix A(ipg,n9) =
—iB(po,n0)7 with

B(po,m0) == (A" (poln + A(mo)) € M, (R).

We notice that the spectrum of —iBB remains unchanged under the symmetry with
respect to the imaginary axis. The component F; is exactly the stable subspace
of A(ipo, o). It may be trivial, or equal to E_, or something else in between.
Obviously, Lemma 4.1 does not apply up to 7 =ipy. The component E; is an
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invariant subspace on which A(ipo, 170) has a unique eigenvalue iy;, the p;s being
pairwise distinct real numbers. Thus the direct sum of the Ejs is the ‘central’
part of E_. We warn the reader that £; does not coincide, in general, with the
generalized eigenspace ker(A —ip;I,)" (see Proposition 5.1 below), so that the
central part of E_(ipg,no) is only a subspace of the central invariant subspace
of A. What the proof above tells us is that, for each index j, the restriction of
A to Ej; is similar to the very regular Jordan block

’L/,LJIq Iq Oq
0, - .0
Jlipjsq.0) = ¢ o0, |

0 R
Oq iujlq

where [ stands for the number of diagonal blocks and ¢ stands for the size of
each one (the multiplicity of —py as an eigenvalue of A(n, 11;).)

What is even more interesting is that the proof can be adapted to the
study of the generalized eigenspace ker(A —ip;I,)™. As a matter of fact, this
subspace extends analytically to nearby values of (7,7), as an invariant subspace
H(r,n) of A(7,n). The latter is the sum of generalized eigenspaces associated
to the eigenvalues of A that are close to ;. These are precisely the roots of
Q(—ir,n,—1i-) that are close to ip;, and their multiplicities as eigenvalues are
q times their multiplicities as roots. Thus, the dimension of H equals ¢/N, with
the notation of the previous section. Again, A being diagonalizable for (r,7)
in O, we see that the minimal polynomial of the restriction of A to H is a
polynomial of degree at most N for (7,7) close to (ipg,n0). By continuity, this
still holds at point (ipo, no). Hence, E; is included in ker(A(ipg, m0) — i)™ . The
same convexity argument about the Jordan tower shows that the spaces G}, have
dimensions kq for every k up to N. Therefore, the Jordan block of A(ipg,no),
corresponding to its eigenvalue i, is exactly the very regular J(iu;; q, N).

Let us now investigate the link between the numbers [ and N. The roots
of Q(—ir,n,-) behave, as (p,n) varies near (pg, 7o), like Nth roots of unity of
the discriminant D(—i7,7n) of the polynomial (Puiseux’s theory), modulo higher-
order terms. Therefore, they form an approximately regular N-agon, centred on
the real axis. Among the N vertices, exactly [ have a negative imaginary part. In
order to evaluate [, we may fix n to the value 79 and let 7 = ipg + v vary along
ipo + RT. Using Newton’s polygon, plus the fact that Q/dp(po, no, po) # 0, we
obtain that the N roots of Q(—i7,nq, ) near py obey

N
(1 — po)™ ~ iy (g@p) ngug) (po, 10, o) = ciy.

One immediately concludes that |20 — N| < 1. In other words, | = N/2 in the
even case, while [ = (N +1)/2 in the odd case.
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The above results, which we summarize in the following proposition, express
the fact that a constantly hyperbolic operator, associated to a non-characteristic
boundary, satisfies the so-called block structure condition, introduced by Kreiss
[103] as an assumption, and proved by Métivier [134] in our context.

Proposition 5.1 We assume that L is constantly hyperbolic and that A? is
invertible. Let (ip,n) be a boundary point ((p,n) is real and non-zero). Then

i) Given a purely imaginary eigenvalue ip of A(ip,n), the corresponding
Jordan factor is a ‘regular’ Jordan block J(iu;q, N), where q is precisely
the multiplicity of —p as an eigenvalue of A(n, u).

it) The space E_(ip,n) is the direct sum of

e the stable subspace of A(ip,n),
® the subspaces E;(p,n) := ker(A(ip,n) —iu;)4 for some index l; € [(N; —
1)/2,(N; +1)/2], where N; is as in point i)).

We complete this information with the following.

Lemma 5.2 Let the operator 0;+ Y., A%0s be constantly hyperbolic. Let
(N0, o) € R? be a non-zero point, and let —pgy be an eigenvalue of A(ng, po). Obvi-
ously, —pg is real, and we denote its multiplicity by q. We denote by R ann X g
matriz, whose columns span the eigenspace ker(pol, + A(no, o)), and similarly
by L a g X n matriz, whose rows span the left-eigenspace of pol, + A(no, to):

L(poln + A(no, o)) = 0, (poln + A(no, po)) R =0, rkR=rkL=q.

Then it holds that

LAR = —S—Z(NO)LR (5.1.1)

in M, (R) (LR is non-singular, since A(no, o) is diagonalizable), where p(y) is
the root of P(-,ng, 1) such that p(ug) = po.

Finally, dp/du(po) is non-zero if and only if the multiplicity of iuo, as an
eigenvalue of A(ipo,no) (from Proposition 1.7, it is a multiple of q), equals q,
that is if N = 1. In that case, dp/du(po) is negative if | = 1, positive if I = 0.

Proof As above, we denote by P = PyQ? a factorization in which pg is a
simple root of Q(-, 1o, to). Classically, there is a unique locally defined analytic
function pu — p that solves Q(-,no, 1) = 0, with p(ug) = po. Also, the right- and
left-eigenspaces depend analytically upon p. This means that the bases of these
eigenspaces can be chosen analytically. In other words, R and L can be extended
analytically with the properties

L) (p(p) In + Ao, 1)) = 0, (p(p)In + A(n0, 1)) R(1) = 0,
rk R(u) = rk L(u) = q.
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Differentiating with respect to u, we obtain

AR (dp .
I, + A(no, — —I,+ A =0.
(oL + Al i) 5+ (o0 + 4%) =0

Multiplying on the left by L, we obtain relation (5.1.1).
Obviously, the multiplicity of i1 as an eigenvalue of A(ipg, 70) equals ¢ times
the multiplicity of uo as a root of Q(po,no,-). It equals ¢ if and only if

0
%(p()?n()a ,U‘O) 7& 07

which amounts to saying that dp/du(po) # 0.
We finally consider the case N = 1. For (7,7) close to (ipo, o), A(7,n) admits
a unique eigenvalue w close to iug. It is an analytic function of (7,7), and

o _ (dp\™
or  \du ’

the latter being a non-zero real number. Since Re w # 0 when Re 7 > 0, we see
that w is a stable eigenvalue for Re 7 > 0, if and only if dp/du(po) < 0. O

Important remark All the results in Sections 4.3.3 and 5.1 do not really
use the fact that (7,7) — A(7,7n) is a polynomial function. The properties are
valid also when its coefficients are rational fractions, provided that the following
assumptions hold true:

i) When 7 = ip with p € R, the matrix B(p, n) := i.A(ip,n) has real entries,
i1) The rational fraction P(7,n,w) := det(wl,, — A(n, 7)) is homogeneous,
i11)) When w =€ with £ € R, the roots of P(-,7,i€) are purely imaginary,
and their multiplicities do not vary with (n,&) # 0 (note that, because of
Property i), the polynomial (p,n, &) — P(ip,n,i€) has real coeflicients),
iv) Given such an eigenvalue i)\;, with multiplicity m;, the kernel of {1, +
B(A;,n) has dimension m;.
v) The boundary points (ip,n) under consideration are not poles of A.
In practice, Properties i) and i) will be ensured by the construction of .4, while

Properties 4i) and iv) will express a form of constant hyperbolicity.

5.2 Construction of a Kreiss symmetrizer under (UKL)

We prove in this section the following important result.
Theorem 5.1 Let a normal hyperbolic IBVP be defined by the domain
Q={zcR?; z4>0},

with a linear first-order operator L and a boundary matrix B, both with constant
coefficients. Assume that L is constantly hyperbolic and that the boundary is
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non-characteristic (det A% # 0). Assume finally that the IBVP satisfies the uni-
form Kreiss—Lopatinskii condition.

Then there exists a matriz-valued €°°-map (T,n) — K(7,1), on Re 7 >0,
n € R |7| + |n| # 0, such that

i) the matriz X(1,n) := K(1,7)A? is Hermitian,
it) there exists a number ¢ > 0 such that, for every (t,7n) and every x € kerB,
the inequality v*3(1,n)x < —c||z||* holds,
i11) there exists a number co > 0 such that, for every (r,n), the inequality
Re M > ¢o(Re 7)I,, holds in the sense of symmetric matrices, where

M = M(7,n) = —(BA)(m,n) = K(7,n) (71, +iA(n))
and Re M denotes the Hermitian matriz (M + M*).

If instead, the matrices A% and B are parametrized (for instance, if L has
variable coefficients) with regularity €* with respect to the parameters z, then
such a symmetrizer ¥ can be chosen with the same reqularity: derivatives 8;’37822
are continuous whenever | < k.

Comments

e Since A? is invertible, it is equivalent to search for a K or for a . In
the following, we shall always work in terms of . The situation with a
characteristic boundary (det A? = 0) raises significant new difficulties. It
will be treated in Chapter 6.

¢ The matrix K is called a Kreiss symmetrizer or a dissipative symmetrizer,
or simply a symmetrizer. It plays, in the present framework, the role that
the identity I, played for symmetric operators with a strictly dissipative
boundary condition. As a matter of fact, if L is symmetric, then K = I,
satisfies trivially point i), while Re M = (Re 7)I,. Finally, 4) is simply the
dissipation assumption.

e When L is symmetric, it may happen that the IBVP satisfies the (UKL)
condition though the boundary condition is not dissipative. In such a case,
the symmetrizer K provided by the theorem differs from I,,.

e All the arguments hold true when the data depend on parameters, exactly
as developed in the proof. Hence we shall present them for a single data,
depending only on (7,7).

The proof of Theorem 5.1 is long and technical, though interesting in its own
way. We shall split it into several steps. From Step 1 to Step 18, we detail the
construction in the case of a strictly hyperbolic operator. We examine afterwards
which steps need a further study for a constantly hyperbolic operator and how
to adapt the proof to this more general framework.
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Step 1 We shall actually build a K that is homogeneous with degree zero, with
respect to (7,7). Therefore, it will be enough to build K or ¥ for (7,7) in the
unit hemisphere, Re 7 > 0, n € R4™1 |72 + |n|? = 1.

Step 2 Since the hemisphere is compact, and since the properties to fill define
convex cones, it will be enough to localize the construction, namely to build
a Xioc in the vicinity of every point, then to cover the hemisphere by a finite
set of such neighbourhoods, and at last to define a ¥ from the corresponding
Y1ocS, using a partition of unity with real non-negative coefficients. From now
on, we thus give ourselves a point (79,79) and we look for a solution ¥ near
this point.

Step 3 The case of interior points, namely Re 7y > 0 is easier, since, choosing
¥ independently of (7,7), it is enough to find a ¥ in H,, satisfying X[z <0

and Re M > 0 at the sole point (79,70). Hence, the construction needs only to
be done pointwisely instead of locally, at interior points.

Step 4 Given an interior point (7,7), we build a symmetizer. We shall use two
lemmas.

Lemma 5.3 Let A be a hyperbolic matriz, and let E_, E, be its stable and
unstable invariant subspaces. Let us define

X_={HeH,; E_ CkerH}.

Then the map T : H — Re (H.A) is an automorphism of X_.
Moreover, if T(H) > 0 with E_ = kerT'(H), then H > 0 with E_ = kerH.

Proof We first prove that T has a right-inverse. For that, let X € X_ be given.
Ifx=2_+ x4 with xy € E5, we define

0
x*Hzx := / y(s)* Xy(s)ds,
where y is the solution of dy/ds = Ay, y(0) = 2. The integral converges since y
decays exponentially fast at —oo. The above equality defines a unique Hermitian
matrix H € X_.

Given h € R and z(h) := z_ + y(h), we have

h
x(h)*Hz(h) := / y(s)* Xy(s)ds.

Differentiating at the origin, we obtain
2 (A*H + HA)x = " Xz,

which means T(H) = X (note that only the component of 2'(0) along E is
important in this calculation.)

The integral thus defines a right-inverse, which proves that 7" is an automor-
phism. If, moreover, X = T'(H) is non-negative, the integral formula shows that
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H is non-negative. Assume additionally that E_ = kerX. If x € kerH, we have

0
/ y(s)" Xy(s)ds = 0,

— 00

which implies that y € E_, that is y = 0 and hence x € E_. O

We apply Lemma 5.3 to A(7,n). Let us choose a non-negative element K in
X _, whose kernel is E_(7,7), and let us define H; = T~!(K, ). From Lemma 5.3,
it is non-negative and E_(7,n) = kerH,. Similarly, choosing a non-positive
Hermitian matrix K_ such that E (7,n) = kerK_, the equation Re (HA) = K_
admits a unique non-negative Hermitian solution H_ whose kernel is E, (7,7).

From the Kreiss—Lopatinskii condition C* = E_(7,7n) @ kerB, there exists a
matrix P such that, for x4+ € E,

(x— + x4 € kerB) <= (x_ = Pz,).

Since the restriction of Hy to E4(7,n) is positive-definite, the restriction of
bH, — P*H_P to E,(7,n) is positive-definite for a large enough positive number
b. We now define ¥ := —bH, + H_. Because of the choice of b, it satisfies point
i1). Moreover, Re M =bK, — K_. As a sum of two non-negative Hermitian
matrices, it is non-negative and its kernel is contained in the intersection of both
kernels, which is E_(r,n) N E4(7,n) = {0}. This matrix is therefore positive-
definite.

Remark When A(7,7) is not hyperbolic, a fact that happens at some boundary
points, at least when |7| >> |n|, there cannot exist an Hermitian ¥ such that
Re (X.A) is negative-definite. Actually, if = is an eigenvector associated with a
pure imaginary eigenvalue p of A, then Re z*¥Ax = (Re p)z*Xx = 0.

Summary After Step 4, it remains to construct a ¥ in a neighbourhood of any

given point (ipg, 7o) of the boundary.

Step 5 We recall our notation 7 = v+ ip. Let Q € GL,,(R) be given. Making
the change of unknowns v = Qu amounts to replacing the matrices A%, B(p,n)
and B by

a®:=QA*Q™Y, B(p,n) = QB(p,mQ"", b:=BQ "

Then, a local solution X(7,7) of our problem yields a local solution o(7,7n) of
the problem associated to the matrices a®, 3 and b, through the correspondence
¥ =: {Qo@Q. Similarly, M is replaced by m, defined by M =: ‘Qm(. One may
even allow @ to depend smoothly on (p,n).

Step 6 Let (ipp,n0) be a non-zero boundary point. Using a change of basis as
above, we may assume that

QoB(po,m0)Qy " =: Bo = diag(Beo, Bno),

where ‘¢’ and ‘h’ stand for the central and hyperbolic parts of A(ipg, 10). Namely,
Beo has only real eigenvalues, while o has only non-real eigenvalues. One may
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even assume that .o has a canonical Jordan form. From the strict hyperbolicity
of L, we know that eigenspaces of B(po, 7o), when associated to real eigenvalues,
are lines because

ker(B(p,n) — pln) = ker(pln + A(n, —p)).

Therefore, distinct Jordan blocks of 3.y have distinct eigenvalues. We shall denote
by m the size of 8.0 and by 8; (1 < j < J) its Jordan blocks. The size and the
eigenvalue of 3; are denoted by m; and p;.

Next, it is well-known'® that an analytical function Q(p,7) may be found in
a neighbourhood of (pg, 19), so that Q(po, n0) = Qo and

Q(p.m)B(p,mQ(p,n)~" =: B(p,n) = diag(B(p,n), Bu(p.n))-

We point out that, by a continuity argument, (), still has non-real eigenvalues,
though the eigenvalues of 8. need not remain real. From upper semicontinuity
of geometric multiplicities, the eigenspaces of . are lines.

Step 7 From the last two steps, we are led to the construction of a local solution

a(7,m) in a neighbourhood V of (ipg, 7o), associated to the matrices a?, 3 and b.

Here, all three matrices depend smoothly on (p,7), but do not depend on ~.
We shall specialize o as follows:

o(y +ip,n) = diag(S + VT, on),
where S = S(p,n), T = T(p,n), on are such that
SeSym,,, Te€Alt,, oncH, .

In particular, S and T have real entries? and this ensures that o is Hermitian.
From m := o(y(a?)~! +i3), we obtain

_ <i55c +7(S(a®) !t = TBe) + O(v?) O(v) >
O(v) tonfn +0(y) )

From the Remark in Step 4, there is no hope that the term S3. would help in
the positivity of Re m. Therefore, we shall ask that

SB. € Sym,,, (5.2.2)
for every (p,n) in a neighbourhood W of (pg,n0). Denoting
Y(p,n): = S(a")! = T8 + (S(ah) ! = Th)
= S(a) + (a")'S = T + BT,
1See, for instance, the procedure used in the proof of Theorem 2.3.

2We recall that, unless another ground field is specified, elements of Sym,, and Alt,, have real
entries.
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we obtain

_ (3Y () +0(%) o)
fem = ( : O(v) Re (ionfy) + 0(7)) : (5.2.3)

Step 8 We wish now to replace the local construction by a pointwise one. Let
us first assume that Y (p,7n) and Re (ionBn) be positive-definite at (pg, o). By
continuity, they remain so, uniformly in some neighbourhood of (pg,79) that we
still call W. Then, decomposing vectors of C™ into their ‘¢’ and ‘h’ components,
we have for every (p,n) in W

Re (X*mX) > ey|Xc[? 4+ c|Xu[? + O(7)| X X,

where ¢ is some positive constant. Using the Cauchy—Schwarz inequality, we see
that m satisfies point 4ii) near (ipg, n0).

In other words, the point i) will be fulfilled locally whenever the following
properties hold

Y (po,110) € SPD,, (R), (5.2.4)
Re (ionfno) € HPD,,_,,. (5.2.5)

Step 9 We finish the work begun in Step 8. To do so, we study condition
(5.2.2).

Lemma 5.4 The equation SB.(p,n) = “B.(p,n)S defines a subspace of dimen-
sion m in Sym,,, for every (p,n) in a small neighbourhood of (po,no). This
subspace varies smoothly with (p,n).

Proof We only have to prove that the map A
S S — 8.5
Sym,, — Alt,,

is onto. Then the analytic dependence of kerA follows from that of A and from
the constancy of the dimension.

Recall that the eigenspaces of . are (not necessarily real) lines for every
value of (p,n) in W. Since the property to prove is equivalent to the injectivity
of the transpose of A:

5= Bes — s'Be
Alt,, — Sym,,,

the Lemma will be a direct consequence of the following one, together with the
fact that {3 is similar to its transpose. O

Lemma 5.5 Let two matrices s,D € M,,(C) be given. We assume that the
eigenspaces of D are lines, that s is alternate, and that *Ds — sD = 0. Then
s =0.
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Proof The fact that the eigenspaces of D are lines means that the minimal
polynomial of D equals its characteristic one. This amounts to saying that there
exists a vector & such that C" equals the Krylov subspace Span{x, Dz, D%z, ...}
(see Exercise 16, Chapter 2 in [187]). In other words, as a C[D]-module, C™ has
dimension one.

Denoting by a the alternate form defined by s, we have assumed that
a(Dz,y) = a(z, Dy) for every z,y € C*. Applying recursively this equality, we
obtain for every k,l € N

a(D*z, D'z) = a(D'z, D*z) = —a(D*z, D'z),

so that a(D¥z, D'x) = 0. Since the vectors D*z span C", we conclude that a = 0,
that is s = 0. O

Assume now that a matrix Sy in Sym,,, satisfies Sof.0 € Sym,,,. Then, from
Lemma 5.4, it is possible to find an analytic function (p,7) — S from W to
Sym,, that satisfies (5.2.2) in W and S(pg,n0) = So.

Hence, in order that o satisfy all requirements near a point (pg,no), it is
enough that (5.2.4) and (5.2.5) hold and

SOﬂcO S Symm. (526)

In other words, we have replaced the local construction of ¢ by a pointwise one.
Thanks to this simplification, we shall drop the index ‘0’ from now on.

Summary After Step 9, it remains to construct three matrices S € Sym,,,,
T € Alt,, and o, € H,,_,,, with the properties that at a given point (p,n) in the
sphere S9! (5.2.2), (5.2.4) and (5.2.5) hold together with

‘7|kerb <0, (5.2.7)
where o := diag(S, o).

Step 10 Since T occurs only in (5.2.4), we analyse first this property, assuming
that S is known. Then Y =Yg —T3. + 8., where Yg € Sym,, is given in
terms of S. Let us remember that 3 = diag(f,...), where the ;s are Jordan
blocks with distinct real eigenvalues ;. We decompose T' =: (T} ), 5 block-wise
accordingly. We note that the block Tj; occurs only in the (7, k)-block of Y,
through 8; T, — TjiBk. Therefore, using the well-known fact that X — NX —
XN’ is an automorphism of M,;(K) whenever N and N’ have disjoint spectra,
we may choose uniquely the offdiagonal blocks T, in such a way that ¥ be block-
diagonal. We emphasize that, Yg being symmetric, this choice is consistent with
the skew-symmetric form of T' that we ask for: it holds that T; = — ’Tjk.

Step 11 We continue Step 10 by determining the (skew-symmetric) diagonal
blocks T;. For that purpose, we use the following lemma.

Lemma 5.6 Lety belong to Sym,,,, and let B be an upper Jordan block of size
m. Then the following properties are equivalent,
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e there exists a skew-symmetric t, such that {8t — t3 + vy is positive-definite.
® Y11 > 0.

Proof The direct implication is trivial, because one always has (t3);; = 0.
To prove the converse, we proceed by induction. There is nothing to prove if
m = 1. If m > 2, we assume that the lemma is true at order m — 1. We use hats
for (m — 1) x (m — 1) upper-left blocks. Since y11 > 0, the induction hypothesis
ensures the existence of an (m — 1) x (m — 1) skew-symmetric matrix ¢, such
that ss;,—1 1= tﬁf — i3+ 7 > 0. We now define

— tA X R O7n—2
e (e XY xe ().

A straightforward computation gives

[7- T _ SSm—1 :

where the offdiagonal terms do not depend on u. Choosing u > 0 large enough,
the resulting matrix is positive-definite. O

Summary Thanks to Steps 10 and 11, we have reduced our task to the
construction of S € Sym,, and oy, € H,,_,,, with the properties that at a given
point (p,7) in the sphere S9!, (5.2.2), (5.2.5) and (5.2.7) hold together with

y; >0, 1<j<J, (5.2.8)

where y; stands for the upper-left coefficient of the jth diagonal block Yj;
of Ys.

Step 12 We decompose as above S blockwise. Then (5.2.2), together with
S € Sym,,,, give '3;S;r = Sjrfk. Using the fact mentioned in Step 10, we find
that Sj, = 0 when j # k. Hence, S has to be block-diagonal. We shall denote by
S; its diagonal blocks.

Step 13 Hence, S3. = diag(S1/51,...) and (5.2.2) reduces to S;3; € Symmj.
Since S; € Symmj as well, we find by inspection that the S;s have the general
form

51
O S92
: (5.2.9)
S1 S92 Smj

with arbitrary numbers si, ..., Sy,

Step 14 Since the block Yj; equals S;a; + 'a;S;, where a; is the jth diagonal
block of (a?)~!, we obtain y; = 2s}aj, where s} stands for the sj-coefficient of
S; and @] stands for the last coefficient of the first column of a;. In other words,
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a{ = (aj)mj;. At this point, it is essential to know the sign of a{. For this, we

note that a] equals ¢'(a?)~1r/, where

are the right and left eigenvectors of 3, corresponding to the block 3;. Defining
(:=/0Q and r=Q 'r', we obtain a{ =(AY) "y, where 7, ¢ are right and
left eigenvectors of B. With the notations of Lemma 5.2, 7 = R and £ = LA‘?
(this again shows (5.1.1) when m; >2), hence af = LR. In particular, a]
is non-zero.

We notice that, when m; = 1, ¢ = ' holds and therefore £'r’ = 1 > 0, which
translates into LAYR > 0. This fixes the respective orientations of L and R. In the
opposite case, one has ¢'r’ = 0, that is LA?R = 0, which leaves the orientations
of L, R independent of each other. In other words, the sign of a] is well-defined
if m; = 1, as the one of (LR)(LA?R), while it is free (depending on our choice
of the Jordan basis) when m; > 1.

Recalling Proposition 5.1, we know that E_(ip,n) is a direct sum of invariant
subspaces E; (1 < j < J) and Ej, corresponding either to the block 3, or to Gy.
The dimension of Fy, is half the size n —m of (B, while that of F; belongs to
[m; —1/2,m; +1/2].

If m; =1, then Proposition 5.1 and Lemma 5.2 show that a{ is positive if
and only if E; is non-trivial. Therefore al > 0if and only if R € E_(ip,n).

If m; > 1, then E; is non-trivial. The sign of a]i may be choosen at our
convenience.

Step 15 Let us denote e_ := QF_(7,n), so that, by the (UKL) condition, it
holds that e_ Nkerb = {0}. From the description given in Proposition 5.1, we
have e_ = e, @ e,, where e, C C™ x {0} and e, C {0} x C"~™. The component
es, which corresponds to the stable subspace of A(ip, n), is the invariant subspace
of [ associated to the eigenvalues (of (},) of negative imaginary parts. The
‘central’ component e. is spanned by some of the m vectors of the Jordan
basis for B.. Within the Jordan basis associated to the jth block 3;, the [; first
vectors are in e, while the other ones are not, where |l; —m,/2| < 1/2. This
allows us to write e. = @;e;. Denoting also by f; the subspace spanned by the
m; — l; last vectors of this basis, by f. their direct sum and by f, the ‘unstable’
component, namely the invariant subspace associated to the eigenvalues (of Gy)
of positive imaginary parts, we obtain C" =e. @ es & fc ® fu =: e— & f+. Note
that, in spite of the notation, fi is not the limit, as (7,7n) tends to (ip,n), of
QE+ (7-7 77) .
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Given a vector x in C", we write its block-decomposition

Th

with obvious notations. Then, in each block z; (1 < j < J), we split into e; and

f;j components:
Ti_
Tj = J .
Lj+

Finally, we denote by z}, = x5 + x, the decomposition in {0} x C"~™. Hence,
the decomposition of z into e_ and f, components reads

Zj— 0
T=T_ +T4 = 0 + Tt

Ts Loy

In the following, we shall identify x_, x4 with the vectors

respectively.

Step 16 The assumption that the Kreiss—Lopatinskii property holds at the
boundary point (ip,n) means exactly that the subspace kerb has an equation of
the form z_ = Px,, where P is an appropriate linear map. From the description
of x4 above, we write P blockwise

Py P,
o ( i D ) .
Psk Psu 1<5,k<J

Let us summarize what we are looking for. We wish to find matrices
S; € Sym,,  of the form (5.2.9), and a Hermitian matrix oy,, with the following
properties:

e for every 7, 5]1 #£0,

¢ when m; = 1, then 3{ is negative if e; is trivial and positive otherwise,

® Re (ionfn) is positive-definite,

e the restriction of ¢ = diag(...,S;,...,on) to kerb is negative-definite.
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An important point is that we do not require that 3; be a standard Jordan block.
Therefore we are free to make a change of variables x — 2’ = Rz, provided it
alters neither the block-diagonal form of o, nor the form (5.2.9) of each diagonal
block. We choose a diagonal change of variable

R = R(e) =diag(...,Rj, ..., In—m),
where
R; = diag(..., Se et e )= diag(U;, Vj).
In other words,

/ . o / . P ! /
v, =Ujzj_, wjy=Vizjy, w,=z5 T

J w= Tuy-

It is important to note that this change of variables does not modify the overall
structure (5.2.9). Therefore, we have to solve the same problem as described
above, with the only change that the equation of kerb is replaced by «”_ = P(€)z!,
for some real number € # 0, where

_ (U;PpVy t UsPy
P(E) N ( Pskvk.il Psu lgj,kSJ'

Step 17 When € — 0, P(e) tends to

0 O
Py - ( ) .
0 Pou 1<5,k<J

Let us assume that a solution of, of the above problem has been found, when
kerd is replaced by the subspace defined by z’_ = Pya’/,. Then, by continuity, o,
is still a solution of the problem for some small non-zero value of €. Hence, going
back to e = 1 through the change of variable, we obtain our matrix ¢. This shows

that we need only to solve the problem in Step 16, when kerb is the subspace
defined by

.I‘j,:O (1 S]SJ); Ts = FeyLo-
Step 18 We study the latter problem. When z;_ = 0 and x; = Py, 2y, then

J
* x O *
rrox = E .%‘j+Sj(Ej+ + X1, 0hTh,
j=1

where S’j is one of the following three matrices

J J J J J J
81 S5 82 S3 53 Sy
J Lt L J L L J .
Sy . . S3 . . Sy
. . 5 . . 5
J J J
S7nj S‘I’)’Lj SmJ
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The problem clearly decouples. On the one hand, we wish to find, for each j,
a negative-definite matrix 5']- of the form above. This can be found easily when
m; > 1, since then there is no constraint on the entries s{, .... When m; =1,
there are two cases. Either e; is trivial, and then S ;= (s{), where the constraint
is s{ < 0, obviously compatible with our task. Or e; is non-trivial, then S'j is
void and there is nothing to prove. Hence the problem concerning the S’js can
always be solved.

On the other hand, we have to find a Hermitian matrix oy, such that
Re (ionfn) is positive-definite, and the restriction of o}, to the space defined
by zs = Psyx, is negative-definite. Noting that, from the Kreiss—Lopatinskii
condition, this subspace is transverse to the stable subspace of —if,, this is
exactly the same problem as the one solved in Step 4.

Step 19 We now turn to the case of a constantly hyperbolic operator. Only
Steps 6, 9, 11, 13, 14, 16 and 18 need some adaptation.

In Step 6, the description of .o is given by Proposition 5.1. The blocks 3;
have distinct eigenvalues. Each one is a regular Jordan block J(u;q, N).

Step 20 The adaptation of Lemma 5.4 in Step 9 is subtle. Actually, the
dimension of the space of symmetric matrices S such that S3.(p,n) = B.(p,n)S,
though constant, will not be equal to m, but to another number, see below.
Let us first note that we can consider instead the complex dimension of the
set of complex symmetric matrices with this property®. Now, any conjugation
B+ P~13P induces the transformation S +— PSP on the solutions, thus pre-
serving the dimension. We use this argument in two ways. First, we may assume
that

Belp,n) = diag(..., Bi(p;n), - - ),

where §; are smooth functions of their arguments, and the §;(po,n0)s are the
regular Jordan blocks J(1;;¢;, N;), with distinct real eigenvalues, described in
Step 19. Then the fact recalled in Step 10 tells us that solutions S must be block-
diagonal too, say diag(...,Sj,...), since the §;s keep disjoint spectra. Next, we
may assume that each 3;(p,n) has a Jordan form (here, P need not depend
smoothly on (p,n)). Let us note that the arguments in Section 5.1 adapt to every
eigenvalue of 5(p,n) (not only the pure imaginary ones): to each eigenvalue, there
corresponds a unique Jordan block, a regular one. More precisely, 5;(p,n) is a
collection of blocks J(w;gj, N.,), with w in some finite set 2;. The geometric
multiplicity g; is the same for all elements w, because geometric multiplicity is
upper semicontinuous, and because all ws are roots of the same factor P,gj in the
characteristic polynomial (see Proposition 1.7).

3We prefer considering solutions in Sym,, (C) rather than in H,,, because the latter is not a
complex vector space.
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Again, the diagonal block S; must be of the form diag(...,SY

¥, ...), where

S ‘](w qja ) J( ﬂQjaNu)S;)-

As in step 13, we find that S¥ must have the form (5.2.9), where now the terms
s1,... must be ¢; X ¢; symmetric matrices. Such matrices from a vector space of
dimension N,¢;(g; +1)/2. Summing over ;, we see that the set of solutions S;
has dimension N;q;(g; + 1)/2. Finally, the set of solutions S has dimension

Z 5N;a;(q; + 1),

obviously a constant number in a neighbourhood of (pg, 7).

Step 21 In Step 11, Lemma 5.6 adapts straightforwardly to the context of
regular Jordan block J = J(u;q; N). The existence of a skew-symmetric real
matrix ¢ such that tJt —tJ + y is positive-definite is equivalent to the positivity
of the upper-left diagonal g x ¢ block y11. The proof goes by induction on N.
Therefore, condition (5.2.8) is unchanged up to the fact that yi; is now a ¢ X ¢
block, instead of a scalar.

Then y; = sjal + ‘als], where s] € Sym, is to be chosen. The lower-left
block o’ may be written, as in Step 14, as LR, where L = £/Q(A%)~', R = Q=+
and

=11, |, and ¢ =(..,04140,,...).

Rows of L and columns of R span the left and right kernels of pI,, + A(n, 1)
(notations of Lemma 5.2). In particular, a] € GL4(R). When N (which plays the
role of m;) is larger than 1, 7' = 0, holds, hence LAY R = 0, which is consistent
with identity (5.1.1) and the fact that dp/dp vanishes at this point. Then, we are
free to compose L and R with two independent invertible ¢ X ¢ matrices (this is
reflected in a modification of the change of basis Q). This allows us to prescribe
any arbitrary invertible value to a}, for instance +I,. Consequently, y; = £2s7]
and we may choose any positive- or negative-definite s{.
On the other hand, when N =1, LAR = I, holds, hence from (5.1.1)

al = (d,u) I, yj= Q(du) s7.
In conclusion, s must be chosen positive-definite if E; is non-trivial, but
negative-definite if F; is trivial.
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Step 22 In the requirements of Step 16, the first item must be read j:s{ €
SPD,, for every j (instead of s] # 0). Next, each diagonal block R; must be
chosen in the block-diagonal form

R; = diag(...,€I, ey, e, ).

The rest of the step works in exactly the same way.

Finally, there is even more room for the choice of Sj in Step 18. It may again
be chosen so as to be negative-definite.

The proof is complete. O

5 €lg;,

Comment The construction of the dissipative symmetrizer with some uniform
estimates reduces quite easily (Steps 1 and 2) to a local problem. At interior
points, the construction can even be done pointwise (Step 3), with a Lyapunov
stability argument (Step 4). Thus, most of the proof is devoted to the con-
struction in the neighbourhood of boundary points (ip,n). At such points, we
separate the hyperbolic and the central part of B(p,n) (Steps 5 and 6). The
symmetrizer is block-diagonal in terms of the invariants subspaces of B(p,n)
(Step 7). The treatment of the hyperbolic part is similar to the case of interior
points (Step 18). Thus there remains the central part. What is hidden in the proof
above is that the construction is rather simple when the central part of B(p, n) is
semisimple, that is diagonalizable. Suppose that its eigenvalues are simple, or that
their multiplicities are locally constant. Then the symmetrizer is block-diagonal
and certain parts of the analysis (Steps 13 to 18) are essentially trivial. Thus
the deeper part of the proof concerns the so-called glancing points, which are
boundary points (ip,7n) at which two (or more) real eigenvalues of B(p,n) cross
each other. This is the only place where we make use of the assumption of strict
or constant hyperbolicity. Finally, Steps 19 to 22 only adapt the construction
from the strictly to the constantly hyperbolic case.



6

THE CHARACTERISTIC IBVP

6.1 Facts about the characteristic case

In this section, we place ourselves in the characteristic case: A? is singular. We
denote by m the dimension of its kernel. Using a linear transformation, we may
assume that

with a? € GL,,_,,(R). Since we may not hope for a better result than in the non-
characteristic case, we also assume that the operator L is constantly hyperbolic.
From Theorem 1.7, the upper-left block in the block decomposition of A(n) is
of the form I(n)I,,, where [ is a linear form on the space of frequencies'. In
other words, [ is a vector in the physical space, whose last component vanishes.
Without loss of generality, the change of variable (z,t) — (x — tl,t) preserves the
physical space {4 > 0} and leads to the situation where

_( Om a12(77)>

a0 =,y ).

We recall that the boundary matrix B satisfies? ker A% C ker B, which means here
that B has the form B = (0pxm, B2).

In the following, we often use block decomposition. For instance, a generic
vector u € C™ will split as (v,w)?, with v € C™. Thus the kernel of A¢ is given
by the equation w = 0. From Proposition 4.3, we have E_(7,n) N kerA¢ = {0},
hence E_(7,7n) is isomorphic to its projection e_(7,7) on the w-component. The
subspace e_(7,7n) can be defined equivalently as the stable subspace of the Schur
complement

Aalr) = (@7 (7L iealo) + Sam(ara(o)).

The reciprocal map from e_(7,7n) to E_(7,7) is obviously

R -]

The matrix Ay has been shown to be hyperbolic (Lemma 4.3).

!Whenever m > 2, this is in contradiction with Assumption 1.1 of [127], where the upper-left
block was required to have simple eigenvalues.
2This property is called reflexivity in [150,151].
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As mentioned in Section 5.1, (7,1) — e_(7,n), and (7,n) — E_(1,n) also,
admit continuous extensions at boundary points, except perhaps at 7 = 0. It is
unclear whether the property E_(7,1) NkerA? = {0} extends to such points,
though it will be a necessary condition for the uniform Kreiss—Lopatinskii
condition, because of kerA¢ C kerB.

6.1.1 A necessary condition for strong well-posedness

We now present a new restriction that the strong well-posedness imposes to the
IBVP. Amazingly enough, this restriction concerns the operator L only, but not
the boundary matrix B. It is thus of a very different nature from the uniform
Lopatinskii condition. Of course, this condition is trivially satisfied when the
boundary is non-characteristic.

We start from the estimate in Definition 4.6. Considering a trivial initial data
ug = 0, we may extend u by zero to negative times and then take the Laplace—
Fourier transform in (¢,y). The estimate implies

“+oo
/ / / Aily + i, m, 2q) Pdodndag + / / A%y + io,n,0)Pdody
0

+oo 1 ~
<C (/// ;ILu(VHa,n,xd)pdgdndxd + //|B@(7+w7n’0)|2dadn>_
0

Since ﬂ(r,n,xd) = (1 +iA(n))t + A%/ decouples with respect to (7,7), this
estimate is equivalent to

+oo
(Re 7) / fi(r, 0, 2a)| Pz + [A%(r,m, 0)
0

1 too
< c( | Bt caPaea+ Ba<r,n,o>|2),
Re T 0

for every pair (7,7) with Re 7 > 0. The constant C, being the same as above,
does not depend on (7,7).

We now specialize to the solutions of the differential-algebraic system (71, +
iA(n))a + iA% = 0 that decay at +oo. These solutions take values in E_ (7, 7).
Using B = Bow with @ =: (v, w)?, the above estimate amounts to

(Re 7) (|[v]|72 + [[w]|F2) + [w(0)]* < C|Bow)|?. (6.1.1)
Since Tv + ia12(n)w = 0, (6.1.1) reduces to the inequality

(Re 7) (|71 llarz(mwlZ2 + [lwl|F2) + [w(0)[* < C|Baw(0)[*. (6.1.2)
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Estimate (6.1.2) splits into three inequalities, among which two are familiar to
us. For instance, one of them is the uniform Kreiss-Lopatinskii condition®

(Re 7> 0,7 € R, w(0) € e_(r,n)) => (lw(0)| < C|B2w(0)]).

The new fact is the estimate
Clr|
a wilrz <
lar2(n)w|[zz < TRe:

However, since we shall require the (UKL) condition, the only new information
is the coarser estimate

|Baw(0)].

C|r
szl < 2L fu(o).

where w(xg) := exp(x4A2(T,n))w(0).

We emphasize that (6.1.3) does not depend on the particular choice of a
boundary condition. It is a property of e_(7,7) itself, which is necessary in order
that some boundary condition exists for which the IBVP is strongly well-posed.
For this reason, we use the following notion.

Yw(0) € e_(7,7), (6.1.3)

Definition 6.1 Let L be a hyperbolic operator and A(§) be an eigenvalue of A(E),
of constant multiplicity m in a neighbourhood of e?, with \(e?) = 0. Without loss
of generality, we may assume also that d\(e?) = 0; hence A% and A(n) have the
structure described above. We then say that L is stabilizable* if (6.1.3) holds
true, with a constant C independent of (n,7) in the unit hemisphere.

The previous analysis shows that:

Proposition 6.1 With the notations above, assume that there exists a boundary
matriz 8 with fu := Paw, such that the IBVP associated to (L, ) in the half-
plane {x4 > 0} is strongly well-posed. Then L is stabilizable.

We shall discuss two examples, taken from [127]. In the first one, the property
does not hold, while in the second, we show that it does for every Friedrichs-
symmetrizable system. The latter might be seen as a consequence of Proposi-
tion 6.1, since it is rather easy to find a strictly dissipative boundary condition
for a symmetric operator, and such a boundary condition automatically satisfies
(UKL).

First example We consider the case where as; = 0. Then the operator L
decouples, since w obeys a differential system Low = f5, which does not involve

3Remember that in a characteristic IBVP, we expect a boundary estimate of only A%u, that is of
the w component.
40ne should say stabilizable in direction e.
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the component v at all. Since the boundary condition involves w only, the IBVP
itself decouples between a sub-IBVP

Low = fo,  wli=0 = wo, Baw|s,=0 = g2,
and an ODE for v, where w enters as a source term:
Vt = fl - alg(Vy)w.

Let us assume that L, is constantly hyperbolic and that the sub-IBVP satisfies
the (UKL) condition. Then, for L? data, the solution w is uniquely defined (see
Theorem 4.3) and is L2. The fact that the source term a12(V,)w is only of class
H~1 is not necessarily a cause of trouble; after all, the pure Cauchy problem is
well-posed in L? since L is constantly hyperbolic®, though it decouples as well.

In the present case, e_(7,n) is precisely the stable subspace at frequency
(1,m) for the operator Lo. From Lemma 4.5, it extends continuously at boundary
points, and in particular at (0,7), provided i is non-zero. Since Ay (7, 7n) does not
display any singularity, we may pass to the limit in (6.1.3) if the full IBVP
is well-posed, obtaining aj2(n)w = 0 almost everywhere when w(0) € e_(0, 7).
Since w is continuous (as the solution of the differential equation w’ = A5 (0, n)w),
this implies a12(n)w(0) = 0. In other words, the well-posedness of the full IBVP
requires that

e_(0,n) C keraya(n), Vne R (6.1.4)

In most cases, (6.1.4) implies that a1 = 0. For instance, if n —m =2 and Lo
has one positive velocity in each direction, then e_(0,7n) is a line, spanned
by some eigenvector r of A(0,7). Let A be the corresponding eigenvalue:
(Aa? +ias(n))r = 0. This vector cannot be real, since otherwise A would be
purely imaginary, A = ¢u, and Ly would have a zero velocity in the direction
(n, 1), contradicting the assumption of constant hyperbolicity for L. Since aq2 is
real valued, (6.1.4) implies that both Re r and Im r belong to its kernel. Hence
the kernel has dimension at least two, which means a5 = 0.

In conclusion, if as; = 0 and if Ly is constantly hyperbolic with non-vanishing
velocities, so that L is itself constantly hyperbolic, then most of the choices of
the non-zero matrix a;12(n) violate the stability condition (6.1.3).

We finish this section by giving an example of such an operator Ly (n — m =
2, strict hyperbolicity, with a negative and a positive velocity in each direction):

0 1 1 0
Lo (Y Do () %)a

We point out that the above analysis works under the weaker assumption
az1(n)aiz(n) = 0.

5Here, the velocities of Ly may not vanish, in order that L be constantly hyperbolic.



162 The characteristic IBVP

Friedrichs-symmetrizable operators We have the following result:
Theorem 6.1 Let L be Friedrichs symmetrizable. Then (6.1.3) holds true.

Proof Multiplying by the Friedrichs symmetrizer, we may assume that L has
the form

L="S0+ ) S"Oa;

with symmetric matrices S and Sy, the latter being positive-definite. Let u be
a decaying solution of

(780 4 iS(n))u + S’ = 0.
Multiplying on the left by u*, taking the real part and integrating, we obtain

2 1 * _ 1 *
(Re m)||ullz= < U (0)S%u(0) = W (0)s%w(0).

This contains in particular Inequality (6.1.3), since the v component of u is

—it rays (n)w. O

6.1.2  The case of a linear eigenvalue

The purpose of this section is to identify a natural class of operators L for
which a symbolic dissipative symmetrizer could be constructed. Our motivations
are twofold. First, we wish to admit some of the operators that we encounter
frequently in physics. Second, the L2-well-posedness necessitates a few additional
properties, one of them being stabilizability.

Let £ — A(€) be the eigenvalue of A(€), responsible for the characteristicity
of the boundary. Thus A(e?) = 0. Because of the constant hyperbolicity, A
is differentiable for £ # 0. Since it is homogeneous of degree one, we deduce
d\(e?)e? = 0. On the other hand, we do not alter the nature of the IBVP by
chosing a moving frame that travels at a constant speed, parallel to the boundary.
This amounts to changing the variable as (x,t) — (2/,t), with 2’ = x — tl and
lg = 0 (see above). Choosing | = d\(e), we are led to the case where d\(e?) = 0.

There are realistic cases where this reduction yields the property A = 0. For
instance, A could have been linear in the initial setting, a fact that happens,
for instance, when its multiplicity m is strictly larger than n/2 (Corollary 1.1).
This is the case in hydrodynamics when the fluid velocity is tangential along
the boundary (no mass transfer across the boundary). A second possibility
is that rotational invariance makes the spectrum depend only on |£|. Then
A = 0 follows directly from A(e?) = 0. This happens for Maxwell’s equations in
electromagnetism.

We summarize in the following proposition the properties displayed by the
matrices A(§) when A = 0 is an eigenvalue of constant multiplicity m > 1. In par-
ticular, the eigenvalues of A2 remain bounded as 7 goes to zero. This fundamental
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property is crucial when estimating the derivatives of the solution of the IBVP
with compatible data. It has been shown in [127], through counterexamples,
that the failure of this property is responsible for a loss of order in the estimates
of derivatives: L2-norms of derivatives of order r > 1 require the L2-norms of
derivatives of the boundary data, at some order (typically 2r) strictly larger
than r. See also a discussion at the end of the section.

Proposition 6.2 Assume that d > 2 and L is constantly hyperbolic, with A = 0
being an eigenvalue of A(E), of multiplicity m > 1 (for £ #0). Without loss of
generality, assume that A has the form

0,, O
0 at)-

e Given p, the number of positive eigenvalues of A?, the matriz A(€) has
precisely p positive eigenvalues and p negative eigenvalues for € #0. In
particular, n — m = 2p is even.

Then:

® One has
O, ai2(n) d—1
A = R R.
(. ) <a21(17) az(n) +pa® ) " © P e
e [t holds that
a12(n)(az(n) + pa) " asi (n) = Op, (6.1.5)
whenever & = (n,p) € C? satisfies det(az(n) + pa?) # 0. In particular, it
holds that
dy—1 d—1
ai2(n)(a®) a2 (n) =0, neC . (6.1.6)

More generally, we have

a2 () (@) (az()(@®) ™) az () = O, 7 €T EEN.  (6.1.7)
o If¢ = (n,&q) € C? satisfies det(az(n) + £qa?) # 0, then dim(kerA(€)) = m.
o If ¢ = (n, p) € RY satisfies det(a(n) + pa?) # 0, then

(—00,0) N Sp (a12(n) (az(n) + pa) "asi(n)) = 0. (6.1.8)

e The eigenvalues of As(7,m) admit finite limits as 7 — 0 with n # 0. The
real part of these limits does not vanish. These limits are the roots u of

det(as(n) + ipa®) det(In + ara(n)(as(n) + ipa®)~>asi(n)) = 0,
which is a polynomial equation.

Proof Since A =0 has a constant multiplicity and A(£) has only real eigen-
values, and since the unit sphere of R¢ is connected, the number of positive
eigenvalues of A(£) is constant, thus equal to p by taking ¢ = e?. Since the
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spectrum of A() is the opposite of that of A(—¢), the number of negative
eigenvalues is p also. The total number of eigenvalues is n on the one hand,
m + 2p on the other hand.

The second point is a direct consequence of Theorem 1.7, since m¢ A(n)me is
the upper-left block of A(n) when & = e?.

Assume & = (n,p) € RY,  with det(az(n) + pa?) #0. By assumption,
ker A(n, p) has dimension m. One easily finds

kerA(n, p) = {(v, —(a2(n) + pa®) "ta21(n)v) | v € keraiz(n)(az(n)
+pa®) " tazi (n)}.

This implies dim kera2(n)(a2(n) + pa?)"tazi(n) > m. Since this kernel is a sub-
space of R™, it must therefore equal R". Hence the matrix vanishes. In particular,
we find

kerA(n, p) = {(v, —(az(n) + pa?) @21 (n)v) [v € R™}. (6.1.9)

Analyticity ensures that (6.1.5) holds true even for complex values of (7, p).
Hence, formula (6.1.9) remains valid (replacing R™ by C™). This shows that
dimker A(¢) = m whenever det(az(n) + £4a?) # 0. Expanding (6.1.5) in terms of
1/p as p tends to infinity, we obtain (6.1.6) and (6.1.7).

When £ # 0 is real, diagonalizability tells us that kerA(£)? = kerA(€). This
amounts to

—1 ¢ Sp (a12(n)(az(n) + pa®) a1 (n)) .

By homogeneity, this is equivalent to (6.1.8) (notice that (6.1.8) is obvious if L
is symmetric).

By assumption, the characteristic polynomial P(X;¢) := det(X 1, — A(£))
factorizes as X™Q(X;¢), where @ is itself a polynomial in X. Since X™ is
unitary, the quotient @ is itself polynomial in €. As a polynomial in (X,§), @
is homogeneous of degree m. Since the multiplicity of the null root of P(+;¢&) is
exactly m when £ # 0 is real, we have

Q(0;¢) #0, ¢eR\ {0} (6.1.10)

Since P contains the monomial X&)~ det a? and since det a? # 0, the degree
of @ in &, is exactly n — m. Using Schur’s Formula, we have

Q(X;€) = det(X Iy — as(n) — €ga” — X agi(n)arz(n)).
Substituting X = i7 and {; = iu, we obtain
Q(ir;n,ip) = (det(—ia?)) det(As(n, 7) — pln_m)-

Hence the eigenvalues of As(n, 7) are the roots of Q(iT;n,i-). Since the degree
of @@ with respect to its last argument equals its total degree, these roots are
continuous functions of (1, 7) everywhere, and especially at the origin.
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When 7 — 0, these roots tend to those of Q(0; 7, i-). Because of (6.1.10), these
limits have a non-zero real part (notice that 7 # 0 here.) To obtain an expression
of Q(0,n,iu), we use again Schur’s formula, obtaining

P(X,g) = det(XIn—m - a2( ) - fdad) det(XIm - a12(77)
X (XInm — az(n) — €aa®)) " az ().
Expanding

(XIp—m — az(n) = Laa®) ™" = =~ X*(ag(n) + Laa®) ™1,
k>0

and using (6.1.5), we find
det(XIm - a12(XIn,m —as — fdad))_lazl) =X" det(Im + alg(ag + fdad)_2a21)

+O(X™).
Hence
Q(X;€) = det(XIn—m — az(n) — €aa”) det(Ly + a12(n)(az(n) + Eaa®) "2azi (1))
+O(X).
Setting X = 0 and &; = iu, we find the limit equation. O
Comments

i) It happens frequently that ao1(n)ai2(n) # On—m (we have seen that this
is a necessary condition for stabilizability.) For instance, if L is Friedrichs
symmetric, it happens whenever a12(n) # 0, a natural fact when the IBVP
does not decouple between a trivial ODE v, = f; and an IBVP of smaller
size. If as1(n)a12(n) # Op—m, then the matrix As(n,7) is unbounded as
7 — 0, though its eigenvalues have finite limits. Hence it does not remain
uniformly diagonalizable: Eigenvectors associated to distinct eigenvalues
tend to become parallel. However, eigenvalues do not merge in general (a
counterintuitive fact, but Ay does not have a limit as 7 — 0); for instance,
if m=mn—2, then p=1 and Q(r,in,-) has exactly one root of positive
real part and one of negative real part, this dichotomy persists as 7 — 0,
since the roots of Q(0;in,-) may not belong to iR. Hence the roots remain
distinct.

it) In the Friedrichs-symmetric case, (6.1.6) tells us exactly that the range
R(az1(n)) is an isotropic subspace for the quadratic form gg defined on
R"~™ = R? by (a%)~!. Since qq is non-degenerate with p positive and
p negative eigenvalues, its maximal isotropic subspaces have dimension
p. Hence rkasi(n) < p. Let us examine two examples. The first one is
Maxwell’s system of electromagnetism, for which (d,n,m,p) = (3,6,2,2).
Easy calculations show that rkasi(n) =2 = p for every n # 0. Thus our
inequality is sharp. Its optimality is reinforced by the following observation.
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Since p = (n —m)/2 = 2, the set I5(qq) of g4-isotropic planes is a manifold
of dimension one®. This dimension fits with that of the projective space on
which the map 1 +— R(az21(n)) is defined. One checks easily that the range
of this map is precisely a connected component of I5(gq).

The second example is the linearized isentropic gas dynamics (or
acoustics). With the normalization A = 0, the ground velocity is zero. In
suitable units, the operator reads

(P pr + divu
u) \ug+ Vp '

Here, (n,m,p) = (d+1,d —1,1). Again, the equality rkasi(n) =1=p
holds. However, the set of isotropic lines is discrete (it consists in two
elements). Thus the map n — R(a21(n)) is constant, although it is defined
on a projective space of dimension d — 2. This constancy could be checked
by direct calculation.

Why should A = 0 hold?

Our first motivation is an observation made by Majda and Osher in [127]. As
mentioned in Proposition 6.2, the eigenvalues of As(7,n) have finite limits as
T tends to zero, the singularity of As. It turns out that when the eigenvalue,
responsible for the characteristic nature of the boundary, is not a linear function
of the frequency, then As(7,7) admit eigenvalues that tend to infinity as 7 —
0. Majda and Osher showed that such a behaviour, although compatible with
strong L2-estimates, is responsible for a loss in the estimates of the derivatives.
Typically, boundary data of class H? are needed in order that the trace of the
solution be of class H!.

The following analysis, due to Ohkubo [150], is related to the former com-
ment and gives a partial explanation for the choice of a constant (or a linear)
eigenvalue. Let us assume that the IBVP is well-posed in L2, in the sense of
Definition 4.6. We wish to show that this well-posedness extends to the class
H'. Thus we give ourselves data f = Lu, g = voBw and a = 0 that belong to
H' in their respective domains. By assumption, we know that there exists a
unique solution w = (v, w) that is at least square-integrable on (0,7") x €, and
such that w has a square-integrable trace along the boundary. Thus we seek for
the integrability of the first-order derivatives. First of all, we differentiate the
equation Lu = f in directions parallel to the boundary (tangential derivatives).
We see that 0,u solves the IBVP

LXo =0af, Y0BXa =049, Xa(0)=0.

Since the data are square-integrable, we obtain that d,u € L? and that d,w has
a well-defined trace that is square-integrable too. The same procedure may be

61t may be identified to the set of straight lines contained in a one-sheeted hyperboloid. In
particular, it has two connected components.



Facts about the characteristic case 167

applied to the time derivative Xj:
LXo=0uf, ~BXo=0og, Xo(0)= f(0).

Hence 0;u and 0;w have the required properties.
We now turn towards the normal derivative dqu. Using the second part of
the system, we have

dqw = (a®) ™! (fo — dyw — as(Vy)w — az (Vy)v). (6.1.11)

Equation (6.1.11) immediately tells us that dqw is square-integrable and admits a
square-integrable trace”. However, it remains to study d4v. To handle this term,
we differentiate the first part of the system and we use (6.1.11). We obtain an
ODE

0y (0av — a12(Vy)(a®) " 'w) = Oaf1 — a12(Vy)(ah) ' f2 + a12(Vy)(a?) taa(Vy)w
+ a12(vy)(ad)_1a21(vy)v.
Assuming Property (6.1.6) and also

a12(n)(a®)"taz(n) = 0, (6.1.12)

which together imply (6.1.5), the right-hand side reduces to Jyf1 —
a12(Vy)(a?) 71 fa, a square-integrable data. Thus d4v — a12(V,)(a?) 1w, hence
0qv, is square-integrable (notice that we do not need a boundary condition for
8,11}.)8

Ohkubo’s conclusion is that a sufficient condition for the IBVP be well-posed
in H' is that both (6.1.6) and (6.1.12) hold true. Though it is not clear that these
conditions are necessary, it looks reasonable to restrict ourselves to the class of
such operators. This is the choice that we shall adopt in Section 6.2. Using a series
expansion, we see that these conditions imply (6.1.5), which means that kerA()
has dimension m whenever det(az(n) + pa?) # 0. By a continuity argument, we
see that zero is an eigenvalue of A(£) of multiplicity larger than or equal to m,
for every direction &, whence A = 0.

6.1.3 Facts in two space dimensions

From now on, we assume that our operator L is symmetric, with a zero eigenvalue
of constant multiplicity m > 1. We denote by p = (n —m)/2 the number of
positive (negative) eigenspeeds in every direction £ # 0.

We shall need to consider the isotropic cone of A(§):

(€)= {ucR"; vl A(&)u = 0}.

"Notice that the analysis would be complete at this stage if the boundary was not characteristic.
This explains why only one condition (UKL) governs the well-posedness of non-characteristic IVBPs
in every Sobolev space, while we need an extra condition in the characteristic case, to pass from the
well-posedness in L? to that in H'.

8The way we used (6.1.11) does not seem optimal. We expect that a cleverer analysis could yield
the weaker condition (6.1.5), instead of (6.1.6) and (6.1.12).
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The intersection of these cones as & runs through R? is denoted I'. Obviously,
ker A(€) is a subset of T'(§). Actually, we proved in Theorem 1.7 that kerA(¢') C
(&) for every &, & with £ # 0. This implies not only

kerA(¢') C T, (6.1.13)
but also
kerA(€) + kerA(E) C T(E)NT(E), VE#0, ¢ #0. (6.1.14)

We now assume that d = 2 and denote by H the sum of the kernels ker A(§) as
¢ runs the unit circle. Then T' = T'(§) N T'(¢') whenever £ A &' # 0. Hence (6.1.13),
(6.1.14) and the fact that each I'(§) is a quadratic cone give us:

Proposition 6.3 Assume that d = 2, the operator L is symmetric and the zero
eigenvalue has constant multiplicity m > 1. Then it holds that

> kerA(§) = H C T :=[|T(9). (6.1.15)
££0 3

Comments

e It is worth pointing out that the sum (of vector spaces of dimension m)
H can be a rather big subspace. However, Propositions 6.2 and 6.3 tell us
that, as any isotropic subspace I'(§), its dimension is less than or equal
to m + p. What is even more striking is that in the examples of physical
interest?, the dimension of this sum is actually equal to m + p. Hence all
the quadratic forms A(£) have a maximal isotropic subspace in common!
As we shall see in the following, this property plays a crucial role, so that
we shall take it as an assumption for the planar restrictions of L.

e Property (6.1.15) would be false in higher space dimension, for there is
no reason why u? A(¢”)u’ would vanish for u € kerA(¢) and u’ € kerA(¢")
when &, &', £" are linearly independent.

In the next result, we assume that H is of maximal dimension (namely m + p)
and we use the canonical form for the symbol A():

_( 0w a12(§) o
AE) = (a21(€) ag(f)) € Sym,,, a® = ag(ed).

Since H contains kerA? = R™ x {0}, it splits as R™ x H; where dim H; = p.

Lemma 6.1 Assume that d =2 and dim H =m+p (mazimal dimension).
Then Hy is its own a®-orthogonal space. If € #0, then H is its own A(€)-

orthogonal subspace.
Proof Since a? is non-degenerate, dim Hi- = 2p — dim H; = p. Since Hi
contains Hy, it thus equals H;. Similarly, H is self-orthogonal with respect

9For example, acoustics, linearized gas dynamics, Maxwell’s equations, linear elasticity.
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to A(€). Since it contains kerA(¢), its A(&)-orthogonal must be of dimension
m +n —dim H = dim H, whence the result. O

Corollary 6.1 Assume that d = 2, the operator L is Friedrichs symmetric and
that the subspace H =3 o kerA(§) is of mazimal dimension, namely m + p.
Then it is possible to choose the u-co-ordinates in such a way that A(£) reads

_ (Omp BE)
A(f) - (ﬁ(ggT 5@)) ) (6.1.16)

where §(§) € Sym,,, while 3(§) € M(y4p)xp 18 injective for £ # 0.

Conversely, if A(€) reads as above and [(§) is injective for & # 0, then the
operator L = 0y + A(V,) is Friedrichs symmetric, and zero is an eigenspeed of
multiplicity m in every direction of the plane.

Proof Assume that H is of maximal dimension m + p. One chooses orthogonal
co-ordinates in which H = R™*? x {0}. Since the co-ordinates are orthogonal,
the symbol remains symmetric. Because H is isotropic for every A(&), the symbol
has the form described in (6.1.16), with §(§) symmetric. Let g belong to ker/3(§)

and & # 0. Then
1) () = (50 €7

From Lemma 6.1, we deduce that (0,q)” € H, which means ¢ = 0. Hence 3(£)
is injective.

Conversely, assuming that 3(€) is injective, we see that ker A(¢) = ker3(¢)T x
{0}. Since the rank of 37 equals that of 3, namely p, we find that ker3(£)7 is of
dimension m +p —p = m. O

In the following, we shall consider symmetric operators in any space dimen-
sion d > 2. Given a vector n € R?~! = R4~1 x {0}, we shall denote H (n) the sum
of the kernels kerA(¢) as ¢ # 0 runs over the plane spanned by 7 and e?. From
Proposition 6.3, H(n) is isotropic for both A% and A(n). Since H(n) contains
kerA? = R™ x {0}, it splits as R™ x H;(n), where H;(n) is isotropic for both
a and az(n). As mentioned above, we shall assume that H(n) is of maximal
dimension, namely m + p, meaning that H;(n) has dimension p. In particular,
we have the following identity:

(a®)""Hy(n) = Hi(n)*. (6.1.17)

6.1.4  The space E_(0,n)

We now characterize the limit E_(0,7n) of the stable subpace E_(7,7) when
7 — 0 with Re 7 > 0. Recall that the latter is associated to the differential-
algebraic system

(t1, +iA(n))u + A% = 0.
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Following the analysis of the previous section, we assume that L is Friedrichs
symmetric, that zero is an eigenvalue of multiplicity m > 1, that d > 2 and that
dim H; (n) = p for every n € R¥~1\ {0}. As above, we use the block decomposi-
tion u = (v,w)T with v € C™, w € C"™ = C* and

_( Om a12(n)
Aln + gded) = <G21(77) a2(7732+ fdad> .

If w € Hi(n) and v € R™, then (v,w)? € H(n), hence (v,w)” € I'(n), mean-
ing that 20T ay2(n)w + wlaz(n)w = 0. Since this is valid for every v, we conclude
that a12(n)w = 0, whence

H, (T]) C keralg(n). (6118)

Introducing Ho(n) := Hy(n)* (with respect to the standard Euclidian product),
we derive that

R(ag(n)) € Ha(n). (6.1.19)
The differential system rewrites
T + iaja(n)w =0, diag (n)v + (7 + ias(n))w + a®w’ = 0,

from which we may eliminate v:
1
aw’ + (1 +iaz(n))w + ;agl(n)alg(n)w = 0. (6.1.20)

We shall denote e_ (7, 7) the w-projection of E_(7,7), that is the stable subspace
of the system (6.1.20).

In the decomposition C?P = H;(n) &+ Ha(n), we denote by m = m(n) the
orthogonal projection onto Hi(n). With ¢ = 7w and g2 = 771(1 — m)w € Ha(n),
we have w = q1 + 7¢2 and the system reads

a’q +iaz(n)q1 + az1(n)ai12(n)g2 + 7{a’eh + q1 + iaz(n)g2 + 72} = 0. (6.1.21)

We write an equivalent system by projecting onto Hi(n) and Hs(n) separately.
The important point is that the first three terms in (6.1.21) belong to Hz(n)
(use the fact that H;(n) is isotropic simultaneously for a? and for as(n), and use
(6.1.19)). Hence the system becomes
aqy +ias (g1 + az1(Mara(n)ge = —7(1 — m){a’gs + iaz(n)gz + g2},
ralgh + q1 +imaz(n)ga = 0.

This can be written in a compact form as

() -z ().

Since we proceeded by changes of variables, Z(7,7) is conjugated to Ax(7,7n),
hence it is of hyperbolic type. Its stable subspace is of dimension p. What is even
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more important is that Z(7,n) has a limit Z(0,n) that is hyperbolic too. As a
matter of fact, the formal limit of the above system, as 7 — 0, writes as

a’q) +iaz(n)q1 + az1(n)arz(n)gz = 0, (6.1.22)
ma’qy + q1 + imaz(n)gz = 0. (6.1.23)
Since a? is invertible, the first line determines ¢ in terms of 1, g2. On the other

hand, if Ta%q = 0, then a%q € Ha(n). From (6.1.17), we conclude that ¢ € Hi(n).
Hence the second line determines ¢4, showing that the system can be written in
the form ¢’ = Z(0,7n)q and that Z(0,n) is the limit of Z(7,n).

Proposition 6.4 The matriz Z(0,n) is hyperbolic: It does not have pure imag-
imnary eigenvalues.

Proof Let g satisfy Z(0,n)q =iaq with a € R. Denoting by iry + ro the
decomposition of ¢, we have

—(aa® + az(n))r1 + az1(n)arz(n)ry = 0,
w(aad +az(n))ra+m =0.

One may assume that r; and ry are real. Multiplying the first line by rl the
second one by r{ and summing, we obtain the identity

[r1]? + Jaz2(n)ra|* = 0.

It follows that g € Ha(n) Nkeraiz(n). Then the equations reduce to (aa +
az(n))q € Ha(n). All this means

0
A© (§) € 00 x Haln) = HON, €=+ ae”
Using Lemma 6.1, we conclude that (0,q)7 € H(n), namely q € Hy(n). Since

q € Hs(n), this gives ¢ = 0. a

Lemma 6.2 There exists a linear map N(0,n) such that the equation of the
stable subspace of Z(0,1n) is

q1 = N(Oﬂl)(h
Moreover, one has kerN(0,n) C kerai2(n).

Proof Since the dimension of the stable subspace is p, we have to prove that
its intersection with H;(n) is trivial. Thus, let ¢(x) be a solution of the limit
differential system, vanishing at +oo. Multiply (6.1.22) by ¢4 and (6.1.23) by ¢7,
sum both equations, then take the real part. One obtains

d
lg1 ] + lar2(n)ge|* + LRe (g5a’q) = 0.
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Integrate now from 0 to +oco, we obtain

+o00
/0 (a1 + lar2(n)aal?) dz = Re (42(0)a%1(0)).

If ¢2(0) vanishes, we deduce that ¢; = 0, hence ¢;(0) = 0. This proves that the
stable subspace is parametrized by ¢o.

Assume now that N(0,n)r = 0 with r € Ha(n). The solution of the differential
system with initial data ¢1(0) =0 = N(0,n)r, ¢2(0) = r, vanishes at +oo. Hence
g1 = 0 and a12(n)g2 = 0. Whence a12(n)r = 0. O

A standard perturbation argument tells us that the stable subspace of Z(0, )
is the limit of that of Z(7,n). Thus there exists a linear map N (7, 7n) that depends
smoothly on (r,7) when 7 is small, such that the latter has an equation ¢ =
N(7,m)g2. In other words, E_(7,n) is given by

E_(1,n) = {(=iar2(n)r, N(r,n)r + 7r); v € Ha(n)}.
Passing to the limit as 7 — 0, we obtain
{(=iai2(n)r, N(0,m)r); v € Ha(n)} C E_(0,7). (6.1.24)

When the right-hand side in (6.1.24) has dimension p, the embedding is an
equality that gives a complete description of E_ (0, 7). However, one does not see
any good reason why this would hold true for every n € R=1\ {0}.

From Lemma 6.2, equality occurs in (6.1.24) unless N(0,7) is singular. We
examine the latter property. If r € kerN(0,7), then there exists (see the proof of
the lemma) a non-trivial g(z) that takes values in Hy(n) Nkeraia(n), and such
that (see (6.1.23))

7T(fdfldql +ia12(n)q) = 0.

Let 2* exp(oz)ro be a leading term in q as ¥ — 400, then Re o < 0 and 7(ca? +
ia12(n))ro = 0. In other words, the vector U := (0,7)7 satisfies

UecHm)t, An+&eU € H(n)'t, (6.1.25)

for a g = —io that is non-real. Conversely, let U # 0 satisfy (6.1.25) with a non-
real 5. We have U = (0,7)” with r € Ha(n). Up to a complex conjugacy, we
may assume that the imaginary part of £; is positive. Then ¢(z) := exp(i&y)r
is a decaying solution of our differential system that satisfies ¢;(0) =0 and
¢2(0) =7 # 0. Hence N(0,n) is singular. We summarize our results in the
following statement.

Proposition 6.5 The linear map N(0,n) is singular if and only if there exists
a non-zero vector U € C" that solves the generalized eigenvalue problem (6.1.25).
When N(0,7) is regular, then

E_(0,n) = {(—ia12(n)M(0,n)z, 2) ; z € Hi(n)}, (6.1.26)
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where M (0,n) := N(0,n)~t. In particular, the w-projection of E_(0,7), as well
as the limit of e_(7,m) as T — 0, equal Hy(n).

Note that the eigenvalue problem (6.1.25) could not have a non-trivial solution
when & is real, as shown in Proposition 6.4.

Examples of physical interest

In practice, we are interested in examples that come from physics, where conser-
vation laws are likely to hold. We have in mind fluid dynamics, electromagnetism
and elasticity. The systems are known as acoustics, linearized gas dynamics,
Maxwell’s equations and linear isotropic elasticity. All of them have a zero
eigenspeed of constant multiplicity; in the case of linearized gas dynamics, one
must assume a solid boundary, and choose a frame moving with the boundary
velocity.
Except for the elasticity, one has the remarkable feature

az(n) = 0gp. (6.1.27)

We emphasize that (6.1.27) prevents the eigenvalue problem (6.1.25) from hav-
ing a non-trivial solution, since H(n) is its own A%orthogonal. Hence the w-
projection of E_(0,n) equals Hi(n) in every direction.

Let us examine linear elastodynamics. There is no loss of generality in
assuming that d = 2, since all the above analysis deals within planes spanned
by e? and a tangent vector 7. The system reads as

OF +Vz=0, Oiz+divl =0,
with F(z,t) € Ma(R), 2(z,t) € R? and
T =\NF + FT) + u(TrF)I,.

The vector field z represents the opposite of the material velocity, while the stress
tensor 7' is an isotropic function of the infinitesimal deformation tensor. Actually,
the skew-symmetric part Fio — F5; decouples from the rest and we may restrict
ourselves to the system that governs the evolution of z and the symmetric part
of F. Since the system admits a quadratic energy

oo A T2 , M 2
2|z| +4|F+F | +2(TrF),

it is Friedrichs symmetrizable. Given cp := +/2XA + pu (the velocity of ‘pressure
waves’), the choice of variables

u = (2v/ AN+ 1) Fiy, ecpVA (Fig + Fo), ¢bFag + pFuy, cpzi, cpza)”

puts the system in the symmetric form Lu = 0, where A({) has the canonical
form

_( Om a12(1) _
A(g) = (0121(77) az(n;:_ fdad) ;&= (n,8a)-
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We have

as(n) + Eaa’ = <b(2~2)T b(()i))’ b(¢) = <§Z>/§D g;g) (6.1.28)

and a12(n) = (0,0, 20/ A\ + u)/cp,0)7.

In these variables, one checks that H(e') = R3 x {0}. Since n=5, m =1
and p = 2, H(e!) is of dimension m + p and the previous analysis applies. Let us
consider now the eigenvalue problem (6.1.25). If (0,7)7 is a solution, then r has
the form (0,¢)” with ¢ € C? and q € kerb(¢) Nkerayz(n). Here, & = (n,&4) with
a non-real £;. Since

det b(¢) = (§Gep — p?/ep)VA

cannot vanish (otherwise £; would be real), we must have ¢ = 0. Thus, there is
no non-trivial solution. We conclude that N(0,e!) is non-singular.

More generally, in any space dimension and for every tangent vector n # 0,
the space H(n) is of dimension m + p and the limit E_(0,n) is parametrized as
in (6.1.26).

6.1.5 Conclusion

Let us summarize the results obtained in this section. It is difficult to characterize
hyperbolic operators L admitting an eigenvalue A of constant multiplicity m > 1,
such that A\(e?) = 0. Hence, we have simplified the class of admissible operators
by using as natural as possible arguments.

First, we explained why a linear A is likely to occur. Without loss of generality,
this allows us to restrict ourselves to A = 0. A nice consequence of this assumption
is the boundedness of the spectrum of As(7,n) as 7 — 0, a property needed for
an acceptable estimate of derivatives of the solution of the IBVP. Another one
is that n — m =: 2p is even whenever d > 2.

Next, the concept of stabilization led us to a slightly more restricted class. We
showed that symmetric operators are stabilizable, but that far-from-symmetric
ones (say ag1a12 = 0,_,,,) are not. Since the examples encountered in the natural
sciences are endowed with a quadratic ‘entropy’ (being often an energy) and thus
are Friedrichs symmetrizable, we restrict ourselves to symmetric symbols A(€).
Without loss of generality, one may write

0 a12(n) d
A6 = m =1+ £qe”.
(5) <a12 (,'7>T as (77) + fdad ) f n fd

For every non-zero tangent vector, we introduce the sum H (7)) of the kernels
kerA(¢) as & runs over Ry @ Re?. We showed that it is an isotropic subspace
for all these A(§) simultaneously. In particular, its dimension is not larger than
m + p. Examples from physics suggest we can assume that

i) the dimension of H(n) is mazimal, namely it equals m + p for every tangent
n# 0,
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it) the generalized eigenvalue problem (6.1.25) does not have a non-trivial
solution.

Under these assumptions, we know that the stable subspace F_(7,7n) admits
a unique limit E_(0,n) as 7 tends to zero, keeping a positive real part, and
this limit is described in (6.1.26). And since the boundary matrix has the form
B = (0, By), we have:

Proposition 6.6 Assume properties i) and i) above. Then the uniform Kreiss—
Lopatinskii condition is satisfied in the neighbourhood of (0,7) if, and only if,

C? = kerB, @ Hy(n). (6.1.29)

6.1.6  Ohkubo’s case

This is the case where we shall be able to construct the dissipative symmetrizer
in the next section. Recall that Ohkubo considers Friedrichs-symmetric operators
with as = 0,,_,,. Thus we have

_( Om  ai2(n) _ _
A(6) = <a21(77> ¢at ) ,an(n)’ =aw(m), (@' =a

The important point is the following.
Proposition 6.7 In Ohkubo’s case, it holds for n € R4=1\ {0} that
keraiz (1) = R((a?) ™ azi(n)),
or equivalently
ker(a12(n)(a®) ") = R(azi (1))
In particular, the subspaces kerai2(n) and R(ag1(n)) have dimension p.
Proof We already have the inclusion
R((a®) " a21(n)) C keraya(n), (6.1.30)

from (6.1.6).
Let us make £ = (1,0) with 7 # 0. Then kerA(§) = kerazi(n) x keraia(n).
Since 0 is an eigenvalue of multiplicity m whenever £ # 0, we infer that

m = dim keraq2(n) + dim kerag (1).
However, we also have
m = rkas (1) + dim keras; ().
We obtain therefore
rk((a?) a1 (1)) = rkaz (1) = dimkeraz(n),

implying the equality in (6.1.30). O
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Corollary 6.2 In Ohkubo’s case, the conclusion (6.1.29) of Proposition 6.6
applies.

Proof We have to check properties i) and ).
When &4 # 0, we have

kerA(€) = {(&aX, —(a') laz(n) X | X € R™}.
Also, when £; = 0, it holds that
ker A(£) = kerasi(n) x keraia(n).

It follows easily that H(n) = R™ x keraj2(n). This space is of dimension m + p,
hence maximal.

On the other hand, let U be a solution of (6.1.25). Since H(n)* = {0} x
R(az21(n)), we have U = (0, az1(n)z). Then

et = (G )

We deduce that a12(n)as1(n)z = 0, whence U = 0. O

Remarks We warn the reader that our assumption on the symbol does depend
on the choice of space co-ordinates in which {x4 = 0} is the boundary of the
domain. A consistent assumption is that there is a tangent vector W, such that
as(n) = (n-W)a? for every n in R?~1. This allows us to choose co-ordinates in
which ag = 0,,—,,, while the boundary is still {zy = 0}. In other words, the lower-
right block in the symbol needs to move along a one-dimensional space (notice
that a? is a generator of this line since it is a non-zero matrix.) It is clear from
(6.1.28) that the system of isotropic elasticity does not satisfy this assumption.
We leave the reader to check that the Maxwell system of electromagnetism, as
well as the system of acoustics, do. Since isotropic elasticity does not belong to
the Ohkubo’s class, the construction of the forthcoming section does not apply
to this system. Since the choice of Ohkubo’s assumption is sufficient but not
necessary, this does not simply anything about the solvability of the general
IBVP under (UKL) in elasticity. A more elaborate construction, specific to the
system of isotropic elasticity, is given in [141,142], which proves the solvability
of IBVPs in space dimension two and three.

6.2 Construction of the symmetrizer; characteristic case

The solvability of the IBVP under (UKL) will be shown, as in the non-charac-
teristic case, with the help of a symmetrizer K(7,7). We recall that we restrict
to Friedrichs symmetric operators L = 0y + A(V) that have a null eigenvalue of
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constant multiplicity m, and such that A(¢) has the form®°

A, &) = (a b agjfﬂ))  peRLeeR

The symmetrizer will satisfy again the two requirements that ¥ := K A? is
Hermitian and Re M (7,n) > co(Re 7)I,, with the notations of Section 5.2. Also,
it will be homogeneous of degree zero and bounded.

As mentioned before, it is not possible to obtain an estimate of the full
trace of u on the boundary, in the same norm as the boundary data. What
we may reasonably expect is an estimate of the trace of A%u. For this reason, the
restriction of 3 to the kernel of B cannot be negative-definite since it vanishes on
ker A¢. Hence, we ask only that this restriction be non-positive, while vanishing
only on kerA¢. In other words, this restriction will be bounded from above by
—co(ANT A, with ¢y > 0. Since kerA? C kerB, this condition will involve only
the vectors w € C"~™ such that (0,w)T € kerB. The space of these vectors is
simply kerBs.

The special form of A% and the fact that ¥ is Hermitian immediately imply
that K has the form

Ki(7,n) 0
K(, = ' )
= (G K
where Kya? =: ¥ is Hermitian. We now list the objects we are looking for:

i) Find parametrized matrices K (7,7), K21(7,1) and K3(7,7), homogeneous
of degree zero and uniformly bounded on Re 7 > 0, 7 € R4,
i) Such that ¥a(7,n) := Ka(7,n)a is Hermitian,
i11) The restriction of ¥y to kerBs must be less than —col,,—,, with ¢g > 0

independent of (7,7n). In other words, we need a positive ¢;, independent
of (1,7m), such that

Yy < —colp_m + 1 BT Bs.
That inequality may also be written
Y < —c(ADHTAY + ¢, BTB,
iv) And finally,
Re M(7,n) > ¢o(Re 7)1, V(7,7), (6.2.31)

where

L . _ TK1 iKlalg
Mer) = K(en + i40n0) = (e e e e ),

ONotice that we work only in the simpler and natural case as = 0,,_p,. To our knowledge, the
systematic construction of the symmetrizer in a more general context is an open question.
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We note that, since L is symmetric, the choice K = I, fills three of the four
requirements. The remaining one, that X5 restricted to ker By is negative-definite,
would then be a dissipation assumption.

Our assumption, besides constant hyperbolicity, is the uniform Kreiss—
Lopatinskil condition that E_(7,7) NkerB is trivial for every pair with Re 7 > 0,
n € R4, (1,1) # 0. The definition of E_(7,n) for Re 7 = 0, 7 # 0, is as usual
by continuous extension. Such an extension to points with Re 7 = 0, 7 # 0 exists
and follows from the same arguments as in the non-characteristic case. The
continuous extension to points (0,7) was described in Proposition 6.6.

In the following, we shall use the following property, equivalent to (UKL), that
e_(1,m) NkerBy is trivial for every pair with Re 7 > 0, n € R4~ (7,7) # 0.

Steps 1, 2 and 3 of the proof of Theorem 5.1 work as well. Therefore, we
are led to construct the symmetrizer pointwise at interior points (Re 7 > 0) and
locally at boundary points (Re 7 = 0). We shall split the latter case into two
subcases, according to whether 7 # 0 or 7 = 0.

Interior points When (7,7) is a fixed interior point (Re 7 > 0), we only have
to build K (7,n) satisfying i), 39 < 0 on kerBs and Re M > 0 at the sole point
(7,m).

Following Step 4 of the non-characteristic case (see Chapter 4), we first choose
a Hermitian matrix ¥ that satisfies 35 < 0 on kerBs and Re Yo As(7,71) < 0.
Such a 3o does exist, because of (UKL): (kerBs) Ne_(1,7n) = {0}.

Next, we choose

_ 7
Ky =%(ah)™, Koy = —;Kzam,

so that

7K1 iKja
me = (T ).

It remains to choose Ky = €ky, with k; € HDP,, and € > 0 small enough. This
ensures Re M > 0 and ends the construction in the case of an interior point.

Ordinary boundary points (Re 7 =0, but 7 # 0) The above computation
suggests to rewrite M in the general form

M(r,m) = <TII{(/1 —Egjﬁ(—lﬂ—a};2K’a12) . K':=71Koy +iKsas.
With this notation, we are searching a triplet (K3, K’,Y) instead of
(K7, Ko1, K2). The matrix ¥y is Hermitian. Matrices K7 and 35 are homogeneous
of degree zero, while K’ has degree one.

As long as 7 does not approach zero, we may choose K1 = €l,,, and K’ = ieal,,
with € > 0 small enough. This would have worked well in the case of interior
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points yet. Such a choice yields

_ (€e(Re 1) 0
Re M(r,n) = < 0 Re (—X.A45) — e(Re T)T|_2a1T2a12) '

Let (79, 10) be given, with Re 79 > 0 and 79 # 0. Following the non-characteristic
case, the uniform Kreiss—Lopatinskii property ensures that there exists a Her-
mitian matrix Yo (7, n) defined in a neighbourhood V of (79, 7g), homogeneous of
degree zero and bounded, whose restriction to F'¢ is negative-definite, and such
that Re (—32A2) > 2co(Re 7)I,,—p. Property v) will then be satisfied provided
ealyary < co|7|* I in V, which is true when e is small enough.

We emphasize that the above construction of Y5 needs the block-structure
property for the matrix As(7,7) near glancing points (see [134]). This property
is ensured by the important remark in Section 5.1 and the following identity,
coming from Schur’s complement formula (see [187]):

det(7I,, + A(in,w))
7m det ad

where the right-hand side is analytic near (7g, 19, w) for every w.

det(wlp_m — As(7,1)) = , (6.2.32)

Central points (7 =0) From now on, we shall focus our attention on the
vicinity of points of the form (0,79) with 79 # 0, where the previous analysis
does not apply.

In such a neighbourhood, the symmetrizer (actually an incomplete one, see
below) will be chosen as a linear combination of three simpler matrices:

K(r,n) = K" (n) = AK () + uK™ (), A >0, u>0.

The real parameters A, p will be chosen later. The role of A is to ensure the
dissipativeness of the boundary condition, while the role of i is to ensure that
Re M > ¢yyI, with a positive cy. It turns out that it is possible to choose A first,
and then to adapt p.

The three pieces are given by the formulae

K' .= diag(Om,a21a12(ad>_1)’
K .= diag(am(ad)f?%ha21a12(ad)72 + (ad)ilazlam(ad)il)’

where we drop the argument n for simplicity, and (recalling our notation 7 =
Y +ip)

IIr . Om 0 . dy—1
K= (—kzazl sz) o hai=olat)
o = i(aglalg(ad)_l — (ad)_1a21a12)~

Note that ¥ := K A% has the form diag(0,,, 22). We denote by X1, ... the blocks
that correspond to K7, .... Then

I 17 dy—1 dy—1 117
22 = 21012, 22 = aglalg(a ) + (CL ) a21012, 22 = po.
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These matrices are clearly Hermitian, thus Yo = 211 — AXL + u2217 s too.

We shall often work with variables (p,q) in C*~™, where w =p+ g and
p € keraja, ¢ € R(a21). Because of the Kreiss—Lopatinskii condition, written at
7 =0, we have C"™"™ = kerBs @ keraio. In other words, ker B, has an equation
of the form p = Dgq, where D(n) is some linear operator. Obviously, D depends
smoothly, thus boundedly, on 7/|n|. On kerBy, the norms |w| and |g| are
equivalent, uniformly in 7.

As the Hermitian form w + |a12q|? is positive-definite on ker By, there exists
a (large enough) A such that the form

w — w* B w —  w*SLw
is negative-definite on kerBs, uniformly in 7. Regardless of the value of u, the
restriction of ¥y to ker By will be uniformly negative-definite for p, hence 7, small
enough.
We now turn to the study of the Hermitian form Q(u) := Re (v*Mu), in
which we use repeatedly (6.1.6). It decomposes naturally into Q' — \Q! +

wQ™T where X\ has been fixed yet and y is still at our disposal. The formulse for
each piece are:

Q'(u) = Re (r¢*azaia(a’)~'p),
Q" (u) = v (|(a®) " tan v’ + |a12(a®) "'pl?) + Re (7¢"asia12(a”) "w),
QHI(u) = Re (w*ka(—vya21v — iag1a12q + pTw)),
where we notice that
w ks = i(q*ag1ara(a®) ™ — p*(a?) taziarz) (). (6.2.33)

Let us establish some bounds, where the numbers cy,c; > 0 may be taken
independently of 7. On the one hand, we have

QT (w)] < erlllpllal, Q™ (u) = cov (Jazivl® + [p|*) — erl7| |w|[g]. (6.2.34)
On the other hand, (6.2.33) yields

w¥ ko (—yagv — iag1a12q + pTwW) = iq*aglalg(ad)_2(—'ya21v — ia91G12q + pTW)
—iprp*(a®) tazia12(a®) " 'p
= [(a®)agia129]* + p(p — i7)|ara(a®) " p|?
+0(lgl laz1v]) + O(lpr| g [w]),

whence

QM (u) = co (Ja” + p?IpI*) — c1lal(v]aziv] + |pr] [w]). (6.2.35)

Let us choose u > 0 large enough so that the quadratic form puco(X?2 +Y?) —
2¢1 XY is positive-definite. This allows us to absorb the bad terms —cq|p|[p] ¢



Construction of the symmetrizer; characteristic case 181

of Q1 and —AQ! into the positive terms of p@/!. This results, with a slight
change of the positive numbers cg, c1, in the following lower bound

Q(u) > co (laz1vl* + [p*) + co (g + p*[pI?)

— calal (Il lal + ylwl +~laziv] + p?fwl) -

Using Young’s inequality in the last three terms, we obtain

o
Qu) = co (v(lazvf? + p2) + *lpl?) + (5 — 1) lal?

3%t o aaiol? 4 )

50 v |lw v |ag1v prlwl|?) .

It is now clear that there is a neighbourhood V of the origin, such that 7 € V
implies

* 1
Q(u) := Re (u*Mu) > coy (|a21’U|2 + |p|2) + ¢ (3|q2 + p2p|2> . (6.2.36)

Looking back at our results, we find only one flaw, which lies in (6.2.36):
The form @ dominates only as;v but not v itself. If as; is one-to-one, that is
n = 3m, then our construction gives us the symmetrizer that we were looking for,
otherwise it does not. In the general case, let us denote by K° the symmetrizer
that we have defined above, and ©9, Q° the corresponding Hermitian forms. Our
final symmetrizer will be of the form K = K° + eI,,. We shall have

Sy =5 +ea’, Qu) = Q%u) + evlul’.
For every choice of € > 0, the form @ satisfies our requirement
Q(u) > co|ul?

for an appropriate ¢y > 0. At last, a small enough € does not hurt the negativeness
of the restriction of $9 on ker By. This completes the construction of a dissipative
symmetrizer. We leave the readers to convince themselves that the inequalities
satisfied by ¥ and @ are uniform in 7.
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THE HOMOGENEOUS IBVP

We continue the analysis of strong L2-well-posedness that we treated in the
previous chapters. However, we weaken our requirements by considering only
the homogeneous IBVP:

(Lu)(x,t) = f(x,t), z4,t>0,y€R"T, (7.0.1)

Bu(y,0,t) = 0, t>0,yeRITL (7.0.2)
u(z,0) =ug(x), x4>0,yecR"". .0.

0 0 RZ-1 7.0.3

The boundary condition is therefore Bu(t,y,0) = 0, instead of Bu = g with a
general data ¢g. An important consequence is that (7.0.1)—(7.0.3) is a semigroup
problem: At a formal level, the solution should read

u(t) = Spug —|—/ Si—sf(s)ds,
0

where (S¢);>0 is a semigroup on some Banach space. What we expect is that
this is a continuous semigroup on each Sobolev space H?({2). However, it is
not so simple to follow the standard strategy of semigroup theory, and we shall
merely use the same tools as in the non-homogeneous IBVP: Fourier-Laplace
transformation, dissipative symmetrizer, Lopatinskii condition, Paley—Wiener
Theorem and duality. The main difference with the non-homogeneous theory lies
in the estimate we ask for: since the input consists only in two terms, say u(-,0)
and Lu, we do not require an estimate for the boundary value of the solution.
This has two important consequences. On the one hand, the Kreiss—Lopatinskii
condition is weakened. On the other hand, strongly well-posed IBVPs in the
above sense may admit surface waves of finite energy.

When dealing with second-order IBVPs, an important case, which we do not
treat here, is when the pair (L, B) expresses the Euler-Lagrange equations of

some Lagrangian
1
Lu] = // (2|ut|2 —W(qu)) dz dt

over H(2 x R;). This special situation encompasses the examples of the wave
equation with the Neumann condition, and of linearized elastodynamics with zero
normal stress at the boundary. The theory of such problems is done in [189,190],
where it is shown that the Hille-Yosida Theorem can always be applied.
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The present chapter is thus devoted to the more general situation of first-
order problems.

As usual, strong well-posedness means that we have control of the solution
exactly in the same terms as for the data. Since the boundary condition does
not really involve a data (it is trivial), we do not require any control of the trace
of the solution along the boundary. Therefore, we say that the homogeneous
IBVP (7.0.1)~(7.0.3) is strongly well-posed in L? if for every ug € L?(Q2) and
f € L*(0,T; L?(f2)), there exists a unique solution u € € ([0, T]; L?(2)) with the
estimate

T T
- _ 1 _
e (117 +7/0 e |lu(t)|[2dt < C (IIuolliz + ;/O e 2”tlf(?f)lzmil?f)-

(7.0.4)
Hereabove, all norms are taken in L?(€2).

BVP vs IBVP When the initial data ug vanishes identically, we may extend u
and f to negative times by zero, so that the extension @ is a solution of the BVP
for Li = f on R x €, instead of (0, +00) x Q. We say that the homogeneous BVP
is strongly well-posed in L? if for every > 0 and every f € L2(0,+o0; L*()),
the IBVP with uo =0 has a unique solution in L2(0,+oc; L*(Q2)), with the
estimate

T C T
| et < S [ e sl (05)
0 7" Jo

where C' does not depend either on f or on 7.

We therefore say that our BVP is strongly well-posed if, for every u smooth
with compact support in space and time, the property Bu(y,0,t) = 0 implies an
estimate

T C T
/ e ult) et < / 27| Lu(t)|Zadt. (7.0.6)
0 0

We have seen in Section 4.5.5 that the well-posedness of the BVP is a step
towards that of the IBVP, the passage from the former to the latter needing
an extra argument, due to Rauch. Because we do not estimate the trace of the
solution, Rauch’s argument does not work out in the homogeneous case. For this
reason, the well-posedness of the homogeneous IBVP remains an open question.
So far, the only cases where the IBVP is fully understood is the symmetric
dissipative one (see Section 3.1), and more generally the ‘variational’ case treated
in [189,190).

Need for a modified Lopatinskii condition When considering Friedrichs-
symmetric operators with classical dissipative symmetrizers (see Chapter 3),
we observed that the amount of dissipation needed to treat the homogeneous
IBVP was weaker than that required for the non-homogeneous problem. Since
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Chapter 3 stated sufficient but not necessary criteria for well-posedness, we
cannot draw a definitive conclusion from it. However, we anticipate that some
condition weaker than (UKL) would ensure the homogeneous well-posedness, at
least for constantly hyperbolic operators.

Before entering into the details, we make the following observations. On the
one hand, since our preliminary study of Section 4.2 dealt with the homogeneous
problem, we already know that the Kreiss—Lopatinskii condition is necessary for
well-posedness. On the other hand, the well-posedness of the non-homogeneous
IBVP clearly implies that of the homogeneous one. Therefore, at least for
constantly hyperbolic operators, the truth for the homogeneous case must lie
somewhere between the Kreiss—Lopatinskii condition and its uniform version.

7.1 Necessary conditions for strong well-posedness

In this section, we derive a necessary condition that we expect also to be
sufficient when the differential operator is constantly hyperbolic. The sufficiency
would be ensured, as in the non-homogeneous case, by the existence of a Kreiss
symmetrizer, though a weakly dissipative one, instead of strongly dissipative. We
postpone its construction to Section 7.2.

For the sake of simplicity, we assume that the boundary is non-characteristic.
Also, it will be comfortable to consider only constantly hyperbolic operators.
This allows us to extend by continuity the stable subspace E_(7,7) and the
Lopatinskii determinant to boundary points (Re 7 = 0, (7,7) # (0,0)).

Our necessary condition will be derived from the stability of the homogeneous
BVP (instead of the corresponding IBVP). As a matter of fact, it is not hard to
see that the well-posedness with ug = 0 implies the well-posedness of the BVP.

At the level of the Laplace-Fourier transform, the estimate (7.0.6) amounts
to saying that

C
[v]lr2 < @”F”L% (7.1.7)

for every v € L%(R") such that
F:=v — A(r,n)v € L*(R"), Rer>0,necR!
and
Bv(0) = 0.

Let us introduce the decomposition v = vs + v, into a stable part v, €
E_(7,m) and an unstable one v, € E{(7,7). Decomposing F := (AY)~1Lf, we
have

dv,,
difd Au(Ta U)Uu + U (7 8)
du,

= As(T,n)vy + F, (7.1.9)

dxd
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where A, s represent the restrictions of A to Ey. Let us fix a pair (7,7), with
Re 7 > 0. The spectra of A, s have, respectively, positive/negative real parts.
Since v, s are square-integrable on R, and F,, s are square-integrable, we have

—+oo
vy (zg) = — / elra=2) A (2)dz, (7.1.10)

d
xq
vs(z4) = e, (0) —l—/ e@a=2)A B (2)dz, (7.1.11)
0

where v5(0) is to be determined in E_(7,7).
Denoting

kur(T,m) i= |z = exp(—2Au) [Lr@+),  ksr(T,m) = |2 = exp(zAs) || - ®+),
Young’s inequality gives
[vulle < Fua(m, )| Full 2 (7.1.12)

and similarly
[vsllze < s i (T Fsllze + ks 2(m,m)[vs(0)]. (7.1.13)
The boundary condition writes as

“+o0
Buy(0) = B/ e A E (2)dz.
0

Let us assume the Lopatinskii condition, since it is necessary for the stability.
Then B : E_(1,n) — CP is an isomorphism for every pair (7,7) with Re 7 >0
and € R4~1. We denote by 3(7,7) the norm of its inverse:

|wl

srn) =swp { 1w e B (r}.

Then we have
vs(0)] < [|BI|B(7, mku2 (T, | Full L2,

which yields the estimate

vl < (IBIIB(T mku2 (T, mks,2(T,1) + kua (T.m)) (| Fullz 4 ks 1 (7, )| Fs| L2
(7.1.14)

Finally, introducing the norm N(7,n) of the splitting z — (zs, 2,,), we end with

[0l < N(70) (IBIB(T, m)ku2 (T, mks 2(7,0) 4 ka1 (7,1) + Ks 1 (7,m)) | F| L2
(7.1.15)

We now discuss whether (7.1.14) may result in (7.1.7) or not (this is essentially
generalizing the study of 2-D wave-like equations by Miyatake [139]). Up to
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unlikely cancellations, (7.1.14) implies (7.1.7) if, and only if,
N(T7 T]) (6(7—7 ’r])ku,Q(T7 77)1%2(7'7 T]) + kUJ (T7 77) + k371 (T7 7]))

is bounded by a constant times (Re 7)~!. Thus we evaluate the magnitude of
each term N, 3, k¢, 4, as (7,71) approaches Py. Since we know that the stability
holds at interior points (Re 7 > 0), we may focus on the neighbourhood V of
boundary points Py = (ipog,no). Likewise, the stability holds true in V as soon as
the Kreiss—Lopatinskii condition is satisfied at P,, since we were able to build
a dissipative Kreiss symmetrizer in this case. Therefore, we may consider only
those boundary points where the Lopatinskii determinant A vanishes. We thus
assume A(Fp) = 0.

Let us begin with non-glancing points. Since then E_ (ipg, o) and E4 (ipg, 7o)
are supplementary, N(7,7n) remains bounded in V. Generically, 3(7,7n) is of the
order of A(r,n)~!. Since A is analytic in V, the only bound in terms of Re 7 is
B = O((Re 7)~™) where m is the order at which A vanishes at Fy. Since m > 1,
we see that the required stability holds only if on the one hand m = 1 and on
the other hand £, )2 are bounded. However, since the eigenvalues of A(7,7)
behave smoothly in V, we see that k, 5 is of the order of

(min [Re i (7)) 7%, (uay - ) = SpA(7,1).

A similar formula holds for the unstable part. Therefore k, > and k> remain
bounded if and only if A(Fy) does not have any pure imaginary eigenvalue. The
boundary points where this situation holds true form the elliptic part of the
frequency boundary. In conclusion, the vanishing of A at non-glancing non-
elliptic (in particular in the hyperbolic part H) boundary frequencies yields
instability in the homogeneous BVP, while its vanishing at non-glancing elliptic
points is harmless, provided A vanishes at first order only.

Remark Since A(Fy) = iB(FPp), where the matrix B(P,) has real entries, the
ellipticity of Py implies that the eigenvalues of B(Py) come by complex conjugated
pairs. Exactly half of them have a positive imaginary part. We deduce that an
elliptic zone may occur in the frequency boundary, only if n = 2p.

We now turn to glancing points. Then at least one pair of eigenvalues coalesce
into a pure imaginary one, with (generically) the formation of a Jordan block
in A(Py). In particular, the splitting C* = E_(7,n) @ E,(7,n) does not hold
at Pp. This implies that N(7,7n) is unbounded in V. Typically, the coalescing
eigenvalues experience an algebraic square root singularity at Py, and therefore
every relevant quantity displays such a singularity. Thus, generically, bounds of
the form

N(r,n) = 0(\/1@), k(u,s),(T,m) = O ((Re 7.)71/2'r>

holds. If these bounds are optimal, as we expect, then the stability needs that
B(7,m) be bounded in V, meaning that the Kreiss-Lopatinskii condition holds
true at F.
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Conclusion Let L be a given constantly hyperbolic operator. An homogeneous
BVP for which the Kreiss—Lopatinskii condition holds true at every frequency
point but elliptic boundary ones, at which A vanishes at most to first order, is
likely to be L2-well-posed.

On the contrary, if A vanishes at some point outside the elliptic part of the
frequency boundary, the BVP is likely to be ill-posed in L?() (an exception
to this rule occurs if (n,p) = (2,1); see below). Similarly, if A vanishes at some
elliptic point, but to the order two or more, the BVP is likely to be ill-posed in
L2(Q).

Of course, the proof of the well-posedness of an homogeneous BVP, for which
A vanishes to first order at some elliptic point and nowhere else, needs the
construction of some kind of dissipative symmetrizer. The symmetrizer K (7,7)
that we need here should display the following properties (we keep the notations
of Chapter 5):

i) The map (7,7n) — K(7,n) is € on Re 7 > 0, n € R |7| 4+ |n| # 0, and
is homogeneous of degree zero,
i) the matrix X(7,7n) := K(7,1)A? is Hermitian,
ii1) the Hermitian form z*3(7,n)z is non-positive on kerB,
iv) there exists a number ¢y > 0 such that, for every (r,n), the inequality
Re M > ¢o(Re 7)1, holds in the sense of Hermitian matrices, where

M = M(T’ 77) = 7(2“4)(7—7 77) = K(Tv 77)(7’In + ZA(U))

The only change with respect to the non-homogeneous BVP, is point i), where
the restriction of ¥ to ker B needs only to be non-positive, instead of negative-
definite. We therefore speak of a weakly dissipative symmetrizer. Of course, the
Kreiss symmetrizer that we constructed in Chapter 5 is convenient at every
point where the Kreiss—Lopatinskii is satisfied. Thus it remains only to build
a symmetrizer in the neighbourhood of those (elliptic boundary) points where
A vanishes. We postpone this task to Section 7.2. For the moment, we content
ourselves with the following calculus, which shows that the existence of such a
weakly dissipative symmetrizer implies the L2-stability of the homogeneous BVP.
If uw is smooth and compactly supported, and satisfies Bu = 0 on the boundary,
then its Fourier-Laplace transform « satisfies

(I, +iA(m))a+ A43% _ T
da:d

together with Ba = 0 for x4 = 0. Multiplying on the left by K(7,n) yields

R da —
M(T7 77)“ + E(Tv T})dixd = K(T7 U)LU

Multiplying again by 4*, taking the real part and using the fact that ¥ is
Hermitian, we obtain

2a*Re (M (r,n))i + d%d(a*z(ﬂ n)a) = 2Re (@K (r,1)Lu).
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Integrating in z4, using the Cauchy—-Schwarz inequality, the dissipativeness and
the positivity of Re M, we end with

+oo +oo
c3(Re 7)2/0 4|2 day S/o | K Lu|*dzg.

We observe that K is uniformly bounded. Therefore, after an integration in (7, p)
where as usual 7 = v + ip, we have

) C —~ )
[[[ tatrriopdpandasa< S [ [ (Eaty+ i o Ppdn s,
RxQ i RxQ

The Plancherel formula gives the stability estimate (7.0.5).

Remark We emphasize that we did not use the regularity of K in this com-
putation. The regularity becomes useful when dealing with variable coefficients.

The case (n,p) = (2,1) A more careful analysis would employ the norm

B(rym) = B(r,n)|B : Ey(r,n) — C||

instead of (7, n) itself. In other words, one may define equivalently

B(r.m) = sup {'|“’|' cwe E_(r,n), 2 € Ey(r,m), Bu = Bz} .

We have
0s(0)| < B(r,0)ku 2| Ful2,

yielding (7.1.15) with B instead of §. In general, the size of B is not different from
that of 8, because the norm of B : E(7,n) — CP is not small. However, there
is one situation where B remains bounded when (§ blows up. Such a cancellation
happens when the point P, where A vanishes! satisfies E, (Py) C E_(F); in
particular, Py is a glancing point. If, moreover, n = 2 and p = 1, then E(Py) =
E_(Py), and the vanishing of A actually means

E+(P0) =F_ (Po) = kerB.

Generically, if Ry (7,n) is an analytic generator of E, (7,7n), then (7,7) — BR,
vanishes at the same order? as A := BR_, and therefore 3 remains bounded.

Conclusion When n =2, p=1 and L is constantly hyperbolic, the homoge-
neous BVP is likely to be well-posed if and only if the Lopatinskii determinant
vanishes at most either at boundary frequencies of elliptic type, or at glancing
points.

INecessarily a boundary point since we require the Lopatinskii condition at interior points.
2Near glancing points, R, and R_ are conjugate quantities, in the algebraic sense.
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7.1.1  An illustration: the wave equation

We illustrate the previous, rather formal, analysis at the level of the wave
equation

0*u = c*Au, (xq>0)
with a boundary condition of the form

Ju ou -

— —+b-V,yu=0. 7.1.16

ot " owg UV (7.1.16)
The status of the Kreiss—Lopatinskii condition for this BVP is well-known. See,
for instance, [13], Section 4, or just make your own computations. The (UKL) is
satisfied if and only if

a<0, |b<ec (7.1.17)

The wave equation displays an elliptic zone in the boundary of the frequencies,
which is made of pairs (1 = ip,n) such that |p| < ¢|n|. The glancing points are
the pairs (£ic|n|,n). The Lopatinskii determinant vanishes in the elliptic zone
and nowhere else if, and only if,

a=0, |b<ec (7.1.18)
Finally, A vanishes at a glancing point if, and only if,
a<0, |p=c (7.1.19)

We show below that every uniformly stable non-homogeneous BVP (mean-
ing that (7.1.17) holds) belongs to the class of strictly dissipative Friedrichs-
symmetrizable systems. By this, we mean that there exists a vector p’ such that
the modified quadratic energy

u? + | Vul?

Eplu] := 5

+u(p- V),
is strictly convex, and the boundary flux @, - v = —(Q,)q is negative-definite on
the subspace defined by the boundary condition (7.1.16). We next show that
under (7.1.18), the BVP is weakly dissipative: ), is non-positive subjected to
the constraint (7.1.16). This proves that under (7.1.18), the homogeneous BVP
is well-posed in L2(f2) (see Section 3.1), although this is not true for the non-
homogeneous BVP. The same situation occurs under (7.1.19) (except for the
borderline case a = 0, |b| = ¢), confirming our analysis of the situation (n,p) =
(2,1).

The energy E, is convex (respectively, strictly convex) if and only if |p] < ¢
(respectively, |p] < ¢). It satifies the identity

HE, = divQ,, Q,= c*(0wu+p- Vu)Vu + %((atu)2 — A VulH)p.
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From this identity, we extract

ou 1

Qp-v = =@+ 7 Vu)g= 4 gpa (F|Vul* ~ (0)%).
Let us introduce the notations:
ou . o
z w=Vyu, F=(7ps)"

N 31'(1’

After elimination of d;u (thanks to (7.1.16)), there remains a quadratic form
. 1 .
Qp(w,z) = c(az+ (b— ) -w)z + §pd(c2|w|2 — 22— (az+b-w)?).

The general problem of dissipativeness in the classical Friedrichs sense is to find a
P with |p] < ¢, such that the quadratic form Q,, is non-positive (negative-definite
yields strict dissipation).

Let us begin with the transitional case (7.1.18). We have

. 1 .
Qp(w,z) =c?2(b—q) - w+ §pd(02|w|2 — 22— (b-w)?).
Since

1 - 1
0p(w,0) = gpal@ul? — (- w)?), @p(0,2) = ~ Lpuc’?,

where the two quadratic forms are of opposite signs, the only way that Q, may
be non-positive is that pg = 0. Then Q, reduces to c2z(5 — ¢) - w and therefore
¢ must equal b. Hence p= (5, 0)”, which satisfies |p] < ¢ indeed. Thus the IBVP
is weakly (because Q, = 0) Friedrichs dissipative®.

Let us consider now the transitional case (7.1.19). The choice

02 - ac2

7= Zt+a2) Pd = 2+ a2
satisfies |p] < ¢, with the strict inequality when a < 0. Then the boundary flux
is

a02

Op(w,2) = m

((8 +a2)2? + 2w — (b- w)2) : (7.1.20)
which is non-positive (though not negative-definite, of course). Thus the cor-
responding IBVP is weakly dissipative. In particular, the homogeneous IBVP
is well-posed in L?(€). The only exception is when a = 0, where the condition
(7.1.19) meets (7.1.18). Then, specialization to w parallel to b shows that for Q,

to be non-positive, we need
Pa = 0, l_; (j': 62.

3Notice that this IBVP is conservative, rather than dissipative, as Qp = 0 implies that the integral
of Ej is preserved. In this situation, both the forward and the backward IBVPs are well-posed.
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Because of |] < ¢, we deduce that necessarily ¢ = b. Since then |j] = ¢, the energy
L, is convex but not strictly. Presumably, the corresponding homogeneous
IBVP is not strongly well-posed in L?(2).

Finally, we consider the (UKL) case (7.1.17). The same choice as above
yields the same formula (7.1.20), where the quadratic form is now negative-
definite. Hence the IBVP is strictly dissipative in the Friedrichs sense. Notice
that in the simple case a < 0, b= 0, the naive choice p = 0 yields weak but not
strong dissipativeness; the corrector pydiudqu in the energy thus plays a rather
important role.

7.2 Weakly dissipative symmetrizer

We turn to the construction of a weakly dissipative symbolic symmetrizer. We
recall the properties to fulfil:

i) The map (7,71) — K(7,n) is €> on Re 7 > 0, n € R¥~! |7| + || # 0, and
is homogeneous of degree zero,
ii) the matrix ¥(7,7n) := K(7,1)A¢ is Hermitian,
i11) the Hermitian form z*3(7,n)z is non-positive on kerB,

iv) there exists a number ¢g > 0 such that, for every (7,7), the inequality
Re M > ¢o(Re 7)1, holds in the sense of Hermitian matrices, where

M = M(7,n) := =(BA)(1,n) = K(1,7)(1L, + iA(n)).

We assume throughout this section that the operator L is constantly hyper-
bolic, and that the Lopatinskii condition holds true everywhere in the closed
hemisphere Re 7 > 0, |7|2 + |n|?> = 1, but at some elliptic points of the boundary
Re 7 = 0. In particular, n = 2p. As explained in the previous section, we ask that
the Lopatinskii determinant A vanish in a non-degenerate way: its differential
does not vanish simultaneously. Note that we do not allow* A to vanish at some
glancing point.

We may anticipate that a dissipative symmetrizer will degenerate somehow
at boundary points Py where the Lopatinskii condition fails. For we already now
that X(7,n), restricted to E_(7,n), is positive when Re 7 > 0. By continuity, the
restriction of X(Py) to E_(Py) must be non-negative. Since its restriction to ker B
is non-positive, we see that ¥(Pp) vanishes on E_(FPy) NkerB. This immediately
implies that E_(Fy) N kerB is contained in the kernel of the restrictions of ¥(Fp)
to both E_(P,) and kerB. In other words, it holds that

w'E(P)v=0, VveE_(P)NkerB, Vw e E_(Py) + kerB. (7.2.21)

Actually, noticing that x4 — v*Xv is non-increasing along the flow of A (because
of Re (2A) <0,), we deduce the more remarkable constraint that v*3(P)v
vanishes identically over the Krylov space of E_(FPy) NkerB for A(Fy). Recall

4The case (n,p) = (2, 1) with a constantly hyperbolic operator is isomorphic to the system (1.2.17),
for which the analysis is explicit and similar to that of Section 7.1.1.
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that the Krylov space is the smallest invariant subspace for A(FP), containing
E_(Py) NkerB. We denote it by Kry[E_ (Py) NkerB; A(P,)]. As above, we infer
the necessary condition that

w'E(Po)v=0, VYveKry[E_(Py)NkerB; A(PR)], Vw e E_(Fy). (7.2.22)

Notice that this orthogonality property does not hold for w € kerB in general,
because Kry[E_(Py) NkerB; A(Fp)] is not included in kerB.

For some reason that we do not fully understand, we shall be able to construct
a weakly dissipative symmetrizer when

Kry[E_(Py) NkerB; A(Py)] = E_(Py), (7.2.23)

and only in this case. Notice that this is a generic situation. It is an open question
whether the homogeneous BVP remains well-posed when (7.2.23) happens to
fail.

Since the construction of dissipative symmetrizers is a local task (Steps 1 and
2 of the proof of Theorem 5.1); and since in that proof we performed this local
construction near every point where the Lopatinskii condition holds true, we
need only construct K in a neighbourhood of an elliptic point Py = (ipg, 7o) of
the boundary, assuming that A(Py) = 0. Hence we are looking for a smooth
function (7,n) — X(7,7), defined in a neighbourhood of P, with values in
Hermitian matrices, such that the restriction of ¥ to kerB is non-positive and
Re (XA) < —(Re 7)1I,. Notice that since Py is a non-glancing point, we may
extend Ei(7,7n) analytically in a neighbourhood of P,. Since P, is elliptic,
E_(7,7n) equals the stable subspace of A(7,n) for every (7,7n) in a neighbourhood
of Py. This is in sharp contrast with the case of hyperbolic boundary points,
discussed in Chapter 8. Note that A extends analytically too, and that it vanishes
if and only if E_(7,7n) intersects ker B non-trivially.

Choice of co-ordinates Since P, is an elliptic point, A4 is smoothly diagonal-
izable in some neighbourhood P of Py:

A(P) = Q(P)"'a(P)Q(P), a=diag(p1(P),. .., ta(P)),

with @ and p; analytic in P. The ordering of the p; is such that pq,...,pu,
have negative real parts while pip41,..., 1y (recall that n = 2p) have positive
real parts. We denote

a— (P) = diag(ﬂl» s 7/1417)’ a+(P) = dia’g(/J’P+17 s 7/1'7'7,)
Finally, noticing that A = iB, where B € M, (R) whenever Re 7 = 0, we have
a’ = —a_ along the boundary, and therefore

ar(P)* +a—(P)=O(Re 7). (7.2.24)

Thanks to this change of co-ordinates, we look for a Hermitian matrix o(P),
which serves to define ¥(P) through ¥ := QT ¢Q. Denoting b(P) := BQ™!, it
will have to satisfy
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i) olkers <0,
it) Re (ca) < —(Re 7)1, for Re 7 > 0.

The stable subspace e_(P) of a(P) is constant, equal to CP x {0}. Thus the
Lopatinskii condition holds whenever

<b(P) (”0—> = 0) — (v_ =0).

Therefore we may define the Lopatinskil determinant by A(P) = det b_, where
b_ is the p x p block at left: b = (b_, by ). We recall that b(P) € Mx2,(C).
We assume that

dim E_(Py) NkerB =1 (7.2.25)
and that
OA /0T (Py) # 0. (7.2.26)

Then the set {A =0} is locally a submanifold with an equation of the form
T =1dpo+ f(n—mno), where f is analytic. Assuming that the IBVP satisfies the
Lopatinskil condition at interior points (obviously a necessary restriction), we
have Re f < 0. Up to a renormalization of eigenvectors of 4, we may assume
that actually

A =1 —ipy— f(n—1m).
In particular, we have
Re A > Re 7. (7.2.27)

Because of the Lopatinskil condition, we know that for A(P) # 0, kerb(P) has
an equation of the form

V- = k(P)U+7

where P +— k(P) € M,(C) is analytic, with a singularity along A =0 that we
describe below.
Because of (7.2.25), dimkerb_(Pp) =1 holds and therefore rkb_(Py) =

— 1. This implies that the cofactor matrix b_ ( y) does not vanish. Since

—T
b_ (PO) b_(Py) =0p, b (Po) has a kernel of dlmensmn p — 1 at least. Being non-

zero, b_ (PO) must be of rank one. Let us write b_ (PO) = 603, where 3y, 6y € CP.
Since b(Pp) has rank p, and since 52 b_(Py) = 0, we see that 6'b(Py) # 0, from

T

which it follows that b_ ( Py) by (Fp) is of rank one exactly. The above analysis
is true at every vanishing point of A. Therefore, using (7.2.26), we may find
analytical maps P — S(P),d(P),h(P) such that

—T

b_(P) b4(P) = B(P)5(P)" — A(P)h(P).
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Noting now that k is given by —b~'b,., we deduce the formula
1
k(P) = —KﬁéT + h, (7.2.28)

where (3, § are non-vanishing analytic vectors and h is an analytic matrix. Observe
that (%0> spans e_ Nkerb(Fy). Hence (7.2.23) amounts to saying that none of

the co-ordinates of (y vanish.
We look for a symmetrizer in block form

_(ReT), m*
o(P) = ( w ") (7.2.29)
where the constant £ > 0 and m(P) € M,(C) are to be chosen below, the latter
in a smooth way. We begin to fulfilling point 7). When Re 7 > 0, every vector in
kerb(P) has the form (k(P)w,w) where w € CP is an arbitrary vector. Hence the
non-positivity of o over kerb is equivalent to £ < 0, where

k= (k*Ip)o <Ik > = (Re 7)k™k + 2Re (mk) — rI).
P

We extract from k a singular part ks, so that k=ks+ k., where k, is locally

bounded upon Re 7 > 0. Denoting d := §, we have

Re T . 1 «

k-(P) = (Re 7)Re <ih*ﬁd*> + (Re 7)h*h — 2Re (mh) — 1),

We stress the fact that [Re 7/A| is bounded by 1 for Re 7 > 0 because of (7.2.27),
which justifies the presence of the first term in k.

Since we shall need to do so in order to fulfill point %), we limit ourselves
to diagonal matrices m. To begin with, because of assumption (7.2.23), namely
Bj(Py) #0 for j=1,...,p, we may choose locally a diagonal m(P) in such a
way that m( = d; just take

m = diag(dl/ﬁl,...,dp/ﬂp). (7230)
Then

|AP’ks = (Re 7 — 2Re A)dd*

is non-positive because of (7.2.27). Therefore k < k,. Then the three first terms
in k, are completely determined and bounded in a neighbourhood V of Py under
the constraint Re 7 > 0. Therefore, taking x > 0 large enough, we see that k.,
and consequently k, is non-negative within V; := ¥V N {Re 7 > 0}. In conclusion,
under the choice (7.2.30) (essentially mandatory), the restriction of o to kerb is
non-positive for every P € V, provided & is a large enough positive constant.
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Let us turn now to point ). We have

Re (0a) = (Re T)Re a—  3(a*m* +m*ay)
~ \ i(ma_ +aim) —rRe ay ’

Since a4 are diagonal, the subscript indicating the sign of the real parts of the
diagonal entries, we have +Re ag > 0,. Therefore, Re (ca) < —co(Re 7)1, will
hold true locally with ¢y > 0, provided x > 0 and the following property holds
true®:

ma_ 4 a’im = O(Re 7). (7.2.31)

Since m and a4 are smooth, this amounts to saying that ma_ + a} m vanishes
along the boundary {Re 7 = 0}. Recalling that in this instance, a’ equals —a_,
we deduce the following equivalent form to (7.2.31):

[m,a_] =0, whenever Re 7 =0. (7.2.32)

In the (generic) case where a_ has simple eigenvalues, this just tells us that m
is diagonal for Re 7 = 0.

Summarizing the above analysis, we conclude that if (7.2.23) holds true, then
there exists a weakly dissipative symmetrizer ¢ in a domain ¥V N{Re 7 > 0}
where V is a neighbourhood of Py, ¢ being given by (7.2.29) and (7.2.30) with
K > 0 large enough. This allows us to state

Theorem 7.1 Let L = 0, + ), A0 be a constantly hyperbolic operator, such
that A? € GL, (R). Assume that n = 2p where p is the number of characteristics
incoming in Q = {x4 > 0} (so that there may exist elliptic frequency boundary
points).

Let B € Mpx,(R) have rank p, such that the Kreiss—Lopatinskii condition
is fulfilled at every point (1,m) # (0,0) with Re 7 > 0, except possibly at some
elliptic frequency boundary points.

Assume finally that, at boundary points P where it vanishes, the Lopatinskii
determinant A satisfies (7.2.27), and that E_(P) Nkerb is of dimension 1, its
Krylov space under A(P) being equal to E_(P).

Then there exists a smooth dissipative symmetrizer 3(7,n) for the homoge-
neous IBVP

Lu=finQx(0,T), Bu=0ondQx(0,T).

Note that the smoothness of the construction and the robustness of the assump-
tions allow us to treat operators L and B with variable coefficients, as well as
homogeneous IBVPs in general domains with smooth boundaries.

Corollary 7.1 Let Q be either a half-space, or a bounded open domain of R?
with a smooth boundary. Let L be a constantly hyperbolic operator with smooth

SRigorously speaking, we only need a bound by [Re T|1/2. But since everything is smooth, this
amounts to having a bound by Re 7.
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coefficients, 00 being non-characteristic. Let B(x) € Mpx,(R) be a boundary
matriz of rank p everywhere on 0. If Q is unbounded, we assume that L and B
have constant coefficients outside of some ball.

Assume that the Kreiss—Lopatinskit condition is fulfilled at every point (7,n; x)
(x € 0, n € T, 00, Re 7 > 0 and (1,n) # (0,0)), except possibly at some elliptic
frequency boundary points.

Assume at last that at these vanishing points, the Lopatinskii determinant
vanishes at first order only (say (7.2.27)), that the (non-trivial) intersection
of kerB with E_(t,n;x) is a line, whose Krylov subspace under A(t,n;x) is
E_(r,m;x) itself.

Then the homogeneous BVP

Lu=fimmQx(0,T), Bu=0ondQ2x(0,T), u(-,0)=0inQ

is well-posed in L?, in the sense that for every f € L*(Q x (0,T)), there exists a
unique solution u € L?(Q x (0,T), which satisfies, furthermore

r 2 2 CT r 2 2
/O = u(b)ladt < S [ e ) e

for every n > 0.

7.3 Surface waves of finite energy

When the Lopatinskii condition fails at an elliptic point (ip,n) of the boundary,
we know that there exists a non-trivial solution of the homogeneous BVP, of the
form

Uz, t) = P10V (2y),

where V' € L?(0, +oc). This solution displays important properties. On the one
hand, it is a travelling wave in the direction 7 parallel to the boundary, with
velocity o = —p/|n|. Contrary to waves associated with a zero (7,n) of the
Lopatinskii determinant A with Re 7 > 0, this wave is not responsible for a
Hadamard instability. On the other hand, its energy density per unit surface
area, namely

/ IV (20)? dea,
0

is finite, and thus such waves can be used directly to construct exact solutions of
the homogeneous BVP. This makes a contrast with the case studied in the next
chapter, when A vanishes on the boundary at non-elliptic points.

Because of these two properties, such special solutions are called (elementary)
surface waves. By extension, we also call any linear combination of elementary
ones a surface wave. At first glance, one may think that since the vanishing of
A at some boundary point but not at interior points (Re 7 > 0) is highly non-
generic, the elementary surface waves are likely to form a single line, and there is
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no non-trivial linear combination. We may object to this observation with three
facts.

* To begin with, the scale invariance of the BVP implies that U*(x,t) :=
U(A\x, A\t) is again a solution. We can therefore construct (composite)
surface waves by the formula

w(a, ) = /O T @) du),

where p is a finite measure. If du = ¢(N\)dA with ¢ € 2(0, +00), such a
solution belongs to the Schwartz class in the n direction. Thus we can
localize the wave in the direction of propagation. However, it remains a
travelling wave in that direction.

¢ Next, many physically relevant systems are rotationally invariant, in the
sense that d =3 and the orthogonal group Ogs (or perhaps only the
subgroup SOj of rotation) acts on both the independent variable z (in
a natural way), and on the dependent one u, leaving the PDEs unchanged.
Of course, the half-plane 2 is left invariant only by the subgroup SOq,
and invariance means that the action of SO, preserves the homogeneous
boundary condition. In such a case, SO5 also acts on the set of elementary
surface waves, which is thus rather large. Let us denote by U the image
of U* by the action of the rotation R. This wave propagates in the direction
Rn. If (R, \) — ¢(R, ) is a test function, we can define a surface wave by
the formula

U¢ X = - BA X . 0.
(2,1) /0 ./sozU (z,8)6(R,\) dRdA (7.3.33)

Such a solution is now localized in every spatial direction, in the sense
that for each time ¢, it is square-integrable over the physical space 2. We
warn the reader that this construction does not furnish all the finite energy
solutions of the homogeneous BVP, however. Thus it cannot be used to
solve the IBVP in a closed form.

e Finally, it has been shown in [189] that for second-order BVPs that come
from a Lagrangian through the Euler-Lagrange equations, there exists
at least one elementary surface wave in every direction. This situation
contrasts with the general case, where the vanishing of A at some elliptic
point but at no interior point does not persist under small variations of L
and/or B. Together with the scale invariance, this yields a set of elementary
waves U" parametrized by non-zero vectors n € R? (more generally by
n € R4=1). Thus a construction similar to (7.3.33) works, where the integral
is taken over R2.

A remarkable fact is that the decay of surface waves is slower than the decay
we observe in the Cauchy problem: The dispersion of the energy is affected by the
boundary condition and by the possibility for waves to travel along the boundary.
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Assume, for instance, that L is symmetrizable, and that the boundary condition
is conservative for the associated quadratic energy. Thus the total energy is
conserved. If we just have a Cauchy problem in R? x (0,+0c0), the energy is
expected to propagate in the direction of the characteristic cone of L (a kind
of Huyghens principle, see, for instance, [184]). After a large time ¢, and if the
initial data is compactly supported, the solution concentrates in a corona C; :=
B+ tA, where A denotes the group velocities in every direction of RY, a (d — 1)-
dimensional manifold. Since the area of C; is of order !, the energy density
typically decays like t!~¢, meaning that the amplitude of the solution decays as
t(1=d)/2 1f we have a conservative BVP instead, with surface waves, then the total
energy asymptotically splits into two parts. One part is associated with the bulk
waves, which are waves propagating away from the boundary. These waves obey
more or less the same description as in the Cauchy problem. The other part of the
energy is carried by surface waves and thus remains localized in a strip along the
boundary. Since we anticipate the same kind of dispersion as above, though along
the boundary instead of in {2, we expect that the surface energy concentrates in
a domain B + tA®, where A denotes the group velocities of surface waves in
every direction of the boundary, a (d — 2)-dimensional manifold. Therefore the
amplitude of surface waves typically decays as t'~%2, instead of t(!=%/2, Thus
the decay of surface waves is weaker than that of bulk waves: the former are
roughly v/t times larger than the latter for large time. We point out that this
effect can be reinforced by inhomogeneities of the boundary. For instance, if d = 3
and 92 = G x R, where G is a non-flat curve, one frequently observes guided
waves in the direction of x5. A wave guided along an m-dimensional subspace
of the boundary typically decays as t(!=™)/2. For instance, a guided wave in our
three-dimensional space (thus m = (d — 1) — 1 = 1) does not decay at alll

Example: Rayleigh waves in elastodynamics The best known example of
surface waves arises in elastodynamics, where they are called Rayleigh waves.
They are responsible for the damage in earthquakes: the Earth is a half-space at
a local scale, and can be considered as an elastic medium. The vibrations of the
Earth obey exactly the Euler-Lagrange equation of the Lagrangian equal to the
difference of the kinetic and bulk energy. In particular, the boundary condition is
zero normal stress. As explained above, a significant part of the elastic energy is
concentrated along the surface. This energy is formed of kinetic and deformation
energies, the latter being observable once the earthquake has gone away. When an
earthquake happens in a mountain range, a guided wave can form, which almost
does not decay, reinforcing the damages in a narrow strip. This phenomenon was
evoked a propos of Kobé’s earthquake in 1995.

It is worth noting that the Rayleigh waves travel much slower than bulk
waves. The latter split into two families: compression waves, also called P-waves,
for which the medium vibrates in the direction of propagation, and shear waves,
called S-waves with perpendicular vibration. When the bulk energy is convex and
coercive over H'(Q) (a more demanding property than coercivity over H'(R?)),
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their velocities cp and cg satisfy 0 < cg < cp ; see [189]. The normal stress
of these waves does not vanish at the boundary and thus they can propagate
only away from the surface. It is a linear combination of P- and S-waves that
satisfy the boundary condition, and thus forms the Rayleigh waves. Amazingly,
this combination has the effect of lowering the wave velocity. The square of
the Rayleigh velocity cr is the unique positive solution of the quartic equation
(see [185], Section 14.2 for details)

(chg _ 1>4 _ (é _ 1) (j; _ 1) . (7.3.34)

Strangely enough, Equation (7.3.34) has two positive solutions if cp < c¢g. How-
ever, this fact is meaningless because then we can establish that the IBVP
is Hadamard ill-posed: the Lopatinskii condition fails at some interior point
(see [189]).

Other examples The simplest Lagrangian to which the results of [189] apply
is

u|—>//(u%—c2|vmu|2)dxdt

with a scalar field u(z,t). The corresponding IBVP is the wave equation with the
Neumann boundary condition. This is a borderline case, where the surface wave
has infinite energy. It corresponds to the vanishing of the Lopatinskii determinant
at the boundary of the elliptic region of boundary points. This is the exceptional
situation with n = 2 and p = 1 that we discussed above.

A more appealing example arises in the modelling of liquid—vapour phase
transitions, which can be roughly described as follows. We consider a fluid
governed by the isothermal Euler equations, which express the conservation of
mass and momentum. (See Chapter 13 for the complete system.) We assume an
equation of state p = P(p) (p the density, p the pressure), where P is van der
Waals-like, in particular it is not monotone. Each interval where P is increasing
corresponds to a phase, typically either vapour or liquid. A phase transition may
be viewed as a sharp discontinuity between a liquid state and a vapour state.
Physically interesting phase transitions are subsonic, and therefore correspond
to undercompressive discontinuities (see Chapter 12 for this notion). In this
case, Rankine-Hugoniot conditions are not sufficient to select physically relevant
patterns: an additional algebraic relation is needed, which is called a kinetic
relation in the mathematical theory of undercompressive shocks (see [113]). One
way to derive this relation for phase boundaries was introduced by Slemrod [196]
and Truskinovsky [213], who pointed out that the apparent jump should in fact
correspond to a microscopical internal structure called a viscous-capillary profile.
(See also the survey paper [54].) In [9], Benzoni-Gavage considered the zero-
viscosity limit of the viscosity-capillarity criterion of Slemrod and Truskinovsky,
and found surface waves of finite energy at the linearized level (see Chapter 12 for
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the stability analysis of free boundary problems). In the light of the more recent
work [189], that is not surprising. Indeed, the capillarity criterion gives as a
kinetic relation the dynamical analogue of the equality of chemical potentials
between phases at equilibrium; alternatively, it means that the total energy
(= kinetic energy T plus free energy F') is conserved across the discontinuity.
In particular, the corresponding free boundary problem is time reversible and
can be viewed as the Euler-Lagrange system of the Lagrangian

/(T— F)da dt.
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A CLASSIFICATION OF LINEAR IBVPs

We continue the analysis of the linear IBVP with constant coefficients, in the
half-space

Q={zcR%; x4 >0}

Assume for the sake of simplicity that the boundary {z4 =0} is non-
characteristic:

det AT #£ 0.

We are interested in this chapter in classifying IBVPs. Because practical applica-
tions involve pairs (L, B) with variable coefficients, we are interested in notions
that are stable upon a small variation of either L, B or both. Thus our parameter
space ZB will be that of pairs (L, B) where L is hyperbolic and the IBVP is
normal, namely

E_(1,0) nkerB = {0}.

The structure of ZB may be rough at some points, where the operator is not
strictly or constantly hyperbolic. We note, however, that a small perturbation
preserves strict hyperbolicity, because the unit sphere is compact. Since normal-
ity is an open condition, we deduce that normal pairs (L, B) with L strictly
hyperbolic are interior points of Z5. We denote the corresponding class ZBg.
Likewise, the set of pairs (L, B), where L is a symmetric operator, is a linear
space in which the set ZBp (F for ‘Friedrichs symmetric’) of normal pairs is a
dense open subset.

We say that a property (P) is ‘robust’ if it defines an open subset in either ZBg
or ZBp, and then we specify the context. Our goal is to identify robust classes,
in terms of the estimates available for the corresponding IBVPs. We essentially
follow [13,186]. The reader interested in the transitions between robust classes
should go to [13].

Because the description of E_(7,7n) is not completely understood along the
boundary {Re 7 =0, n € R4"1} for general hyperbolic operators, we may wish
sometimes to restrict our study within either the class ZB¢ (L is constantly
hyperbolic) or ZBp (L is Friedrichs symmetrizable).
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8.1

8.2

A classification of linear IBVPs

Some obvious robust classes

e The first robust class that we encountered in this book is, within ZB g, that

of systems with a strictly dissipative boundary condition. See Section 3.2.
Within the class ZB¢, we may think of systems that satisfy the (UKL) con-
dition. As a matter of fact, the Lopatinskii determinant A is a continuous
function over the hemisphere

T2+ n>=1, Rer>0, neRIL

It is not hard to extend Lemma 4.5 so that if L and B depend on parameters
€, then A can be defined continuously in terms of (7,7,€). Assume now
that (UKL) holds true for e = 0. This means that the continuous function
|A(+,-,0)| is bounded below by a positive number. Since the half-sphere is
compact, this remains true for small values of €. Hence, nearby IBVPs of
which the operator is constantly hyperbolic satisfy (UKL).

Finally, the set of strongly unstable IBVPs is also a robust class. Let
(L, Be) be a continuous family in ZB, with (Lo, By) strongly ill-posed.
This means that the Lopatinskil determinant Ag of (Lo, By) vanishes at
some point (79,79) with Re 79 > 0. In a neighbourhood V of (79, 10), E—
depends continuously on L. Therefore, we may define in V x (—a,a) a
Lopatinskii determinant A(-, - €) that is continuous in e, analytic in 7
and holomorphic in 7. We now fix n =1 and let vary e. For e =0, the
holomorphic function fo(7) = A(r,70,0) vanishes at 9. Note that 79 # 0
since the IBVP is normal.

Lemma 8.1 fj is a non-trivial holomorphic function.

Proof. The analytic function F := A(:,-,0) is positively homogeneous. If
fo vanished identically, then F(r,7n) would vanish provided Re 7 > 0 and
n € RT™ny. By continuity, it would also vanish for n = 0. But this contra-
dicts the normality of the IBVP. a

It follows that g is an isolated zero of fy. Now, Rouché’s Theorem tells
us that holomorphic functions nearby fo do have roots near 7y. In particular,
for small enough values of €, there exist a root 7(€) of A(7,n9,€) = 0, with
7(0) = 79 and hence Re 7(e) > 0. Therefore, IBVPs with (L, B) nearby
(Lo, By) are strongly unstable.

Frequency boundary points

In this section, we study in more detail the structure of the ‘stable’ subspace
E_(7,m) when 7 = ip is pure imaginary. As we shall see below, this structure
depends highly on the region of the boundary set {Re 7 =0, n € R¢1}. We
recall that in general, although E_(ipg, 7o) is invariant under A(ipg, no), it does
not equal the stable subspace of this matrix. By definition it is only the limit of
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the stable subspace E_(7,n) when (7,1) — (ipo,n0) with Re 7 > 0. In particular,
it contains the stable subspace:

Es (A(ipo,m0)) € E—(ipo,mo)- (8.2.1)

Likewise, we have
Ey (A(ipo,m0)) N E-(ipo,mo) = {0} (8.2.2)

8.2.1 Hyperbolic boundary points

We say that a subspace of C™ is of real type if it admits a basis formed of vectors
in R™, or equivalently if it is the complexification of some subspace of R".

We recall that for a hyperbolic operator L = 9, + A(V), the characteristic
cone char(L) is the set defined by the equation

(p, ) e RxR"™, det(pl, + A(§)) =0.

In the complement of char(L), the connected component of (1,0) has been
denoted I'. It is a convex open cone, whose elements are the time-like vectors.
See Section 1.4 for details.

Theorem 8.1 Let (p,&) € T be given, with & =: (n,€q). Then the limit E_(ip,n)
of E_(7,n) as (1,1') — (ip,n) with Re 7 > 0, exists and is given by the formula

E_(ip,n) = Eu (A~ (pL, + A(€))) - (8.2.3)
In particular, E_(ip,n) is of real type.
This result is by no means obvious because of:

Lemma 8.2 Under the assumption of Theorem 8.1, the matriz A(ip,n) is
diagonalizable with pure imaginary eigenvalues.

In particular, E_(ip,n) is not the stable space of A(ip,n), the latter reducing
to {0}. We begin with the proof of the lemma.

Proof It suffices to prove that B(p,n):= (pl, + A(n))(AH)~! is R-
diagonalizable. This is obvious if p =0 and £ || ;.
Otherwise, we apply Theorem 1.5 to the pair (p, £): the matrix

(ol + A(&))71 Z mgragA® + (V-m)I,
o,B

is diagonalizable over the reals whenever

R ¢

M(R,V) := (fv ;

), ReMy(R), V e R?
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is non-singular and m € R?%. We observe that, since (p, £) is not parallel to (0, &),
we can choose a pair (R, V) € GLg4(R) x RY, such that

VIR™'e; =0 and VTR ¢ #p.

The inequality tells us that M (R, V) is non-singular, because of Schur’s comple-
ment formula

det M(R,V) = (det R)(p — VT R71¢).

Defining m := R™'é€}, we have V - m = 0, and therefore

wan (5)- (5)

With this choice, the matrix 3, smgragA® + (V- m)I, equals A? and Theo-
rem 1.5 tells us that (pl,, + A(£))~*A? is diagonalizable over the reals. Shifting
by €41, and conjugating by A%, the same is true for B(p,n). O

We prove now Theorem 8.1.

Proof Let § be the segment joining the point (1,0) to (p,&) in R x R™. From
Proposition 1.6, every point of § is in I'. Therefore, Lemma 8.2 applies along §.
Parametrizing § by s € [0, 1], we may decompose

C" = B, (A) 7 (psln + A(€:)) ® Eu (A) 7 (psln + A()))

since the matrix under consideration has non-zero real eigenvalues. Hence the
stable and unstable subspaces extend analytically as invariant subspaces to a
small neighbourhood V of §. The above splitting still holds in V. In particular,
we have

C" = E, (A (=it + A(€))) ® By, (A" (=irI, + A(€))) ,

whenever v = Re 7 is small and (p = Im 7,&) € 6.

Since the space B, ((A) ™' ((—iy + ps)In + A(E;))) is invariant under A(y +
ips,Ms), we may consider the restriction of the latter matrix to that subspace.
When v > 0, its spectrum o (v, p’, &) consists of complex numbers whose real part
is non-zero. By continuity in the connected set {y > 0} NV, we deduce that the
number of eigenvalues with positive (resp., negative) real part remains constant.
Therefore, it can be computed at points close to (0, 1,0), with v > 0; for instance
at the point (7, 1,0) with v > 0. We then have A(y +14,0) = —(y +14)(A%)~! and

Ey (AN (=TI + A(€))) = Eu (1 = in)(AD)7") = E,((AD 7).

Therefore o(,1,0) consists only in numbers of negative real part. Thus, v > 0
implies that the elements of o (7, p, ) have negative real parts, whence

E, ((Ad)fl(—irln + A(ﬁ))) C E_(7,n).
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Finally, the equality of dimensions implies the equality of these subspaces. Letting
then v — 0T, we complete the proof of the theorem. O

By symmetry, E_(ip,n) is of real type when (p,£) € —T. In this case, we have
the formula

E_(ip,n) = B, (A%) ! (pI + A(€))) -

In particular, we have

E_(—ip,—n) = E_(ip,n), (p,§) €T
This can be seen also as the consequence of the more general formula
E_(7,-n)=E_(r,n) neR? Rer>0. (8.2.4)

This shows that the formula above stands without any restriction on the fre-
quencies:

E_(=ip,—n) = E_(ip,n), (p,€) €R xR, (p, &) # (0,0). (8:2.5)

Definition 8.1 The set of pairs (p,€) € (R x RY)\ {(0,0)} such that A(ip,n)
is diagonalizable with a pure imaginary spectrum, is called the hyperbolic set of
the boundary of the frequency domain. We denote the hyperbolic set by H. It is
a cone:

(yeR", X eH) = yX e H.

There is a slight abuse of words in this definition, as boundary points are of the
form (ip,n), rather than (p,n), but this terminology is much easier to handle.
Hyperbolic boundary points are those for which the real matrix

B(p,n) := (AY) " (pL + A(n))
is R-diagonalizable. Theorem 8.1 tells us that
' C H, (8.2.6)

where T is the forward cone and 7 : R x R — R x R4~ is the projection where
the last entry is deleted:

m(p,m,w) = (p,m)-

We shall justify below the use of the word ‘hyperbolic’ for these boundary
frequencies; they are a candidate for the propagation phenomena for weakly
well-posed IBVPs.

8.2.2  On the continuation of E_(7,n)

We digress here with a strange result, saying that the uniform continuity of
(1,m) — E_(7,7n), proved in the constantly hyperbolic case (Lemma 4.5), fails in
general. More importantly, it even fails in the nice class of Friedrichs-symmetric
operators!
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Theorem 8.2 Letn>3 and 1 <p<n—1 be given. Then there exist d > 2
and a symmetric operator

d
L=0;+)» A%, A*¢cSym,(R),

a=1

with A? of signature (p,n — p) (p positive and n — p negative eigenvalues), such
that the map (7,m) — E_(7,1) does not admit a continuous extension to Re T >
0, [712 +[nl* = 1.

Proof We choose

and {Al, ..., A%} a basis of
{S € Sym,, (R); Tr S = 0}.

Since max(p,n — p) > 2, we may specify ¢ = £1 and

t
dy-1_ (€ 0
so that J is indefinite.

From Theorem 8.1, we know that E_(7,7) has a limit E_(ip,n) at points
(p,m) € nT. Our purpose will be to show that the map (p,n) — E_(ip,n) does
not extend continuously to the boundary of #I". From Theorem 8.1, this amounts
to proving that the map

(p,€) = Eu (A~} (oI + A(9)))

does not extend continuously to the boundary of T'.

We proceed ad absurdum. So let us assume that E, ((44)7!(pI, + A(€))) is
continuous up to the boundary of I', but the origin of course. Identifying R x R¢
to Sym,, (R) through

(P &) = pIn + A(§),
it holds that
I' =SPD,,.
Thus we have supposed that S +— F,((A%)~1S) is continuous up to AT but the

origin. Taking
1 '
=0 x)

this implies that the map ¥ +— E,(JX), which is well-defined on SPD,,_1,
extends continuously up to the boundary, including the origin. Since the closure
of SPD,,_; is a closed cone, and since ¥ +— E, (JX) is positively homogeneous
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of degree zero, this map would have to be constant. Since J is indefinite, this is
obviously false. O

8.2.3  Glancing points

Roughly speaking, glancing points are boundary points (p,n) in a neighbourhood
of which E_(7,7n) does not behave analytically, or at least at which the Implicit
Function Theorem does not apply. Since E_(7,7n) is the sum of generalized
eigenspaces of A(T,7n) associated to stable eigenvalues (Re p < 0), this means
that B(p,n) admits a real eigenvalue —w, whose multiplicity does not persist
locally (crossing eigenvalues). In other words, an acceptable definition of glancing
points (p,n) € (R x R4=1)\ {(0,0)} is that there exists an w € R such that

oP
P(p,n,w) =0, —(p,n,w) =0, (8.2.7)
0&a
where P is the characteristic polynomial
P(X,¢) :=det(XI, + A()).

When some irreducible factor occurs twice or more in P (see Proposition 1.7),
one should replace P by the product of its distinct irreducible factors, in this
definition.

We denote by G the set of glancing points. Elimination of w in (8.2.7) yields
the result that G is contained in a real algebraic variety.

From the definition, G contains the apparent boundary of char(L) for an
observer sitting at infinity in the £;-direction. It also contains the projection
of self-intersections of I'. Self-intersections occur when L is not constantly
hyperbolic. It might happen that such a self-intersection projects within H,
showing that the construction of dissipative symmetrizers can be a difficult task
even at hyperbolic points, in spite of the nice description given in Theorem 8.1.

Let (p,n) be a typical point of the apparent boundary of I' from the £4-
direction. By typical, we mean that P(p,&) = 0, and the multiplicity m of p as a
root of P(-, &) is strictly less than the multiplicity M of w as a root of P(p,n, ).
Since A(€) is diagonalizable, the kernel of A(ip,n) — iwl,, which equals that of
oL, + A(E), has dimension m. Since m < M, the eigenvalue iw of A(ip,n) is not
semisimple; this matrix is not diagonalizable.

Recall that the maximal eigenvalue A\;(§) of A(€) is a convex function that
is analytic in the constantly hyperbolic case. We have shown a kind of strict
convexity in Proposition 1.6. When this convexity is slightly stronger, say when
kerD2 )\, (&) = R¢ for every ¢ € S%~!, then the above analysis applies to the
points (p = A1 (=£),€), and we deduce that on the boundary of H, the matrix
A(ip,n) is not diagonalizable. Therefore, H is a connected component of the set
of pairs (p,n) € (R x R471)\ {(0,0)} such that A(ip,n) is diagonalizable.

The same argument as above shows that if (p,n) is not a glancing point, then
every pure imaginary eigenvalue of A(ip,n) is semisimple and locally analytic.
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In particular, F_(-,-) admits an analytical extension in a small neighbourhood
of non-glancing points.

8.2.4  The Lopatinskii determinant along the boundary

The Lopatinskil determinant A(7,7) may be defined everywhere we have an
E_(7,n) defined by continuity, and it is analytic whenever (7,7) — E_(7,n) has
this property. In particular, A has an analytic extension to non-glancing points.

The noticable property of the restriction of A to non-glancing points is that,
chosing an analytical basis of F_(ip,n) that is made of real vectors when (p,n) €
H\ G, A becomes a real analytic function on this open subset, which we denote
D(p,n). In particular, its zero set in H \ G is an analytic submanifold. Section
4.6.2 shows that

D7H0) N (H\G)

is actually contained in a real algebraic variety. This will be of great importance
below.

Since D is homogeneous on the boundary, it will be appropriate to work on
the projective space P(R x R?~!). We shall denote by H and G the projectivized
objects obtained from H and G.

8.3 Weakly well-posed IBVPs of real type

Let (Lo, By) € ZB¢ be given. In particular, F_ and A are continuable up to the
boundary {Re 7 =0; n € R“"1} but at the origin (0,0). Assume that the cor-
responding IBVP satisfies the Kreiss—Lopatinskii condition, but not uniformly.
Specifically, we require that D~1(0) is contained in H \ G. In particular, since
D~1(0) is compact and H \ G is open, D~1(0) does not meet the boundary of
H\G.

Examples If d = 2, the boundary points form a plane without its origin. The
projective object is a line, in which H \ G is a finite collection of open segments.
Our requirement is that the zeros of D belong to H\ G. Since D is analytic,
these zeros are isolated.

If d >3, the zero set 8:= D~1(0)N(H\G) is generically a smooth real
analytic hypersurface in a real (d — 1)-projective space. For instance, if d = 3, it
is a finite collection of loops. Note that the presence of such hypersurfaces is com-
patible with the (non-uniform) Lopatinskii condition: Given a point (pg,n0) in 3,
where dD # 0, the complex zeros form a complex analytic, locally smooth, man-
ifold. More precisely, assume (0D /9p)(po,no) # 0. Since A(r,n) = D(—ir,n),
zeros of A locally satisfy

(77 — 770) ) VUD
0D/0p

Together with the Implicit Function Theorem, this shows that the set of zeros
(1,m) of A, with a real component 7, is locally a manifold of real (projective)

iT+ po ~
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dimension d — 2. Thus it coincides with the set of pairs (ip, ) such that (p,n) € 3.
In other words, A does not vanish for Re 7 > 0 when (7,7) is close to (ipg, 7o)
and 7 is real. We point out that the situation is very different when D vanishes
at some boundary point outside of H.

In [13], we have denoted WR the class described above. We summarize its
definition below.

Definition 8.2 We say that the IBVP associated to the pair (L, B) is of class
WTR if the following properties are satisfied:

e The operator L is constantly hyperbolic,
* The boundary is non-characteristic (det A% # 0),

e The non-uniform Kreiss—Lopatinskii condition is satisfied (A does not
vanish for Re 7 > 0 and n € R471),

o The Kreiss—Lopatinskii condition is locally uniform at boundary points out
of H\ G,
® The real analytic set D=1(0) N (H \ G) is non-void, and it holds that

(D =0) = (%IP) # 0) : (8.3.8)

In particular, this analytic set is smooth.

Because E_(7,n) is always continuable at points of #T', provided L is hyper-
bolic, we might weaken the first assumption above, at the price of replacing
H\ G by Hjy, the projectivization of #T". In order to keep our discussion clear,
we call WR¢ the class defined by the list of conditions above, and by WR the
weakened class. Likewise, WRgr, WRoc denote the subclasses of WR in which
L is either Friedrichs symmetric or constantly hyperbolic.

The main point is that classes of the type WTR are open, thus robust, in their
natural environment. For instance, ZBp is naturally an open set in an R-vector
space. The fact that WRgr is open is due to the following facts:

¢ The uniform Kreiss—Lopatinskii condition is robust, as seen in Section 8.1.
From compactness, if (Lg, Byg) belongs to WRyp, a small perturbation
(L, B) still satisfies the Lopatinskii condition out of H\ G.

e In H\ G, the Kreiss—Lopatinskii condition fails only at zeros of D. When
D~1(0) is a smooth manifold, a small analytic perturbation of D yields a
small smooth perturbation of the zero set. There do not appear any new
connected components, neither along H \ G, nor in the interior Re 7 > 0.
Likewise, components of D~!(0) may not move towards the interior.

e Therefore, pairs (L, B) in ZBp, which are close to (Lo, Bp), still belong to
WRoF.
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8.3.1 The adjoint problem of a BVP of class WR

Since existence theorems for linear BVPs rely upon the duality method, through
the Hahn—Banach and Riesz Theorems, we have to consider the adjoint BVP. We
recall that it is a backward BVP, meaning that we work in weighted spaces L3
with § < 0, in contrast to spaces L?Y with v > 0 for the forward BVP. At the level
of the Laplace—Fourier analysis, this means that the relevant time frequencies 6
are those with Re 6 < 0. We recall (see Sections 4.4 and 4.6.4) that the adjoint
operator L* and the dual boundary matrix C' € M,,_, ,(R) are given by

L*=-0, - (A*)"0,, A*=C"N+M"B,

[e3%

for some matrices M, N of full rank.
Since A? is non-singular, because of Lemma 4.6 and the equality

dim E_(7,n) + dim E* (-7, —n) = n,
we have
. 1
E_(—T, —77) = (AdE— (Ta 77)) :

In particular, E_(ip,n) is of real type if and only if E* (ip,—n) is of real type.
More precisely, it holds that

H" = {<p7 _77); (p7 77) € H}a

where H* denotes the hyperbolic set associated to the adjoint BVP. We check
easily that the same relation holds true for the glancing sets

G* ={(p,—n); (p,n) € G}.

Recall (Theorem 4.2) that the adjoint BVP satisfies the Kreiss—Lopatinskil
condition at point (—7,—n) if and only if the original one does at point (7,7).
As a matter of fact, we have seen (Theorem 4.4) that, if A(7,7n) is a Lopatinskii
determinant for the direct BVP, then

(0,0) — A(—0,—0), Ref <0,0cRI!

is a Lopatinskii determinant for the dual BVP. This implies the following relation
between D and D*, the latter being associated to the adjoint BVP:

D*(p,—n) = D(p,n).

It immediately follows that the various classes WR, ... are preserved when we
pass to the dual problem. In particular, we have

(D*)7H0) = {(p, o (p,—0) € DTH(0)}.
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8.4 'Well-posedness of unsual type for BVPs of class WR

We give ourself a BVP of class WRgc. The operator L is therefore constantly
hyperbolic, with A¢ invertible. We denote

A:={(ip,n); (p,n) € D71 (0)}.

This is the set of boundary points at which the Kreiss—Lopatinskii condition fails.
We first establish optimal a priori estimates for the boundary value problem.
Then we prove an existence result by duality.

8.4.1 A priori estimates (I)

As usual, we work at the level of the Laplace—Fourier transform v. We begin
with the case of a homogeneous initial data u(0,-) = 0 and extend u by zero to
negative times.

We must estimate v and its trace along the boundary, using the equations

Tv + iA(n)v + Adﬁ =2f, xq4>0, (8.4.9)
axd
Bu(r,n,0) = G(r,n) := Zy. (8.4.10)

As long as (7, 71) does not approach a point of A, the construction done in Chapter
5 applies, and we have a dissipative symbolic symmetrizer K (,7), which depends
smoothly on (7,7), as well as of possibly additional parameters. This implies an
estimate of the form

ReT/ g + [v(0)2 < C(r,n) (1/ |$f|2dxd+|G|2>. (8.4.11)
0 Re 7 J,
The number C(7,7n) above is bounded away from A. However, it does blow up
as (7,7n) tends to a point of A, since its boundedness is equivalent to the non-
vanishing of A.

In order to obtain an estimate up to A, we use the splitting v = vs + vy
introduced in Chapter 7. We recall below formulee (7.1.10) and (7.1.11) for a
given pair (7,7) with Re 7 > 0:

+oo
wilea) == [ oA, ()

d
T4
) = A, (0) 4 [ o IA, (),
0

where F := (A4)~1.2f.

Since we know that strong estimates hold away from A, we concentrate on
points (7,7) in a neighbourhood V of some (79 = ipg,n0) € A. We make use of
the following statement.

Lemma 8.3 Assume that L is a constantly hyperbolic operator. Then, given a
point (po,mo) in wl', there exists a neighbourhood V of (1o =ipo,no), in which
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the following bounds hold uniformly for z > 0:
lexp(—zAu(7,n))|| < Cem<"Re T, (8.4.12)
| exp(zAs (7, m)|| < Ce~v?Re ™. (8.4.13)
Here ¢ and w are positive constants.
These bounds follow from three important facts:

e The eigenvalues of A(7,7) remain of constant multiplicities in V, and
therefore are smooth functions.

® They are real along Re 7 = 0,

e The imaginary parts of their derivatives Ou/07(70,m0) do not vanish,
because this point is non-glancing.

Actually, the same statement holds true near every non-glancing point, since
non-real eigenvalues at (79,7) are harmless.

Corollary 8.1 Under the assumptions of Lemma 8.3, it holds that
|z exp(—2Au) || r@+) < C(Re 7) 7/, (8.4.14)
|2+ exp(2As) || r@+) < C(Re 7)7 /", (8.4.15)
uniformly in V.

Applying (8.4.12) to (7.1.10), with the help of a Young inequality for the
convolution L' * L? C L?, we obtain the first estimate, which is a strong one:

c

lvull2(rt) < E”FUHLH]IH) (8.4.16)

In the following, we abreviate || - || 2(g+) =: || - |2 when no confusion is possible.

The constant of integration v4(0) must be determined from the boundary
condition:

+oo
Bug(0) = B/ e AuE, (2)dz + G. (8.4.17)
0

Since we assume the Kreiss—Lopatinskil condition at the interior points, (8.4.17)
together with v,(0) € E_(7,7n) determine uniquely v,(0). We note, however, that
v5(0) does not remain bounded as (7,7) tends to (19, 7o), for general data F' and
G. Introducing the eigenprojectors w4 (7,n) onto E4(7,n), we have vy = m_uv,
vy, = T30, and so on. The linear map v — (7_v, 71 v) is bounded, uniformly in
V since E_ and E, are transverse at (79,7)). Because of the Kreiss—Lopatinskil

condition, the linear map
( . )
v
T4V
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is non-singular. We emphasize that its inverse is not uniformly bounded as

(7—7 77) - (7—03770)7 since

Bv
UV —
(W+(To,770)v>

is singular. As a matter of fact, the Lopatinskii determinant A(7,7n) equals, up to
a smooth and non-vanishing factor, the determinant of (B, w4 (7,7)). Therefore,

the matrix

T+ (7—7 n

o= ))_1

remains bounded as (7,1) — (70,70)-
Since

+oo oA,
A(T,n)vs(O)zq(T,n)<Bfo c AOFu(Z)dz+G)7

we obtain the estimate

IA(r, 7)us(0)] Full2 + |G|) ,

<C <1
o vRe T
where C' is uniform in V.

Define now

ﬁ(Tv 77)” = Uy + A(Tv n)v87

that is

p(r,n) = my(7,m) + A7, n)m—(7, 7).

(8.4.18)

(8.4.19)

This n x n matrix-valued symbol depends smoothly on (7,7) in V and is homoge-
neous of degree zero. Definition 8.4.19 works also outside of V. The linear operator
p(7,m) is non-singular, and its inverse is bounded except in a neighbourhood of
A. The symbol p is continuous up to the boundary Re 7 = 0, except for glancing
points, where it is even not bounded. Hence we smooth it out in a neighbourhood
of the glancing points, in such a way that the new symbol p(7,7n) fulfils the

following properties:

® p coincides with p, except in a small neighbourhood of glancing points; in

particular, they coincide in a neighbourhood of A,
e (7,m) — p(71,7n) is smooth and homogeneous of degree zero,
¢ p(7,7n) is non-singular everywhere on Re 7 > 0 but along A.

We warn the reader that, when smoothing p, we lose the holomorphy in 7.
Therefore, p is not the symbol of a unique pseudo-differential operator. Instead,
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we have a collection of ¥DOs

1,1
P’Y <Z,8t, /Lvy>

(psm) = py(psm) = p(y +ip,m)-

From homogeneity, the principal symbol of P, is pg, for every v > 0. In particular,
P, is of order zero and is microlocally elliptic at every pair ((p,7n);v) but those
for which (7,7) € A and v € E_(7,n) NkerB. Its characteristic cone is precisely
A.

of respective symbols

8.4.2 A priori estimates (II)
Improvement of (8.4.18)

Let us focus on the neighbourhood of (79,70) € A, since elsewhere the estimates
are those of the uniformly stable case (UKL). We therefore have p = m + An_.
Going back to (8.4.17), we use the fact that (A%)~*M7T is a right inverse of B
(see Section 4.4), and rewrite

Bu,(0) = B ( /0 o e * A, (2)dz + (Ad)—lMTG) .
Next, we decompose (A)"1MTG, using 1 =p+ (1 —p) =p+ (1 — A)7r_:
Bvs(0) =B (/0-4-00 e P, (2)dz 4+ p(ADTIMTG + (1 - A (Ad)_lMTG> .
Since v5(0) is in E_, this gives

v5(0) = veo + (1 = A)m_(AHTMT@,

where v59 € E_ is the solution of
—+oo
Bvy =B </ e P, (2)dz +p(Ad)_1MTG> .
0

Following the same argument as above, vy satisfies an estimate of the form
(8.4.18), with G replaced by p(A9)"1MTG.
Since Ap~! = A, + 7_ is uniformly bounded and (A%)~' M7 is one-to-one,
we have a bound
|A(r,mG| < [p(A) T MTGY.
Gathering all these inequalities, we obtain the more accurate estimate

A 001 < € (SRl + (4 21761 ) (8.4.20)

where C' is uniform in V.
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Main estimates

We now estimate A(r,n)vs when (r,n) € V. From (7.1.11), (8.4.15) and the
Young inequality, we have

1 1
< — — .
A )l < CIAG ] (S0 + oIl

Thanks to (8.4.18), this yields

1 1
A Slla < — F AN T . 4.21
Al < € (o IptrmFla + (A 376l) . 421

Merging (8.4.16) and (8.4.21), and using the uniformly dissipative Kreiss sym-
metrizer outside a neighbourhood of A, we conclude that the following estimate
holds uniformly in (1,7):

1 1 _
ool < € (e b Flls+ <=4 M761) . (822
Likewise, (8.4.18) yields the uniform estimate
1 _
IOz < € (el Flla+ (A)M761) . (423

Using, finally, Plancherel’s Formula, we derive our fundamental estimate

7// e 2| Pyul*dx dt + // e 27| Pyyoul|*de dt
QxR xR

1
<c ( // 2| P, (A%~ Lu|Pda dt
Y QxR

+// e27t|PwO(Ad)1MTBu||2dxdt>,
O xR

(8.4.24)

whenever ~ is positive and u is smooth, compactly supported. This is clearly
weaker than (4.5.26), as expected. However, it has the nice feature that only
Py (AY) = Lu and Py7yo(A%) =1 M7 Bu, instead of Lu and voBU, are required to
be square-integrable. Therefore, there is some hope that such an estimate could
be useful in nonlinear problems when using a fixed-point argument.

Remarks

e Note that (A?)~'MTB is a projector, whose kernel is kerB. Therefore,
(8.4.24) is the same as (4.5.26), up to the presence of the operator P,
everywhere. In other words, one passes from one estimate to the other by
changing the norm both in data and in output. We arrive at the strange
conclusion that a BVP of class WRy¢ displays strong well-posedness in
some Hilbert space, though not in L2. This space is inhomogeneous in
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frequency, and in space-time variables as well, since x4 and (y,t) play
different roles.

® When A vanishes at the first order only along A, the norms || Pyw|| are inter-
mediate between the L?-norm and the H~!-norm. Thus (8.4.24) implies,
in the case of constant coefficients in a non-characteristic half-space, the
estimates ‘with loss of one derivative’ obtained by Coulombel [38,39,41,43].
Coulombel’s estimates also hold true with variable coefficients, as well as
in some characteristic cases. We leave for a future study an extension of
our estimates in such contexts.

¢ In the case of a BVP of class WR for the wave operator, a nicer analysis
can be made, see [191]. In a suitable range of parameters, the BVP can
be decomposed in a sequence of two hyperbolic BVP, each one satisfying
(UKL). The sequence of a priori estimates yields an estimate similar to
(8.4.24). This decomposition is robust to variation of coefficients, and thus
can be employed in BVP with variable coefficients.

8.4.3 The estimate for the adjoint BVP

We have seen that the adjoint BVP is of class WR too, with the Lopatinskii
determinant

A.(0,0) = A(=0,—0).

The standard objects, when associated with the adjoint BVP, are indexed with
a subscript *, for instance E_,, E,,,...The superscript * is kept for denoting
adjoint operators. For instance, the adjoint 7* of the projection onto E_, of
kernel E,, is the projection onto Ei, with kernel E+. Since we have

By, = (A'EL)T,
we find the useful identities
(AN = (AN 1y, 7 (ADT = (AN, (8.4.25)

Hereabove, and everywhere in the following, we always assume the relations
6 = —7 and o = —7). Using (8.4.25), we deduce

P(AYT = (AN (r_s + Am i),
from which we infer
(AN p. = A(AT)T.

In the smoothing process, it is possible to keep track of this identity, in the
following way

p (AN p, = 6(AN7T, (8.4.26)
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where §(7,n) is smooth, homogeneous of degree zero, and coincides with A
outside of a small neighbourhood of glancing points. Also, § vanishes only
along A.

The analogue of (8.4.24) for the adjoint problem is obviously

7// e®| P_ w|*dz dt + // || P cyowl*da dt
QxR IOXR

1
<C < // e27t||P_7*(Ad)*TL*wH2dxdt
0 QxR

+ // 1| P_uyo (AN T NT Cw||?da dt) ,
0OQxR
(8.4.27)
At the level of the Laplace—Fourier transform, this amounts to saying that

[Re 0] [|p« (6, o) [13 + |p«(6, o) (0)?

< C{ ‘Ri fl Ip(8,0)(AD) T Lxw|?  (8.4.28)
+ |p(0,0)(AY)"TNTCw(0)|°} .

8.4.4  Ezistence result for the BVP

As in Section 4.5.5, we employ a duality argument. We do not give full details,
which essentially mimic those of Section 4.5. We content ourselves with explaining
what role our modified estimates play.

Let us fix a v > 0. We give ourself a pair (f,g) with

Py (AN 'fe L2, P(AY)T'MTge 2. (8.4.29)

We denote by Y, the set of distributions of the form L*w with the properties
that

Po(ANY TL'we L2, Pywel®,, ~Cw=0.

Admitting that (8.4.27) holds true on Y,,, we deduce that the linear map L*w
w is well-defined (a uniqueness property), with some continuity properties. We
then define a linear functional

UL w) = //sm(w’ £ dxdt+//89XR(Mw,g) dydt.

To begin with, we majorize the first integral. Using the Plancherel formula, it
amounts to the same to deal with the integral of (@, f). This has the effect of
decoupling frequencies, so that we need an estimate of the integral with respect
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to x4 only. To this end, we write
[ am = (a7, a5, = (a0
O 2

where the last equality makes use of (8.4.26). Using Cauchy—Schwarz, we infer

. n(a) )
2

|<u>,f>2sc‘p o

Ip(A") ™" £
2
Applying now (8.4.28), we obtain

(@l < s |

po(AD) T Lou|_[Ip(AD) 7 e

Playing the same game with the second integral, and using the fact that p is
uniformly bounded, we obtain

(W, f)2 + (M(0), §)]

< 5 (S04 7+ —lptaty 100731 ) [y T E] .

VY
This shows that ¢ extends continuously to the space of functions W such that

1 «

gp*(Ad)*TW € L*(Re 6 = —).
The dual of this space is, from (8.4.26), the space of functions U such that

A%pU € L*(Re T = 7).
In other words, it is the set of Us such that
PU € L2. (8.4.30)

Therefore, there exists a u with property (8.4.30), such that

= // (L*w, u) dadt.
QxR

1 1
Poully < C (= ||Py(ADH7 f|| . + —|| P, (AD) M Ty )
1Pyl <€ (5 1P A A, + 2Py (4 Tl
This w is the solution of the boundary value problem for ¢t € R. Note that the
duality method gives directly the dependency upon PV(Ad)_lM T4, instead of g,
confirming the analysis done in Section 8.4.2.

Additionally, we have

8.4.5  Propagation property

There is an important difference between the classes WR and (UKL), as far as
the propagation (of support or of singularities) is concerned. For a uniformly
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stable IBVP, it can be proved that the signals propagate not faster than in the
pure Cauchy problem. A simple calculus, using energy inequality, shows that
in the strictly dissipative Friedrichs-symmetric case, the support of the solution
does not propagate faster than expected.

This is no longer true for an IBVP of class WRyc, because of the fact that
the ‘boundary symbol’ p(ip,n) vanishes along the set A, which is strictly included
in the forward characteristic cone in general.

Let us consider as an example the wave equation

02u = *Agu,
with the boundary condition

Ju Ju

W 8l e +9,
with v € (0,1/c) a constant, and du/Jv the normal derivative. This problem can
be recast at a first-order system. We leave the reader to check that this BVP is

of class WRy¢, and to compute that A consists in the pairs (ip,n) such that

1
Inf* = p? (c2 — 72> :

This reveals that signals propagate along the boundary at the velocity
, c
c

- 1—c2v27

which is larger than c. In particular, ¢’ tends to 400 as 7 tends to 1/¢; recall
that the IBVP is not normal (and therefore ill-posed) for v = 1/¢, and that it
does not satisfy at all the Kreiss—Lopatinskil condition for v > 1/c.



9

VARIABLE-COEFFICIENTS INITIAL BOUNDARY
VALUE PROBLEMS

This chapter is the logical continuation of Chapter 4 on Initial Boundary Value
problems. We are concerned here with variable-coefficient operators

d
Li=0 + Y Alx,1)0;,

Jj=1

where z lies in a domain Q strictly smaller than R¢ having a smooth boundary
09): we will not consider domains with corners or edges despite their physical
interest (e.g. in fluid dynamics with the entrance of pipes), because the analysis
of the corresponding Initial Boundary Value Problems is not well understood up
to now (see [100,153,154,175]).

Unless otherwise specified, the matrices A7(z,t) will be ¥ functions of
(z,t), independent of (x,t) outside a compact subset of R? x Rt. We assume
throughout this chapter that the operator L is hyperbolic in the direction of ¢,
which means in particular that the characteristic matriz

d
A(xv t?E) = Zgj Aj(xvt)
j=1

is diagonalizable in R for all ¢ € R4\{0}. In fact, we will mostly concentrate
on the more restricted class of constantly hyperbolic operators, for which by
definition the eigenvalues of A(z,t,&) are of constant multiplicities.

Boundary conditions are supposed to be encoded by a smooth matrix-
valued function B : (z,t) € 9Q x (0,400) — B(x,t), the rank of B(z,t) being
prescribed by a frozen-coefficients analysis: accordingly with Proposition 4.1,
the rank of B(x,t) must be equal to the number of incoming characteristics,
that is, the number of negative eigenvalues (counted with multiplicity) of the
characteristic matrix computed at (x,t,& = v(z)), where v(z) is the exterior
unit normal vector to €2 at point .

Independently of the specific boundary conditions, we will thus require that
the number of negative eigenvalues of A(z, ¢, v(x)) be constant, which is definitely
not innocent; unless A is independent of (z,¢) and v is independent of x,
i.e. L has constant coefficients and () is a half-space, as in Chapter 4. This
requirement on the number of negative eigenvalues of A(x,t,v(x)) is (more
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generally) fulfilled by non-characteristic problems in domains with connected
boundaries. (We warn the reader though, that it might be difficult to ensure
the whole boundary is non-characteristic: see Section 11.1.1 for a more detailed
discussion in a quasilinear framework.) As a matter of fact, if the boundary 92 is
everywhere non-characteristic, that is, if the matrix A(xz,t,v(z)) is non-singular
along 09 x (0,400), and if additionally 92 is connected, the hyperbolicity of
the operator L implies that the eigenvalues of A(z,t,v(z)) are split into a
constant number of negative ones and a constant number of positive ones:
indeed, if A(z,t,v(x)) is non-singular and only has real eigenvalues then of
course it has no eigenvalue on the imaginary axis; in the language of ODEs,
this means A(z,t,v(x)) is a hyperbolic matrix for all (x,t) € 9Q x (0, +00) and
a connectedness argument then shows the dimension of its stable subspace must
be constant along 9 x (0, +00).

Denoting by p the number (assumed constant, no matter the restriction) of
incoming characteristics, we may suppose without loss of generality that B is
everywhere of maximal rank p, that is, B(z,t) € M, (R) for all (z,t) € 0Q x
(0, +00), the p rows of B(z,t) being independent.

Additional requirements are to be imported from Chapter 4. Not only must
the rank of B coincide with the dimension of the stable subspace E?(A) of A but
we should have the normality condition:

R™ = kerB(z,t) & E*(A(z,t,v(z))) for all (z,t) € 9Q x (0,400). (9.0.1)

If we were to consider possibly characteristic boundaries, we should also require
that

kerA(z,t,v(z)) CkerB(x,t) for all (z,t) € 9Q x (0, +00).

But we will concentrate on non-characteristic problems.

Finally, we will need an assumption specific to variable coefficients: we ask
that the kernel of B admit a smooth basis, that is, a family of ¥°° vector-valued
functions (ep41,...,e,) such that

Span (epyi1(z,t),...,en(x,t)) = kerB(z,t)

for all (z,t) € 90 x (0,+00). A standard result in differential topology [85]
(p. 97), saying that any vector bundle over a contractible manifold is trivial,
implies the existence of such a smooth basis for some particular boundaries 9€:
for instance, a hyperplane is contractible. For non-contractible boundaries 952,
the existence of a smooth basis is a non-trivial assumption.

Our aim is to solve Initial Boundary Value Problems (IBVP) of the form

(Lu)(z,t) = f(z,t), z€Q,t>0, (9.0.2)
(Bu)(z,t) = g(x,t), €, t>0, (9.0.3)
u(z,0) = ugp(z), z€Q, (9.0.4)
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where the source term f, the boundary data g and the initial condition ug are
given in a Sobolev space H®, s > 0. We may also add a zeroth-order operator to
L.

As for the Cauchy problem, well-posedness crucially relies on energy esti-
mates. As for the Cauchy problem, the basic tools for deriving energy estimates
are symmetrizers. However, symmetrizers for IBVPs are much more compli-
cated than for the Cauchy problem: they were first introduced by Kreiss in
his celebrated paper [103] (see also [160]); up to now, the main reference is
the (unfortunately depleted) book by Chazarain and Piriou [31], where Kreiss’
symmetrizers are constructed in detail and used to show the well-posedness of
IBVPs. For constant-coefficient problems, Chapter 5 of this book gives a new
construction of Kreiss’ symmetrizers, and Chapter 4 shows how to use them for
the well-posedness theory.

The purpose of this chapter is to answer the two main questions: 1) how
do Kreiss’ symmetrizers associated with frozen coefficients systems yield energy
estimates for variable coefficients? and 2) how do energy estimates imply the
well-posedness of Initial Boundary Value Problems?

As for the Cauchy problem, we shall at first deal with infinitely smooth
coefficients. In this case, the answers to questions 1) and 2) make use of pseudo-
differential calculus with parameter. They are contained in Chapter VII of [31].
Our presentation is different but makes use of the same arguments.

Coefficients with poorer regularity (arising, for instance, in the resolution
of quasilinear problems) are trickier to deal with, and will be considered sep-
arately. The main reference on this topic is the (unpublished) PhD thesis of
Mokrane [140], which takes advantage of para-differential calculus. We shall give
a presentation here that parallels the smooth coefficients theory, and point out
the special features related to poor regularity.

In any case, we will only consider non-characteristic problems, for the analysis
of variable-coefficient characteristic problems is still in its infancy: apart from the
seminal paper by Majda and Osher [127], most results known concern dissipa-
tive boundary conditions for Friedrichs-symmetrizable systems; as far as linear
problems are concerned, the main references are the papers by Rauch [163,164]
(see Chapter 11 for further references concerning quasilinear problems).

Another deliberate choice by us is to consider first the simplest case of a
planar boundary and explain afterwards how to deal with arbitrary domains
through co-ordinate charts.

9.1 Energy estimates

As announced above, we proceed gradually and first consider a half-space
Q, which we assume to be Q = {x € R?; x4 > 0} without loss of generality.
Furthermore, we assume OS2 is non-characteristic, which means that A%(y,0,t)
is invertible for all (y,t) = (z1,...,24_1,t) € R¥™! x (0, +00) (with an obvious
convention if d = 1).
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The main purpose here is to derive energy estimates for the Boundary Value
Problem

(Lu)(y, xa,t) = fy,za,t), yEeR', tER, 24>0, (9.1.5)
(Bu)(y,0,t) = g(y,t), yeR"' teR, (9.1.6)

in which the coefficients of L and B are supposed to be well-defined and
smooth for all ¢ € R. We have in mind energy estimates that are weighted
in time, as in Theorem 2.13. This is why we introduce the new unknown
Uy (z,t) == e " u(z,t) and new data f,, g, in the same way. We observe that
(9.1.5)(9.1.6) is equivalent to

Lyiy = fy, QxR, (9.1.7)
B, =Gy, O0xR (9.1.8)
with
d .
L'y = 6t+’y+ZAJ8]
j=1

The whole difficulty lies in the fact that the principal part Ly = L of the operator
L., is in general not hyperbolic in the direction of z4. This is not specific to variable
coefficients. For, the hyperbolicity of L in the direction of x4 requires that, for
any ‘frequency’ ¢ = (,6) = (1,...,m4-1,9) € R\{0} the polynomial

d—1
det(0 I, + > m; Ala + (A")

Jj=1

only has real roots (. This holds true in the frequency region called hyperbolic
for obvious reasons, which is in general not the whole frequency space.

Example In gas dynamics (see Chapter 13), the polynomial above can be
explicitly factorized as

(5 + (0,0 w) (6 + (0.0 w)? = &l + ),

where u denotes the gas velocity and ¢ the sound speed. If the first factor only
has real roots, in fact the multiple one

¢=—(+n-1)/ua,

where t := (uy,...,uq—1) denotes the tangential part of the velocity u = (1, ug),
the second factor has real roots if and only if

(6 +n-1u)? > ( —ul) Il

IThe term frequency here is used in a wide mathematical sense, and does not refer specifically to
time oscillations.
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This inequality holds true everywhere for supersonic flows (u? > ¢?). But for a
subsonic flow (uﬁ < ¢?), the hyperbolic region of L in the direction x4 is restricted
to the cone

{&=(6m; O+ n-w)?* > (2 —wud) 0]}
It is notable that, for points £ = (§,17) on the boundary of the cone, i.e. such
that
6 +n-w)* = (¢ — ug) |nl,

called glancing modes, the matrix

d—1

(AHTH(O L, + Y my AT)

j=1

which will turn out to play a crucial role in the analysis, is not diagonalizable.

Coming back to the abstract problem (9.1.5)(9.1.6) and considering the
special role played by the variable x4, we rewrite (9.1.7) in the equivalent form

Oaliy — PV (za) Ty = (AH7VF,, (9.1.9)
d—1
PY(wg) = — (A7 (0 + v + Y A;)
j=1

This notation emphasizes the dependence of PY on the parameter x4, but it
should be clear to the reader that P7(z4) is a variable-coefficient differential
operator in (y,t). More precisely, in the terminology recalled in the appendix
(section C.2), for all zg > 0, {P7(x4)},>1 is a family of differential operators of
order 1 on {(y,t) € R4~ x R}, their symbols being

a(y, t,n,6,7v;24) == — (A%(y, za,t)) " ((#6 +7) I, + i A(y, x4, t,m) ) ,

where
A(y,l'd,t 77 ZT]] yaxd7

Consistently with Chapter 4, we will also use the shorter notation

Az, t,n,7) = a(y,t,n,6,7;24q),

where z = (y,z4) and 7 = v + 0.
Dropping for a while the tildas and the 7 subscript in (9.1.7)(9.1.8), we are
facing a problem of the form

azdufp’y(xd)u:fa xg >0,
Bu=g, zq=0.
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If one compares with the Cauchy problem studied in Chapter 2

O — Pt)u = f, t>0,

u=g, t=0 )
there are two intertwined differences: 1) the whole vector w is prescribed on the
‘boundary’ (t = 0) in the latter case, whereas in the former, only part of w is
prescribed on the ‘boundary’ (zq =0) and 2) unlike 9, — P(t), the operator
Oz u — PY(x4) is not hyperbolic in general, because L is not hyperbolic in the
direction x4. The gap between hyperbolic Initial Value Problems and Initial
Boundary Value Problems should now be clear to the reader.

9.1.1 Functional boundary symmetrizers

In what follows, the space R? is to be understood as the product of the boundary
of Q by the real line in the time direction, i.e. R? = {(y,t); y € R tcR}.
The delimiters (, ) stand for the inner product on L?(R%, dy dt).

Definition 9.1 A (functional) boundary symmetrizer for (9.1.5)(9.1.6) is a
family of €1 mappings
R” : Rt — 2(L*(R%;R™))
Xq = R”(:rd)

for v > v > 1, with bounds for RY(x4) and dRY/dxq that are uniform in both
v > v and xq > 0, such that

e the operator RV (xq) is self-adjoint,

® the operator

Re (RY(za) P (za)) := 5 (R7(2a) P (2za) + (R (za) P7(x4) )")

N | =

belongs to B(L*(R%R™)) and as such satisfies the lower bound
Re (R"(zq) P (zq)) > C v 1, (9.1.10)

with C' > 0 independent of both xq > 0 and v > 7o,
® there exist positive constants o and 3 so that

RY(0)u, u) > alluliz — 8| Bul: (9.1.11)

for all uw € L*(R%R™) and all v > .

To some extent, this definition resembles the one given in Chapter 2 (Defini-
tion 2.2) for functional symmetrizers concerning the Cauchy problem. If one com-
pares the two definitions, the main novelties here are, besides the parameter ~,
the inequality (9.1.11), which is meant to deal with boundary terms in the energy
estimates, and also that a non-negative lower bound for Re (RY(xq)P"(xq)) is
requested: this is because the symmetrizer is designed to find a lower bound for
the derivative of (RY(x4) u, u) with respect to x4, eventually leading to a control
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of the trace of u at x4 = 0. (Observe the counterpart of this trace for the Cauchy
problem is merely the initial data, so that a rough bound Re (X(¢)P(t)) > —C1
suffices to show well-posedness in that case.)

In the case of Friedrichs symmetrizability, which is a property of the sole
operator L, we easily get boundary symmetrizers, provided that the boundary
matrix B is strictly dissipative: the definition of strict dissipativity given in
Chapter 3 for Initial Boundary Value Problems with constant coefficients extends
in a straightforward way to variable coefficients; we give it below for a general
domain 2 with outward unit normal vector v.

Definition 9.2 Assume L = 0; Jrzgi:l A19; is a Friedrichs-symmetrizable
operator, with Friedrichs symmetrizer Sy (see Definition 2.1). The boundary

matriz B is called strictly dissipative if there exist o > 0 and 8 > 0 so that for
all (z,t) € 00 x R and all v € R™;

o1 So(z,t) Az, t,v(2z))v > allv]]® — BBz, t)v|?, (9.1.12)
where v denotes the outward normal to 0S).
In the case Q = {z4 > 0}, the strict dissipativity of B means
v So(y,0,6) A%y, 0,00 < —allol® + BIB(y,v]? (9.1.13)

for all (y,t) € R? and all v € C™. If the inequality (9.1.13) is satisfied then the
operator

RV (zq) : u— RV(xq)u := —So(-,xd,-)Ad(~,xd,-)u

defines a boundary symmetrizer according to Definition 9.1. As a matter of fact,
the inequality in (9.1.11) directly follows from (9.1.13) applied to v = u(y,t),
after integration in (y,t). And we easily compute

(Re (R"(za)P"(2a) )u, u) = v(So(-,za,")u, u)
d—1
5 @50+ 3 94(5047) ) u, ).

j=1

Taking a lower bound for Sy, say o > 0, and an upper bound for 0;Sy +
> 0;(So A7), say K, we clearly have for v > 2K /o,

(Re (RY(za) P"(2q) ) u, u) > L2 |lufl3s

which is (9.1.10) with C = /2. This shows that Friedrichs-symmetrizable oper-
ators together with strictly dissipative boundary matrices are endowed with
boundary symmetrizers. In what follows, we will consider boundary matrices
that are not necessarily dissipative, as in Chapter 4.
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Proposition 9.1  If there is a boundary symmetrizer for (9.1.5)(9.1.6), then
there exists vo > 1 and ¢ > 0 so that for v > v and u € 2(2 x R) we have

v [ et lunPdea s [ ] e o Payde
R Jxq>0 R JRa-1

< C(l // ald ||(Lu)(l’,t)H2d£Edt+// e 27t ||(Bu)(y,0,t)||2 dydt),
7 IR Jzg>0 R JRa-1

(9.1.14)
and more generally,
7||av||i2(m+;H;(Rd)) + I\MO)II%W)
1 ~ -
< ¢ (100 e rney + 15T Ol )+ 9:115)

where Uy (z,t) = e u(x,t), Ly = L + v, and H5(R?) denotes the usual
Sobolev space of index s equipped with the vy-depending norm:

||U||H5(Rd)

1/2
([, L2+ i+ 2y (o asan)

= [[A*7 v L2 (gay -
(Note that by the definition of L., and uy, Ly, = e 7" Lu.)

Proof The proof is very similar to that of Theorem 2.1 in Chapter 2 (also see
the proof of Theorem 2.13).
We begin with the L? estimate (9.1.14). We readily have

d
7= (R, @y) = 2Re (R" (AN L, @, , Uy ) + 2Re (RYPY W, , )
d
dRY _  _
+<Euy,u7>.

The first and last terms can be bounded by below using uniform bounds for
[(AD) 7], [[RY||#(r2) and [|[dRY/dzq||s(r2). The middle term is bounded by
below in view of (9.1.10). Hence there exist C7 > 0 and Cs so that for all € > 0
and v > 7

d

dzy (R, Uy ) > (20 = Cre)y — C2) [y (wa)ll 72 (ge)

o

el LALC Ay
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Integrating in x4 and using (9.1.11) we get
a ||ty (0)l[72ay — BIBUy(0)[Z2(ray < ((Cre = 20)y + C2) [y 12 (ga )

C1
+4 L U’YHLQ(]RdeJr)

Choosing, for instance, ¢ = C/Cy, we find that for v > 2Cy/C

c . _ c?

ey 251172 maxm+y + @iy (0)]172ray < icy 1 Lny s |72 s

+B1| By (0) |72z -
This implies the L? estimate in (9.1.14) with ¢ = max(C?%/2C, 3)/ min(C/4, @)
for > max(2C2/C,2C,/C).

The proof of (9.1.15) makes use of pseudo-differential calculus with parameter
(see Section C.2). Indeed, applying the L? estimate obtained above

Yoz @ L2 mayy + 10(0)172gay
< o (2 NLy0la e go e, + [BU(O)]2
= ~ HEA VN2 s 2 ety L2(R4)

to v = A®7w,, where the operator A®7 acts on the variables (y,t), we readily
get

”/Haw|\2L2(R+;Hg(Rd)) + ||EW(0)||§{$(R(1)
1 ~ ~
< ¢ (T AT B gouey + [BAT T Ol )
Now, using that {[L,, A®7]},>1 is a family of pseudo-differential operators
of order 1+s—1=s, that {[B, A*7]}y>1 is a family of pseudo-differential
operators of order s — 1 and Hv||H 0 <4 [[v][ s for all v we obtain a constant
cs > 2¢ so that
’Y\|av|\%2(R+;H;(Rd)) + ||ﬂ'y(0)||%1;(Rd)
< o (R e gz ) + 2 10l gy
BT 0) 2 gty + = 1 (0) 21 ) -
Y Hs(RY) ~v2 gl H: (RY)

For v > /2c¢s, the left-hand side absorbs the extra terms in the right-hand side,
and we obtain (9.1.15) with ¢ = 2¢;. O
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Remark 9.1 By density of & in H', the energy estimate (9.1.14) extends to
any u € e "' H'(Q x R) (which is sufficient to pass to the limit in the right-hand
side of (9.1.14) applied to Z-approximations of u).

9.1.2  Local/global Kreiss’ symmetrizers

Kreiss” work [103] has shown that strictly dissipative problems are not the only
ones to enjoy estimates of the kind (9.1.14). In other words, there are boundary
value problems that do admit boundary symmetrizers, even though they are
not strictly dissipative (in the sense of Definition 9.2). Such problems are those
that satisfy a stability condition based on a normal modes analysis: in fact, the
stability condition derived by Kreiss involves a refined normal modes analysis,
in that it pays attention to the so-called neutral modes. (These terms will be
explained below.) This is in contrast with prior work — dating back to the 1940s
in gas dynamics — in which the role of neutral modes was not well understood.
For examples of problems that satisfy Kreiss’ stability condition without being
strictly dissipative, see for instance Chapter 13 on gas dynamics.

Kreiss introduced a tool known nowadays as a Kreiss symmetrizer, which
turned out to imply energy estimates without loss of derivatives. He performed
the proof of these estimates for constant coefficients and claimed, advisedly,
that they were satisfied also in the case of variable coefficients [103]. The
proof was later completed by several authors. The actual construction of Kreiss
symmetrizers, assuming Kreiss’ stability condition, is the bulk part of the original
paper [103]. This tour de force is explained in Chapter 5 — and also in Chapter 13
for the (linearized) Euler equations in the constant-coefficients case. Its extension
to variable coefficients does not contain major difficulties but deserves some
explanation.

Before that, let us pause and come back to the analysis of the Boundary Value
Problem (9.1.5)(9.1.6). We have decomposed the derivation of energy estimates
into the following steps:

i) the derivation of energy estimates from functional symmetrizers,
i1) the construction of functional symmetrizers from symbolic ones.
i11) the construction of symbolic symmetrizers.

The splitting between i) and i) parallels Chapter 2 (on the Cauchy problem).
Step i) has been done in the previous section. Step i) is the main purpose
of this section. If step iii) is rather easy for the Cauchy problem (assuming
only constant multiplicities of eigenvalues, see Theorem 2.3), it is a tough piece
for the Boundary Value Problem. However, once the work is done for constant
coefficients (see [103] or Chapter 5 in this book), its extension to variable
coefficients is not difficult. Details will be given in Section 9.1.3.

Historical note Kreiss’ stability condition is often referred to as the (uniform)
Lopatinskii-Kreiss—-Sakamato condition, as both the Russian Lopatinskii and
the Japanese Sakamato have contributed to the theory, independently of Kreiss:
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even though Lopatinskii is more famous for his work on elliptic boundary value
problems [123], he did contribute to the early developments of the hyperbolic
theory [122] and his name here is not misplaced (as seen in Chapter 4, it is more
specifically attached to the search for unstable modes by means of the so-called
Lopatinskil determinant); and Sakamoto performed simultaneaously with Kreiss
a similar work on higher-order hyperbolic equations (see [171-174]).

We adopt here a presentation of Kreiss’ symmetrizers slightly different from
Chapter 5, which is adapted to variable coefficients and insists on local Kreiss’
symmetrizers.

Notations In the whole chapter, we denote by CT™ = {7 € C; Re 7 > 0} the
closed right-half complex plane. Furthermore, in this section and in the next one,
we use the following shortcuts:

e the physical space-time set is
Y= QxR = {(y,z4,t); yc R 2z, e RT  teR},

and its boundary is Y = 00 x R = {(y,0,t); y e R teR};
e the ‘frequency’ set is

P .= (C* de—l)\(0,0) = {(7,n) # (0,0); Tec+7n€Rd_1},

and its intersection with the unit sphere is Py ={(7,7) €P; |7|* + ||n]|* = 1};
¢ the whole space-time—frequency set is

X = {X = (Z/,fdat,ﬂﬁ);(yyfd,t) ey, (7—777) GIP}
and X? = X°NX; with
X0 = {X: (yvoatﬂ%T);(yvat) € 8Y, (777)) GP}?

Xl = {X = (yaxdatan’T);(yamd7t) € Y? (T777) S Pl}
Finally, for all X € X, we denote
AX) = - (Ad(gzt,t))_1 (71,4 i A(x,t,n)) .

Definition 9.3 A Kreiss’ symmetrizer for (9.1.5)(9.1.6) at some point X € X
is a €°° matriz-valued function r in some neighbourhood ¥ of X in X, which is
associated with another €°° matriz-valued function T, and such that

i) the matriz r(X) is Hermitian and T(X) is invertible for all X € ¥,
ii) there exists C' > 0 independent of X € ¥ so that
Re (r(X)T(X)PAX)T(X)) >C~v I, (9.1.16)

iii) and additionally, if X € X°, there exist a > 0 and 8 > 0 independent of
X €V so that

r(X) > al, — B(B(y,)T(X)) By, HT(X). (9.1.17)
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Remark 9.2 The existence of a Kreiss symmetrizer at points in X\X° is
obviously independent of the boundary conditions!

We focus here on how Kreiss’ symmetrizers generate boundary functional
symmetrizers (and thus the estimates in (9.1.14)). This part of the analysis was
not performed by Kreiss in [103]. It appeared later, in particular in [31], even
though not really stated in this way.

Theorem 9.1 Assume the matrices A7 and B are €= functions of (y,za,t) €
Y and (y,t) € Y, respectively, and that they are constant outside a compact set.
If (9.1.5)(9.1.6) admits a Kreiss’ symmetrizer at any point of Xy then it admits
a (functional) boundary symmetrizer.

Proof Our first aim is to construct a global symmetrizer R(X) defined for all
X € X and such that for some positive constant C

Re (R(X)A(X)) > C~1I,, X €X, (9.1.18)
and for other positive constants a and 5
R(X) > al, — BBy, t)" B(y,t), X e X°. (9.1.19)

Note that these inequalities look very much like microlocal versions of (9.1.10)
and (9.1.11), respectively, with R7(z4) of symbol R(-,z4,-,,-, 7). So a little
pseudo-differential calculus with parameter « will enable us to conclude.
Suppose the matrices A7 and B are constant outside the open ball B(0; M).
By homogeneity in (7,17) € P and in (z,t) € Y\B(0; M) of the inequalities in

(9.1.18) and (9.1.19), it is sufficient to construct R in K:=X N (B(0; M) x Py)
and then extend it by

R(z,t,n,7) = R(M (z,1) (n,7) )

for all (x,t,n,7) € (Y\B(0; M)) x P.

Now, the compact set K can be covered by a finite number of neighbourhoods
¥;, of points in X\X{ together with a finite number of neighbourhoods 7/j07
.(7')7 and
invertible matrices T3, T]Q satisfying the requirements of Definition 9.3. Let us
introduce a partition of unity associated with the covering {”f/i?VjO}7 that is

functions ¢; € 2(%;(0,1]) and ¢} € 2(7;[0,1]) satisfying the identity

Z%-FZ(P?E L.
i J

of points in X, on which we have well-defined Hermitian matrices r;, r
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Then we define a global Kreiss’ symmetrizer on K by

R(X) = Z 0i(X) (T;(X)™ ) (X)) T (X) ™
+ 37 900 (T0(X) ") H9X) T(X)

Note that R(X) reduces to

Z 3 (X) (T3 (X)) rf (X) TP (X) 7

for X € KN XY. By construction, R(X) is always Hermitian.
Defining C' as the minimum of the constants C; and C? occurring in (9.1.16)
for r; and r]Q, we easily see that

Re (R(X)A(X)) > CvS(X),
where the Hermitian matrix

S(X) = Zcm(X) (LX) ™) Ti(X) ™ + Z LX) (TP (X)) T (X))

is uniformly bounded by below, say by o > 0 on the compact set K. Hence
(9.1.18) holds true with C := o C.

Similarly, taking «, respectively 3, the minimum of the a?, respectively, the
maximum of the BJQ in the estimates (9.1.17) for 7’?, we obtain that for all v € C"
and all X € KN XY

V'R(X)v 2 avt S(X)v — BBy t)v]*.

This shows (9.1.19) with & := o a.

Once we have on hand the Hermitian matrices R(X) satisfying (9.1.18) and
(9.1.19), it is not difficult to construct a boundary symmetrizer in the sense of
Definition 9.1. By a slight abuse of notation, let us simply write R(z4) for the
function

(y7ta77767’7) = R(yaxd7t77777— =7+ Z6) .

This is a symbol in the variables (y,t) with parameter v and of degree 0.
Therefore, by Theorem C.67), {Op” (R (zq))},>1 is a family of operators of order
0. We claim that

R (wa) 1= 5 (O07(R(za)) + 0D (R(z))" )

defines a functional boundary symmetrizer. Indeed, by Theorem C.64i), {RY (x4)}
differs from {Op” (R(z4))} by a family of order —1. By Remark C.2, this error can
be absorbed by the zero-order terms for v large enough. Now, by the parameter
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version of Garding’s inequality (Theorem C.7), we deduce from (9.1.19) the
inequality

«
(R7(0)u, w) + B Bulliz > 7 [lulis

for  large enough. The case of (9.1.18) is a little trickier, and requires the sharp
Garding’s inequality (Theorem C.8, in which the smoothness of coefficients is
crucial). Applying Theorem C.8 to the degree 1 symbol R(X) A(X) — C I,
we infer from (9.1.18) that

BN ESY

Re (RY(za) P (zq)u, u) > = 7 ||lull?-

for v > 7o large enough. O

Remark 9.3 It is somewhat surprising that, on the one hand, a functional
boundary symmetrizer R” need only be defined for ~ large enough and, on
the other hand, (local) Kreiss symmetrizers are considered up to points where
v = Re 7 is zero. The reason is twofold, in relation to both the homogeneity
and compactness arguments invoked in the proof of Theorem 9.1. Indeed, the
construction of RY for v > ~y requires Kreiss symmetrizers at points (z,t,n, 7 =
v+ i) with v > 9 but not only: in fact, Kreiss symmetrizers are needed on
a compact subset P of the frequency set P containing all points of the form
(r1,m) = (r,n)/||(1,n)|| with (7,7) € Pand Re 7 > ~o; letting ||n]| go to infinity,
we see that P must contain P; and in particular points (71,71) such that
Rerm = 0.

9.1.3 Construction of local Kreiss’ symmetrizers

We keep the notations of the previous section, and discuss the construction of
(local) Kreiss’ symmetrizers at points of X;. As already noted, Kreiss’ sym-
metrizers at points X = (y,xq,n,7) with 24 > 0 do not depend on the boundary
conditions: their construction will not necessitate any tricky assumption other
than the constant hyperbolicity of the operator L. Otherwise, for points in X¢, we

may distinguish between the case Re 7 > 0 (i.e. (7,7) € ED) and the case Re 7 =0,
the latter being much trickier than the former: at points of
X0 = {X = (y,0,t,n,7) €XV: Re 7> 0},

the existence of Kreiss’ symmetrizers relies on the Lopatinskii condition; at points
of XO\XO it requires the (uniform) Kreiss-Lopatinskil condition.

Before going into detail, let us introduce some additional material. In what
follows, we denote

X = {X = (y,zq,t,m,7) €X1; Re7>0}.

The hyperbolicity of the operator L ensures that the matrix A(X) is hyperbolic —
in the sense of ODEs — for all X € X: this observation dates back to Hersh [83] and
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has already been used in Chapter 4 for constant-coefficient problems. Therefore,
for all X € X, we may consider the stable subspace of A(X), which we denote by
E_(X). By Dunford-Taylor’s formula, E_ is locally smooth. More precisely, if
¥ is a small enough open subset of X there exists a closed contour I' enclosing
all eigenvalues of A(X) of negative real part for X € ¥, and the formula

1

Pf(X) = ﬂ .

(21, — A(X)) ' dz

defines a projector onto the stable subspace E_(X) such that Ker P_(X) is the
unstable subspace of A(X). Clearly, P_ inherits the regularity of .A: namely, it
is analytic in (n,7) and €*° in (x,t). The projector P_ will be our basic tool to
construct Kreiss’ symmetrizers at points of X.

Remark 9.4 The above representation of E_(X) shows its dimension is locally

constant and thus independent of X in the connected set X. Observing that, at
X = (y,0,t,0,1), the matrix A(X) reduces to

A(yvoataoal) = _(Ad(yaoat))_l = (A(y,O,t,V(y,O)))_l,

we see the stable subspace E_(y,0,¢,0,1) of A(y,0,t,0,1) coincides with the
stable subspace E®(A(y,0,t,v(y,0))). Consequently, if the rank p of B(y,t) is
known to be the dimension of E*(A(y,0,t,v(y,0)), the dimension of E_(X) also
equals p for all X € X.

The Lopatinskit condition

We call the Lopatinskii condition at some point X € XO the requirement that
the mapping B(y,t)|g_(x) : E-(X) — RP be an isomorphism. This algebraic
condition is equivalent to an analytical condition on the homogeneous constant-
coefficients problem, say (II(, s ), obtained by freezing the coefficients at (y,0,t)
in (9.1.5)(9.1.6) and by taking f = g = 0 as source terms. The mapping
B(y,t)|p_(x) turns out to be an isomorphism if and only if the problem (II(, ;)
does not have any non-trivial solution with the following features: square integra-
bility in the direction orthogonal to the boundary; oscillations with wave vector 7
in the direction of the boundary; exponential-type behaviour €” " in time. Would
they exist, such solutions would be called normal modes. The equivalence between
the algebraic condition and the analytical one is a straightforward consequence
of the definition of E_(X), the stable subspace of the hyperbolic matrix A(X).

For B(y,t)g (x) : E-(X) — RP to be an isomorphism, an obvious
necessary condition is dimE_(X) = p, which is true as soon as p=
dim E*(A(y,0,t,v(y,0)) (see Remark 9.4 above). Once dimE_(X) = p is
known, it suffices to check that B(y,1)|g_(x) is one-to-one, a quantitative version
of this condition being

(Lx) There exists C' > 0 so that for all V € E_(X), ||V < C| B(y,t)V].
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Clearly, (Lx) is an open condition. In other words, the constant C' is locally
uniform in X°. Furthermore, by homogeneity degree 0 of E_, the condition (Lyx)
is equivalent (with the same constant C) to (L, ), where X; € X9 is defined by
X1 = (yv 0,¢,m, Tl)’ (7717 Tl) = (T’ 7])/“(7—7 77)“ it X = (ya 0,2,m, T)'

Remark 9.5 As already observed in Remark 9.4 above, the stable sub-
space FE_(y,0,t,0,1) of A(y,0,¢,0,1) coincides with the stable subspace
E*(A(y,0,t,v(y,0))). Therefore, the condition (L) at X = (y,0,¢,0, 1) requires
in particular that the intersection of kerB(y,t) and E*(A(y,0,t,v(y,0)) be
zero. If we also know that the rank of B(y,t) equals the dimension of
E*(A(y,0,t,v(y,0)), the normality condition in (9.0.1) is just a reformulation of
(Ly,0,,0,1)): this is why there will be no need to mention (9.0.1) in the assump-
tions of the main theorems ((9.0.1) will be a consequence of those assumptions).
One may observe additionally that (L(y,o,t,o,l)) amounts to a one-dimensional

stability condition, in which no transversal modes (in e?"¥) are considered.

The uniform Kreiss—Lopatinskit condition

The extension of (Lx) to points X with Re 7 =0 looks the same but with
a careful definition of E_(X), no longer the stable subspace of A(X). For,
the matrix A(y,0,t,n7,7) with Re 7 =0 is no longer hyperbolic in general.
This is where the so-called meutral modes come into play: by definition, the
time behaviour of neutral modes is €™ with Re 7 = 0; but in fact only those
modes with amplitude in E_(X) are to be considered, with F_(X) defined by
continuous extension of the projector P_(X) as E_(X) = Im(P-(X)).

Lemma 9.1 Assume the operator L is constantly hyperbolic, for all X € XO\XO.
Then there exists a projector P_(X) of rank p such that

P_(X) = lim P_(X).

X—=X

This innocent-looking result is highly non-trivial: observe indeed that in gen-
eral some eigenvalues of A(y,x4,t,n,7) cross the contour I as Re 7 approaches
zero. The proof for a constant-coefficients operator L is given in Chapter 5.
A careful look at the arguments shows that they remain valid for variable
coeflicients. The details are left to the reader.

Remark 9.6 In general, for X = (y,0,t,7,7) € X° with Re 7 = 0, the actual
stable subspace of A(X) is strictly embedded in E_(X), which also contains a
part of the center subspace of A(X).

Once the subspace E_(X) is properly defined at all points X € X°, the
Lopatinskii condition at those points still reads as (Lx).

Now, what we call the uniform Kreiss—Lopatinskii condition is merely the
following.

(UKL) The condition (Ly) is satisfied for all X € XY.
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Remark 9.7 The term uniform attached to Kreiss—Lopatinskii refers to the
fact that the constant C' in (L) may be chosen to be uniform in X{. Indeed,
for X = (y,0,t,m,7) € XY, the constant C in (Lx) depends continuously on
(y,t,n,7), is independent of (y,t) outside a compact subset of R? (provided that
L and B have constant coefficients outside a compact set) and (7,7) lies in the
compact set Py.

Practical verification of (UKL)

The usual way to check whether (UKL) is satisfied consists in finding a basis
of E_(X), say (e1(X),...,ep(X)) (a classical argument of Kato [95], p. 99-101
implies that this basis can be chosen to depend smoothly on X) and in looking
for the zeroes of the so-called Lopatinskii determinant

A(X) = det(B(y,t)e1(X),..., By, t) ep(X)).

As a matter of fact, the mapping B(y,t)|g_(x) is an isomorphism if and only if
A(X) # 0 and therefore (UKL) is clearly equivalent to

AX) #0 VX eX°.

In practice, the Lopatinskii determinant A(X) is usually derived for X €
X0 first, and then extended by continuity to points X = (y,0,¢,71,7) such that
Re 7 = 0. However, we warn the reader that this limiting procedure requires
some care to avoid introducing fake zeroes. In any case, we claim the search for
zeroes of A is mostly algebraic. See Section 4.6 for more details (and also Chapter
13.2.18 for an actual example).

Failure of (UKL)

If a zero of A is found in X°, the well-posedness of the BVP (9.1.5)(9.1.6) is
hopeless: as was shown in Chapter 4 the existence of non-trivial normal modes
with Re 7 > 0 is responsible for a Hadamard instability.

If A does not vanish on X° but has a zero (y,0,t,m,7) with Re 7 = 0, we say
the BVP is weakly stable. The non-trivial kernel of B(y,t)|g_(y,0,¢,,-) implies the
existence of non-trivial neutral modes, which oscillate as e”* and are bounded
but not necessarily square-integrable transversally to the boundary: in this case
(UKL) fails but it is still possible to construct (weaker) Kreiss’ symmetrizers and
obtain energy estimates with (a limited) loss of derivatives; this goes beyond the
scope of this book and we refer to [41,170] for more details.

Construction of Kreiss’ symmetrizers

The hard part of the job is the construction of Kreiss’ symmetrizers for constant-
coeflicients problems: In general, it involves an intricate piece of matrix analysis
and algebraic geometry, see Chapter 5; It is easier in the specific case of gas
dynamics, see Chapter 13. Using the constant-coefficients construction we can
indeed construct, for fized (y,xq,t) €Y, Hermitian matrices r(y,zq,t,n,7)
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and invertible matrices T'(y, x4, t, 7, 7) satisfying the inequalities in (9.1.16) and
(9.1.17) for all (1,7) € Py.

The main thing to do here is to allow variations of (y,z4,t) and check the
smoothness of r and T with respect to (z,t). In fact, the careful construction
made in Chapter 5 is robust under perturbation of coefficients. We will not go
into details in all cases. For clarity, we just give the explicit construction in the
easiest cases, namely the first and second one in the following list.

i) At points of Xy, Kreiss’ symmetrizers are easily found by a block reduction
of the matrix A(X) and the Lyapunov matrix theorem.

ii) At points X € Xl\fil where the matrix A is smoothly diagonalizable —
which means there exist invertible matrices T'(X) depending smoothly on
X in some neighbourhood of X such that T'(X) 1 A(X)T(X) is diagonal —
Kreiss’ symmetrizers exist in diagonal form.

i11) At ‘generic’ points of X \Xl, the construction of Kreiss’ symmetrizers is
undoubtedly cumbersome.

On the one hand, the smooth diagonalizability condition in i) implies in
particular that the distinct eigenvalues of A(X) are smooth functions of X,
analytic in (7, 7), in some neighbourhood of X. On the other hand, 4) comprises
the so-called case of glancing points, where two (or more) eigenvalues of A(X)
collide, and is much more involved. It requires a specific assumption, named
by Majda the block-structure condition, which is now known to hold true for
any constantly hyperbolic system [134]. For the case of systems with variable
multiplicities, we refer to the recent work of Métivier and Zumbrun [135].

Remark 9.8 In gas dynamics, A(X) is smoothly diagonalizable at all points
except the glancing points, in such a way that case i) reduces to those special,
glancing points, where the construction of a Kreiss’ symmetrizer is still rather
easy (see Chapter 13).

Construction of Kreiss symmetrizers in case i) Let us fix X € Xl and a
neighbourhood ¥ of X in X; where the projector P_(X) onto E_(X) is well-
defined, while Py (X) := I, — P_(X) is a projector onto the unstable subspace
E,(X) of A(X). Using Kato’s argument [95], we can find smooth bases of the
ranges of P_(X) and P;(X). (Here and in what follows, smooth always means
¢ in (y,z4,t) and analytic in (7,7).) Then the matrix T(X) composed of the
corresponding column vectors is invertible, depends smoothly on X € ¥, and
reduces A(X) to a block-diagonal form:

where A~ only has a spectrum of negative real part and A* only has a spectrum
of positive real part. We now invoke the following result, which is a variant of
the Lyapunov matrix theorem.



238 Variable-coefficients initial boundary value problems

Lemma 9.2 If A is a matriz whose spectrum entirely lies in the open half-plane
{z; Rez > 0}

there exists a unique positive-definite Hermitian matrix H such that
Re (HA) =1.

Furthermore, H admits the explicit representation
0 *
H = / et et A dt,
—0o0

As a consequence, if A depends smoothly on a parameter, so does H.

Applying Lemma 9.2 to AT (X) and —A~ (X) we obtain two positive-definite
Hermitian matrices H*(X) and H~(X), depending smoothly on X € ¥ such
that

Re (H*(X) A% (X)) = £1.

Let us now consider a matrix r(X) of the form

0 = (5 )

with 42 > 0 to be determined. By construction of H*,

Re (r(X)a(X)) = (é;’]> .

So (9.1.16) is satisfied as soon as p > 1 (recall that for X € X, the last com-
ponent has a real part v < 1). This is all that we have to do if X is not in
XO. If X € X9, the actual choice of x will come from the fulfillment of (9.1.17).
By (UKL), up to diminishing ¥ to a compact neighbourhood of X, we find a
constant C such that

I P-X) VI < C(IPX)VIP+ | BpHV?)  foral Vec,

forall X e 7.
Because of the block structure of r(X), we have for all v = <Z) eC”
+
v r(X) v = —vt H(X)v- + pvl HE(X) vy = Jo-|[? + b oy |?
— (140 lo-?

with b > 0 such that H™ > bI and ¢ > 0 such that H~ < cI. Now, denoting
V = T(X)wv we observe that

P(X)V = T(X) ( ; ) . PUX)V = T(X) ( 0 )
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and thus

ITCOITH PO VI < Jloxll < (17O P(X) VI
Therefore
v r(X) o > |TX) 72 (IP-(X) VP + bp [P (X) V)

(1 + ) ITX) 7P 1P-(X) V|?
> |1 7(X))~ (HP— (XOVI* + (bu—C1 + C)HT(X)_1||2)||P+(X)V||2)
—CA+ITX) P By V.
So if p is chosen greater than
— —-1)2
po 1= 2C (1-+ ) ax [T /b,
we have
vt r(X)v 2 allv|* = Bl Bly.t) T(X) v

for

1 1 1
a=3 Xeirn}(l/HT(X)H*2 min(l, ibﬂo) and f§ = 3 bug -
This proves the estimate in (9.1.17).

Construction of Kreiss symmetrizers in case ii) It basically works as in
the previous case, by passing to the limit in the projection operators. Thus we
still have an estimate of the form

|P_(X)V|*<C ( IPL(X) V|2 + || By, t) V ||2) forall V € C" and X € ¥,

where ¥ is a neighbourhood of X in X. Reducing A(X) to diagonal form

a(X) = (““Om AJEX)) ,

with A*(X) diagonal and
+Re AX(X) > CH1I,

we get (9.1.16), and also (9.1.17) for u large enough, merely by setting

- (5)
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Construction of Kreiss symmetrizers in case iii) We refer to Chapter 5.
See also [31].
In conclusion, we have the following.

Theorem 9.2 Under the following assumptions:

e The operator L is constantly hyperbolic, that is, the matrices A(x,t, &) are
diagonalizable with real eigenvalues of constant multiplicities on € X R x
(RN\{0});

® The boundary 9 of Q = {x € R%; 24 > 0} is non-characteristic, in that
the matriz A%(x,t) is non-singular along 92 x R,

e The boundary matriz B is of constant, maximal rank equal to the number
of incoming characteristics along 02 x R, which are defined as the positive
eigenvalues of A% (counted with multiplicity),

e The uniform Kreiss—Lopatinskii condition (UKL) is satisfied;

there exists a Kreiss’ symmetrizer (according to Definition 9.3) at any point of
X0,

As a consequence of this theorem together with Proposition 9.1 and Theorem
9.1 we have the following.

Theorem 9.3 Under the assumptions of Theorems 9.1 and 9.2, for all s € R,
there exists vs > 1 and Cs > 0 such that for ally > v, and u € Z(R¥~! xR xR),

’VHa’YH%Q(R-F;H;;(]R")) + ||aw|xd:0H§1;(Rd)
< Oy (2L s ey + 1By meol e
> Us ~ YUyllL2 R+ Hs (RD)) v l2za=0llHs(R) | >

where Uy (z,t) = e u(z,t) and ||’UHH_.3(]R(1) = [[A*70]| L2 ra) -
Remark 9.9 It is also possible to derive estimates in weighted Sobolev spaces
AR xR xR) == {u = ey ; 4y, € H' (R xRT xR)}

for m € N. (Sometimes, we will use the (abuse of) notation ¢ H" instead of
") Recalling that for functions of (y,t) € R¢,

P2y = 0 2210 [0%0 2 g
la|<m

(the sign ~ standing for two-sided inequalities with constants independent of ~
and v, see Remark C.1), hence also

AT R S el A

lo|<m
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it is natural to equip Q%”Wm(@), for any open domain O of R™, with the norm
defined by

lall3emoy = D AP e 0%l fa (o)

la|<m

The result of Theorem 9.3 may be viewed as a L*(R*; 52" (R9)) estimate:
1
2 2 2
Y0l e ooy + ool < € (5 MElaempeey

+ 1 Btfay=o | Zemas) ) -

In fact, this also implies a %Ym(Rd’l x RT x R) estimate, as shown in the
following.

Corollary 9.1 Under the assumptions of Theorems 9.1 and 9.2, for all m € N,
there exists Y > 1 and C,, >0 such that for all v > v, and u € P(RI! x
RT x R),

Y lulBepn s sy + Itgza=olZepe ey

1 2 2
< Cp (’Y ||Lu||L%o’Ym(Rd71XR+XR) + Bulxd_OH%’\;m(Rd)) .
Proof Since
[ul o Re-1 xR+ xR) = lle™ " ul| L2 (Ra-1 xR+ xR)

the case m =0 is just a reformulation of the estimate in Theorem 9.3 (with
s=0).
For m > 1, recall that

[ull s gt xmesry = >, VT e 0% o it gt xmy -

lal<m

We already have an estimate for the terms of this sum that do not involve
derivatives with respect to z4, for which ay = 0. It remains to bound the terms
for which ay > 1. This is done by using the equality

d—1
e " Ogu = (AN (LyTy — yiy — Opiy — »_ A 0510y ), (9.1.20)
j=1

which already implies the %”71 estimate. Indeed, we have
le™" Baull L2(a-1 xmt x) < Oy Uyl L2@atxrtxmy + C 1y || 2@+ a1 may) »
where C’ > 0 depends only on ||(A%)7!| L~ and ||A7||1~. Since

||uH.29ﬁY1(Rd’1><]R+><R) = ||u||iz(R+;3fwl(]Rd)) + ||677t 6du||2L2(]R'i*1><R+><]R)7
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we get by using the L?(R*; #! (R?)) estimate,

’Y”u”?}ﬁ}(Rd*xR*xR) + |\U\wd:0||29gl(Rd)

C
< 5 ||LUH%2(R+;yf;1(Rd)) + CHBUmd:o”?yfwl(Rd)

/

2C
+

Y le™" Lull72 a1 xpe xmy + 2C™7 HU”%z(Rh;ﬂl(Rd))v
hence, using again the L?(R¥; %{}(Rd)) estimate,
7\|U||ig1(md—1xu@+xm) + ||U\md:0||§g1(Rd)
< max (C(1+ 207, 20) = |l o i

+C(1+2C") |‘Bu|rd:0||,2%”,yl(]Rd) :

More generally, the %k estimates for £ < m can be proved by induction, dif-
ferentiating the equality (9.1.20). Details are omitted (see the proof of Theorem
9.7, which even shows " estimates for less-smooth coefficients). O

9.1.4 Non-planar boundaries

Theorem 9.3/Corollary 9.1 have natural extensions to more general domains €.
At first, we may consider a domain 2 diffeomorphic to a half-space. Since a
change of variables preserves the constant hyperbolicity of the operator (see, for
instance, the proof of Theorem 2.10 in Chapter 2) and the non-characteristicness
of the boundary, we get an extended version of Theorem 9.3 (for s =0) by
changing the other assumptions accordingly. In particular, the uniform Kreiss—
Lopatinskii condition has to do with points in the set

X{ = {X = (¢,t,§,7); (2, €T, T€CH, |7]> + ||¢|I* = 1},

where T*9S is the cotangent bundle of Q. (We recall that 7 € C* means Re 7 >
0.) As done before, we denote by v the exterior unit normal vector field on 9€2.
Then, for all X € X? we denote by E_(X) the stable subspace of

AX) = Al tv(@) ™ (11 + i A2, ,€)).
In this generalized framework, the condition (Lx) reads as before:
(Lx) There exists C > 0 so that for all V € E_(X), |[V| < C| B(y,t)V].

Theorem 9.4 We assume that Q is diffeomorphic to a half-space. Other
assumptions are, the coefficients (in the operator L and in the boundary matriz
B) are constant outside a compact subset of Q@ x R and furthermore:

(CH) The operator L is constantly hyperbolic;
(NC) The boundary 09 is non-characteristic;
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(N) The boundary matriz B(z,t) is of constant, maximal rank p=
dim E5(A(z,t,v(x))) for (z,t) € 00 x R;
(UKL) (Ly) holds for all X € XY.

Then there exists C' > 0 such that for allu € 2(Q x R) and all v > 1,

~ ~ 1 ~ ~
7||U7Hiz@xR) + Hu“/”%?(anR) <C (7 ||L7u“/||2Lz(ﬁ><R) + HBU’YH%?(SQXR)
(9.1.21)

where Uy (z,t) = e " u(z,t).
Proof If

®:Q—D={7;74>0}
z—T = O(z)

is a diffeomorphism then under the space-time change of variables ¥ : (z,t) —
(®(x),t), the operator L becomes L such that

(LO)(#, 1) = (Lo)(at)

for all (smooth enough) v =¥ o ¥. By the chain rule we easily see that
d ~
+ ) Ao
j=1
where
Z@wkxj AF(x,t) forall j € {1,...,d}.
Observing that

A(7,1,€) Z@AJmt Az, t,8)

with € = €-dd(x), i.e. & = Y1, & 00, 7(x) forall ke {1,...,d}
(so that { € T;*@D), we claim that the stable subspace of

A(y,0,t,m,7) == — (A%(y,0,4))" (TI + i Zm (y,0,t) )

is the same as the stable subspace of

Az, t,6,7) = Az, t,v(z) " (71, + i Az, t,€))
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for z = ®71(y,0) € 9Q and & = (n,0) - d®(x). Indeed, we have

-1
Aly, 0,,m,7) (Z@wd ”O (ﬂwmmm@>,

and Oy, Z4(x), ..., 0y, Tq(x) are, up to a positive factor, the components of —v(z).
Therefore, the uniform Kreiss—Lopatinskii condition for the problem

Li=f, Bi=3

in the half-space { (y,2); z > 0} is equivalent to the uniform Kreiss—Lopatinskii
condition stated above for the original problem

Lu=f, Bu=gyg

in €.

So a Boundary Value Problem in the domain 2 is fully equivalent to a Bound-
ary Value Problem in the half-space D, the latter satisfying the assumptions of
Theorem 9.3 if the former satisfies the assumptions of Theorem 9.4. And the L?
estimates for either one of the BVP are clearly equivalent. g

If © is a smooth relatively compact domain instead of being globally diffeo-
morphic to a half-space, the same result is true.

Theorem 9.5 Assume  is a relatively compact domain with €°° boundary.
Then the energy estimate (9.1.21) in Theorem 9.4 is valid under the other
assumptions (CH), (NC), (N) and (UKL).

Proof The ideas are the same as in the proof of Theorem 9.4, except that we
use co-ordinate charts instead of a global diffeomorphism. Let (Uj);eqo,...,
a covering of Q by chart open subsets, with Uy C €, and consider (cp] )i€£0,....7}
an associated partition of unity, that is, ¢; € 2(U;) for all j and Zj 0@ = 1.
In what follows, we use the convenlent notation 57 which means ‘less than or
equal to a (harmless) constant times. ..

On the one hand, by Theorem 2.13, which applies to the present case because
of our constant hyperbolicity assumption (see Theorems 2.3 and 2.2), there is a
70 > 0 so that for u € 2(Q) and v > v

_ 1. _
T 0 gy S 107 L0 1) -

Then, since the commutator [ L, ¢g] is of order 0, this implies

1 1
~|le” 7t<P0UHL2(QX]R) ~ le” ’YtLuHLQ(QXR) T v le™ VtuHLQ(QXR)
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On the other hand, since each Uj;, j > 1 is diffeomorphic to a half-space,
Theorem 9.4 shows that

v e 05122 gy + I 05w E200xm)
1. - _
S ST Loy Wl aymy + 17 B ultzon.
L2(QxR) L2(QxR)

1, - 1, _ _
S 5 le™" L7 e lle™" ull? + [le™ Bulf2g0xr)-

Summing all the inequalities obtained for j € {0,...,J}, we get

g He_’ﬁu ”iz(ﬁXR) + ||e—'Ytu H%Q(BQXR)

1. _ 1, _ _
S - ”e ’YtLu”iz(ﬁXR) + - ”e ’YtuHifz(ﬁXR) + ||e 'YtBu”%?(OQXR)v
gl gl
hence the announced estimate for - large enough. O

9.1.5  Less-smooth coefficients

Preparing the way for Chapter 11 on non-linear problems, we consider here initial
boundary value problems in which, similarly as in Theorem 2.4 for the Cauchy
problem, the matrices A’ and B depend not directly on (z,t) but on v(z,t),
with v Lipschitz continuous, and A7 and B are € of w € R™ (or w in an open
subset of R™). For this purpose we are going to modify the rest of our notations
accordingly.

To simplify the presentation, we go back to the basic domain Q = {z; x4 > 0}.

Notations Introducing contractible open subsets of R", say W and WO Cc W,
intended to contain, respectively, v(€)) and v(9f2), we redefine in this section

X; = {X = (wJIaT) € WXRdil X(C+ﬂ |7_|2 + H77||2 = 1}3

X0 = {X = (w,n,7) € WO xR CH L |72 + |In|)®? = 1}.
For all X = (w,n,7) € X; such that Re 7 > 0, E_(X) denotes the stable sub-
space of
AX) = = (A%(w)) " (7L + i A(w,n,0)),

where A(w, &) := Z?:I & Al(w) for all (w,€) € Wx R4 and E_ is extended
by continuity to all points of X;. For a given Lipschitz continuous v, L, stands
for the variable-coefficients differential operator
L, =0 + Z Al 0;, where AJ(x,t) := Al(v(x,1)),
J

and B, stands for the variable-coefficients boundary matrix defined by

By(y,t) = B(v(y,0,1))
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for all (y,t) € R~! x R. Finally, for any w >0 we denote by V, the set of
Lipschitz continuous

v RFTFIXRTXR — W

such that v is constant outside a compact subset, v|,,—o takes its values in Wwo
and

HUHWL”(Rdfl XRTXR)) < W.

Theorem 9.6 Given € matriz-valued mappings A7 (7 =1,...,d) and B on
W and WO, respectively, our main assumptions are that

® the operator

O + ) Al(w)0;
J

is constantly hyperbolic, that is, the matrices A(w,§) are diagonalizable
with real eigenvalues of constant multiplicities on W x (R\{0});

e the matriz A%(w) is non-singular for all w € WO;

e the matriz B(w) is for all w € WO of mazimal rank equal to the number of
positive eigenvalues of A%(w) (counted with multiplicity),

e the uniform Kreiss—Lopatinskii condition holds:
(UKL) for all X = (w,n,7) € X?, there exists C > 0 so that
VI < C| Bw) V] forallV e E_(X).

Then there exists ¢ = c(w) > 0 and vo = yo(w) > 0 such that for all v > 7o, for
allv € Vg, for allu € Z(R™E x RY x R), i (x,t) = e M u(x,t) satisfies

Y ”ﬂ’YH%ﬁ(Rd*l «r+xR) Tl (ﬂ’v)lwd=0|‘%2(Rd*1 xR)
1 - -
< e (S 10+ L)l oo + 1B isumol Faguosan )

Proof We first rewrite the equation L, u = f as

d—1
iy — PJiiy = (AN fy, Pl = —(ADTH (0 + v + Y AlD;).

j=1
Here the notation (A%)~! stands for
(,1) = (Ag(.’)’;,t))_l = (Ad<v(x7t))_1'

Since the matrix (A%(x,t))~! is uniformly bounded by a constant depending
only on w for v € V,,, the problem amounts to proving that for all v € V, and
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allu € 2(R4™1 x RT x R)

1
'7||uH%2(Rd*1><R+><R) + ||u|Id:O||%2(Rd’1XR) S ; ||f||2L2(Rd—1xR+xR)

+ ||g||i2(Rd—lxR) (9.1.22)

with f = O4u — PJu and g = B, u|y,—¢. In fact, it suffices to prove (9.1.22)
for the paralinearized expressions f = Jyu — T]lv u, where A,(z,t,n,7) =
A(v(z,t),n,7),and g = Tgv U|z,—0- Indeed, the error estimates in Theorem C.20

show that
[ PYu — Ty ullpe < Cw) llullz, v Bou — T3 ullrz < Cw)[lul|rz .

Consequently, if we have the estimate

'YHUHZL?(Rd*lxRer]R) + Hu\zd:OHZLZ’(Rd—lxR)

1
S (7 [Qau — T, u||2L?(Rd*1><]R+><]R) + (|73, ulxdzoim@dlxm)
we also have, for v large enough

’Y||UH%2(W 1xR+xR) T ||u|$d:0H%2(Rd 1xR)

1
S <7 [0qu — P UH%Z(RdflxR+><]R) + 1By U|Ed—0”%2(Rd1xR)) .
The proof of the estimate for the para-linearized problem
Oqu — T}v u=f, Tgv Ulgg=0 = ¢

of course relies on Kreiss symmetrizers. But we must overcome the fact that
the sharp Garding inequality is not true for Lipschitz coefficients. This is
why we introduce after Chazarain and Piriou [31] a refined version of Kreiss
symmetrizers, which will allow us to use the standard Garding inequality.

Definition 9.4 Given €° functions

A X — M, (C) and B : W’ — M,y,(R)
X = (w,mn) — A(X) w — B(w),

a refined Kreiss symmetrizer for A and B at some point X € X1 is a matriz-
valued function v in some neighbourhood ¥ of X in X1, which is associated with
another matriz-valued function T, both being €°°, and such that
i) the matriz r(X) is Hermitian and T(X) is invertible for all X € ¥,
ii) the matriz Re (r(X)T(X) PA(X)T(X)) is block-diagonal, with blocks
ho(X) and hi(X) such that ho(X)/v is €°° and
Re (ho(X)) >C~I,, Re(hi(X))>C I,—p, (9.1.23)

for some C > 0 independent of X € ¥
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iii) and additionally, if X € X°, there exist a > 0 and 8 > 0 independent of
X €V so that

r(X) > al, — B(Bw)T(X))*B(w)T(X). (9.1.24)

End of the proof of Theorem 9.6. Our assumptions allow us to construct
local Kreiss symmetrizers r, which, moreover, satisfy the refined property in 4i)
(see Section 9.1.3 for some hints and [31], pp. 381-390 for details): we shall point
out where this property is so important; besides this ‘technical’ point, the proof
of Theorem 9.6 follows a standard strategy, which we describe now.

For any v € V,,, we may consider the mapping r, defined by r,, (y, xq,t,1,7) =
r(v(y, z4,t),n,7) and extend it to a global symmetrizer R,, homogeneous degree
0 in (n,7) as in the proof of Theorem 9.1. The resulting matrix-valued function

’R’U(xd) : (yat7n3637) = Rv(y7$dat7na’r:7+i5)

may be viewed, for all x4, as a symbol in the variables (y,t) (with associated
frequencies (1, d)) and parameter v, which belongs to I'{, the order 0 coming from
the homogeneity degree 0 in (1, 7) and the regularity index is 1 coming from the
fact that v, hence also A, and B,, are Lipschitz in (y,t). By construction, R,
satisfies inequalities

Ro(y,0,t,m,7) > al, — BBy(y,t)" By(y,t), (9.1.25)
Re (Rv(yﬂ‘rdvtana’r) Av(yaxdvtﬂ%T)) > C"/In, (9126)

for some constants o >0, 8> 0 and C > 0 depending only on the Lipschitz
bound w for v. (We have not used the refined property in ii) yet.) Note also that
R, is Lipschitz continuous in z4. We attempt a para-differential version of the
proof of Theorem 9.1/Proposition 9.1 by considering the family of operators

1 *
RZ(xd) = 9 (T%'U(md) + (T%u(zd)) )

By construction, R} (z4) is a self-adjoint, bounded operator on L?(R?, dydt),
whose norm is bounded uniformly in x4 and ~. This is true also for dRY/dzg.
Additionally, by Theorem C.21 and Remark C.2,

1
IR} (xa) = Ty llBr2) S 5

Hence, the inequality in (9.1.25) together with the error estimates in Theorems
C.20 and C.22 and the Garding inequality in Theorem C.23 imply

(R}(0)u(0), u(0)) + BRe (T§ 1, u(0),u(0)) > 5 [ullfegaayan

for v large enough. (Here (-,-) denotes the inner product on L2(R¢ dydt).)
Assume for now that we also have

C
Re [(RITR u ubdes 20 G lulemon qparany  (9120)
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(which can not be deduced from (9.1.26), as for the Garding inequality in
Theorem C.23 to apply to the degree 1 symbol R) A, it would require \7!
instead of 7 in the right-hand side of (9.1.26)): then it is easy to complete the
proof of Theorem 9.6. Indeed, integrating in x4 the equality

,y

4 (Ryu,u) = ¢

0 _
drs ) + 2Re (R} (Oqu — T u),u)

d{,Cd
+2Re (R} T w,u),

we get

5 () [Faggay = BRe (T} 2, u(0), u(0))

O
< (Ca+79(C - 0)) ||UH%2(DW><R+) + dery ||fHL2 (REXRF) *

In this inequality, the constants C; and Cy come from bounds for R} (z4) and
dR)/dzg4, € > 0 is arbitrary, and we have set f = Jgu — TZlv u. Now, choosing
e = C/(2C1), we obtain

o 9 c 2 -

3 [ (0) |72 Ray + 77 [ullZ2gaxrsy < BRe (T vy u(0), u(0))

C?
+ ﬁ ||f||2L2(]Rd><R+)

for all v > 4C5/C. Finally, using again Theorems C.21, C.22 and Remark C.2,
we arrive at

o C

7 w0 M7z @ay + T [ullZ2@axgsy < B1T5, w(0)]|72 g

CE e
E ||fHL2(Rd><R+)

for v large enough. 0

Proof of (9.1.27) This is where we are to make use of ii). Indeed, going back
to the construction of the global symmetrizer R, (see the proof of Theorem 9.1),
we see it is of the form

Roy(z,t,m,7) ZP X) Pi(X),

where the sum is finite, X = (v(z,t),n,7=v+140), and P;(X) (=
©(X)2T;(X)~! with the notations of Theorem 9.1), r;(X) are homogeneous
degree 0 in (1, 7), with °; P¥ P; uniformly bounded by below. Additionally, the
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refined property in i) for the r; shows that

- oy (Ahog(X)] 0 .
Rt ) AX) = 3 BX) (2105 ) ),
with hg ; homogeneous degree 0, h; ; homogeneous degree 1 in (1, 7), satisfying
lower bounds (see (9.1.23))
Re (ho (X)) = CjI,,, Re (hi;(X)) = Cj A" (1,0) In—p, -

Both these bounds are elligible for the Garding inequality (Theorem C.23), hence

C.
Re <Ti70,j Uo,j » U‘Oaj> > Zj ||U’OJH%2 ;

. C'
i.e. Re (’yT,jO’j Uo,j, Uo,j ) > Y ZJ [uo ;172

for all ug ; with values in CPs (upper block) and

C; C;
Re (Tj unjswag) > luagline = v 5 lulize

for all u;; with values in C*~?5 (lower block). Now the conclusion will follow
from standard error estimates. Indeed,

) | 0
Re (RYT) u,u) > Z <<'y 6“’ T ) TH u, T}, u> - C'||ul|32
J L

C:
> 3y STl - Cullds
J

by Theorems C.21, C.22 first and the inequalities obtained above, hence
Re (RYT, u,u) > (Cy — C")|lull

once more by Theorems C.21, C.22, Remark C.2 and the Garding inequality
(Theorem C.23, applied to the degree 0 symbol 3, P/ P;), which proves (9.1.27)
for large enough v > 2C"/C. O

It is possible to go further than the L? estimates of Theorem 9.6 and
derive Sobolev estimates, provided that v enjoys some additional, though limited
regularity.

Theorem 9.7 In the framework of Theorem 9.6, assume, moreover, that W and
WO contain zero and v is compactly supported, withv € H™(R¥~? x Rt x R) and
Vjpy—0 € H™(R¥™1 x R) for some integer m > (d+1)/2+ 1 and

[oll - xmewzy) < s [0jwgmollim g1 xmy) < g
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Then there exists Ym = Ym(w, 1) > 1 and Cp, = Cpp(w, 1) > 0 such that, for all
Y > Y, for all u € Z(R4™1 x Rt x R)

7“u||3ﬁm(Rd*1xR+><R) + Hu\wdzon?ﬁfwm(Rd)

1
< O (2Nl g sy + [Butasol e ) -

Proof The idea is to prove first an estimate in L?(R*; 7™ (R9)) and then infer
the estimate in 2™ (R4 x RT x R) by differentiation with respect to z4.

1) Tangential derivatives The L*(R*;. 2" (R%)) estimate will be deduced
from the result of Theorem 9.6 (regarded as a L*(R*; 70 (R%)) estimate) applied
to derivatives of u in the (y,t) directions. In order to estimate the ‘error terms’
we will also need the non-linear estimate in Theorem C.12, as well as the product
and commutator estimates in Theorem C.10 and Corollary C.2, or more precisely
their ‘parameter version’ (the proof of which is left as an exercise) stated in the
following.

Lemma 9.3

e Forallq,r, s withr 4+ s >0 and ¢ < min(r,s), g < r + s — d/2, there exists
C >0 so that for all a € H" and all u € A7,

laulleg < Cllallmr [ull s -

e If m is an integer greater than d/2+ 1 and « is a d-uple of length |a| €
[1,m], there exists C' > 0 such for all v > 1, that for all a in H™ and all

u € t%”n,'a‘fl,
e [0%, alulr> < Cllallmm ull -1 -

So, let us take a d-uple @ = (g, ) of length || < m (withm > (d+1)/2 4+ 1),
and denote

’
U 1= 0%u = 0;° 0y u

for uwe PR xRT xR). The L?*(R*;#(R%)) estimate (Theorem 9.6)
applied to u, reads

Yle™" o ||i2(JRdfl xrtxm) e (a)iza=0 HiQ(Rd*l xR)

1, _
<c ( ; He vt Lv“a”%z(Rdﬂ xR+ xR) + ||e vt (Bvua)\zd:O”%Z(RdleR) ) .
(9.1.28)

Our main task is to estimate the right-hand side in terms of f := Lyu, g :=
Byu)y,—0, and ‘error terms’ depending on u, and check the error terms can be
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absorbed in the left-hand side. Let us denote fo := Lyuq and go := (ByUa)|z,—0
and begin with the easier case of g,. By definition we have

o = aag + [Bmaa]u\zd:O-

The estimate of the first part is trivial, and the estimate of the commutator will
obviously rely on Lemma 9.3. A slight difficulty arises here because, unlike v, B,
is not H™ in general (recall that B(w) is of constant, generally non-zero rank
for w € WO!). However, since v is H™ and compactly supported,

Bv:BO+Cv7 with Cv ::BU_BOEHm
by Theorem C.12, and
1ol @ty < canllolle) Nojeamollim g -
Therefore
le™" [Bu, 0°ujzy=ollz2(rey = lle™" [Cv, 0*ujz,=ol| L2 (ma)
< em0(@s 1) [[Ugzg=0ll o1 (gay

by Lemma 9.3, which implies
_ 1
||e Lk [B'ua aC’é]u|xd20||L2(]Rd) < ; cm,O(waﬂ) Hu\zd:OHWW\a\(Rd) .

(It is the factor 1/ that will enable us to absorb this contribution in the left-hand
side). This yields a constant ¢, 0 = ¢m,o(w, t) such that

>0 7D o™ gal o

lal<m

~ 1
< Cmo(w, p) (”gH?}mer(Rd) + ? ||u|md_0||ifiym(]Rd)> :

The estimate of f, is a little trickier, because the coefficient of 9, in L, is the
nonconstant matrix-valued function A;l. For this reason we write f, in the
following twisted way:

fo = AL0*((AHT ) + AL [(AD ! Ly, 0%u.
On the one hand, we have by definition of the ™ norm,
ymlel et Ad o ((Ad)! Iz a1 < r+xR)
< [|AY|~ [1(ADH Pz @+ oem ®ay) »

and by Lemma 9.3 and Theorem C.12,
(A~ Fllp2 @+ sem ®a))

< ( 1A + am vl 2@+ @a) ) 1f1l L2 @+ ;0 (ma))
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with a,, depending continuously on ||v||z~. On the other hand, the commutator
reads

U

-1
[(AD) ™! Ly, 8%u = [(A9)7Y, 0% 0w + Y [(AD) AL, 8% ;u.
1

<.
Il

Therefore, applying again Lemma 9.3 and Theorem C.12 (using the same trick
as for B to deal with the fact that the matrices (A%(0))~! A47(0) are non-zero),
we find a constant c¢,, ; depending only on [|v||z~ and ||v||2(r+,zm (re)) Such that

e [(A9) ™" Lo, 0°Jull 2 ra 1 x rt x B)
S Cm,1 ||(atua alua R adflu)||L2(R+;%\{a\*1(Rd)) )
hence

o™ 1(AD) ™ Lo, 0 Jull 2 eat ey < emat ll o iy

So, finally, we find a constant ¢1 ,, = ¢1,m(w, 1) such that

Z '72(m7|a‘) ”67715 Jfa ”%Q(Rd*l x R+ x R)

o] <m

< Cim ( ||f||i2(R+;ﬁ,lm(Rd)) + Hu||%2(R+;J“2”,Ym(Rd)) ) :

Consequently, summing on « the inequality (9.1.28) and using the estimates
of the right-hand side obtained here above we find that

2 2
’YHU||L2(R+;%‘Ym(Rd)) + Hu‘zd:OH,}f’;n(Rd)
1
~ 2 2 2
< (I Ma e aay + 190y + = Il oy

1 2
+ ? ||U‘Id:0||9f,ym(Rd'))7
with ¢ = ecmax(C,m, €1,m), hence

Y ulZe@esem @y + iza=olZem wa)
(9.1.29)
< 2 ( L ||Loull?, + | Byttja,—oll3
< y w2 e+ oem (re)) vHea=0llogm (re)
for v > V2.

2) Normal derivatives Once we have (9.1.29), we readily infer a bound for
the L? norm of e~ 7*d4u by writing

d—1
dgu = (A~ (f — u+ Y A aju) . (9.1.30)

j=1
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More generally, for any differentiation operator 9% in the (y,t) direction only,
the d-uple a being of length |a| < m — 1, writing

d—1
830%u = (Ad)~ (fa — %0%u+ Y A ajaau)7
j=1

and using the estimate of f, := L, 0%u obtained in the first part, namely

72(m*\a|) lle=" fa”zL?(Rd*lx]R*x]R) S Hf”QLQ(]RJr;%Wm(Rd)) + ||u||i2(R+;%y‘a‘(Rd))’
(9.1.31)

together with the L*(R*; 7™ (R%)) estimate (9.1.29) we find that
- 2 2 2
7 e "/taduaHL?(Rd*lxRerR) S %||Lvu||L2(R+;%;”(Rd)) + HBva:on;n(Rd)-
Finally, we can show by induction on k, differentiation of (9.1.30) and repeated
use of Lemma 9.3 (in dimension d + 1 instead of d), the estimate
Yl uallts ot xrry S 3 I LottlBpm et rewry) + [1Botza=olZem @) -

for all integer k and all d-uple such that k4 |a| < m. (The details are left
to the reader.) Summing all these inequalities with (9.1.29) we obtain the
A" (R X RT x R) estimate announced. O

Remark 9.10 In the proof of Theorem 9.7 here above, we have used, in a
crucial way, the inequality

1
||U|b@k*1(md) S ; HUHaﬁyfv(Rd)a
which either can be viewed as a straightforward consequence of the equivalence
||U||%Wk(]Rd) ~ [le™7t u||1Luc (r¢) (independently of ) and the inequality
1
[0l 1 (may < 5 0]l e (ma) 5
or can be proved directly by using the definition
[ull sm1 ey = Z Aol e 9% | Lo gy
loe|<m—1

and the inequality
_ 1, _
||e Vt'lUHLZ(]Rd) S ; ||e ’YtathLZ(Rd) (9132)

for w e 2} (RY) = " L2(R?). The latter can be proved in a completely
elementary way. Indeed, by integration by parts we have ~ e " w|2, =
Re (e 77w, e " d;w), which implies (9.1.32) merely by the Cauchy—Schwarz
inequality. We point out this here because, when R? is replaced by R x [0, T]
(as we shall do later), the inequality (9.1.32) is no longer valid.
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9.2 How energy estimates imply well-posedness

As for the Cauchy problem, energy estimates can be used in a duality argument
to show the well-posedness of Initial Boundary Value Problems (IBVP). However,
this is far from being straightforward, as already seen in Chapter 4 in the
constant-coefficients case. The first step is to show the well-posedness of the
Boundary Value Problem, posed for ¢t € R in weighted spaces, with boundary
data for x € 9. This is basically where the energy estimates/duality argument
are used. The second step deals with the well-posedness of the special, IBVP with
zero initial data, which we also call homogeneous IBVP (the term homogeneous
referring by convention to the initial data and not to the boundary data, contrary
to the terminology of Chapter 7). The final step concerns the general IBVP, with
compatibility conditions needed for the regularity of solutions.

Sections 9.2.1, 9.2.2 and 9.2.3 describe these steps successively, for smooth
coefficients. Section 9.2.4 will be devoted to coefficients with poorer regularity.

9.2.1 The Boundary Value Problem

The resolution of the Boundary Value Problem (BVP) relies on a duality
argument, which requires the definition of an adjoint BVP. We proceed as in
Section 4.4. We first observe that for smooth enough functions u and v,

/ (UTLu—uTL*v):/ Or(vT ) —l—Z@j(vTAju)
QxR QxR :

:/ /vT(x,t)A(x,t,l/(a:))u(x,t)d,u(x)dt,
onJr

(where u denotes the measure on 09Q) after integration by parts. We thus need
to decompose the matrix A(z,t,v(z)) according to the boundary matrix B(z,t)
in order to formulate an adjoint BVP. This is the purpose of the following
abstract result, which can be applied to # := 02 x R and, with a slight abuse
of notation, A(z,t) = A(x,t,v(z)) (invertible if and only if our BVP is non-
characteristic).

Lemma 9.4 Given a smooth manifold W, assume that A € € (#; GL,(R))
and B € € (W ;Mpxn(R)). If B is everywhere of mazimal rank p and if kerB
admits a smooth basis, there exists N € (W' M,_p)xn(R)) such that

R"™ = kerB @ kerN
everywhere on W . Furthermore, there exist
CeCW;Mu_pxnR)) and M € C>(#;Mpxn(R))
such that
R" = kerC @ kerM, A= M"B + C"N, kerC = (AkerB)*:

everywhere on W .
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Proof of (9.1.27) The row vectors (of length n) of B, b1,...,b, say are,
by assumption, € functions on # . By assumption, there exists also a family
of independent vector-valued smooth functions (epi1,...,e,) spanning kerB
everywhere on % . Hence we have

kerB = Span(ep41,...,e,) = (Span(b,...,by) )+,
and (b7,...,b5,€p11,...,€y,) is a basis of R™. The linear mapping

R" — R"7?,

which associates to any vector u € R™ its (n — p) last components in that basis
is obviously one-to-one on kerB, and its matrix (in the ‘canonical’ bases of R"
and R"P) is

N = (OJn,p) P! with P = (b’{...b;eerl...en).

By construction, the mapping w € # +— N(w) € M(;,_p)xn(R) is of class €.
Therefore, the square matrix
B
B = ( N)

is invertible everywhere on %, and its inverse B~! is a ¥ function on 7 .
Defining D and Y as the (n x p) and (n x (n — p)) blocks in B!, in such a way

that
o) ()= (2) 00

we obtain M and C as
M = (AY)" and C = (AD)".

By construction, M and C' are € on # . The remaining algebraic details are
left to the reader. O

Thanks to this lemma we have the identity

/QXR@TLU C AT L) 4 /{MR((MU)T(BU) + (V)T (Cv))

=0 forall u,v. (9.2.33)

Furthermore, the (uniform) Lopatinski condition for the BVP (9.1.5) is equiva-
lent to the backward (uniform) Lopatinski condition for the adjoint BVP

(L*u)(x,t) = f(x,t), 2€Q,teR, (9.2.34)
(Cu)(z,t) = g(z,t), €0, teR. (9.2.35)

Indeed, Theorem 4.2 in Chapter 4, is valid pointwisely in (z, ).
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We use below the following slight abuse of notation. For any (Hilbert) space H
of functions u of (x,t), €7* H stands for the space of functions u such that (x,t)
Uy (z,t) = e " u(x,t) belongs to H. This will be used for H = Hﬁ(RdL H =
L*(RT; HS(RY)) and H = H*(R? x R").

Our aim is to solve (9.1.5)(9.1.6) in e* L*(R*; H3(R?)) for s > 0. For ‘small’
values of s (i. e. s < d/2 + 1) the boundary condition (9.1.6) is to be understood
in the sense of traces, thanks to the following result attributed to Friedrichs.

Theorem 9.8 Assuming 02 is non-characteristic for the operator L (whose
coefficients are supposed to be €, or even Lipschitz, functions of (x,t) that are
constant outside a compact subset of 2 x R), we consider the subspace

E={ucl?’QxR); Lu € L>(AxR)}
equipped with the graph norm. Then 2(Q x R) is dense in E and the map
2(Q x R) — D(99 x R)
¥ = PlaaxR
admits a unique continuous extension from E to H=/2(0Q x R).

Proof For general domains €2, the question reduces, through co-ordinate charts,
to the case of a hyperplane, see [31] for more details. For simplicity, we directly
assume that

Q={z; zqg > 0}.

Furthermore, multiplying L by (A%)~!, we may assume without loss of generality
that the coefficient of d; in L is the identity matrix — by assumption (A9)~! is
smooth and uniformly bounded.

We first show the existence of a constant C' so that for any ¢ € 2(Q x R),

leoaxellm-1200xr) < C(llellzz@xr) + [ILellLz@xr) ) -

Indeed, if 1 denotes the characteristic function of R*, we may associate to any
function u the function u¢ defined by u?(z,t) = u(x,t)1(x4). Then, by the
so-called jump formula
L(¢?) = (Lo)? + P{zg=0} ®@ Ffuy=0} -

Now, an easy calculation (using Fourier transform) shows that the H~'/2 norm
of ¢|{z,—=0} is proportional to the H~' norm of P{za=0} @ Ofz,—0}- Therefore,
there exists C' > 0 so that

le1tza=oy 12 < C L1 + (L) |1 )

< C(Cl¢lle + 1(Le)lle2) = C(C llellze + ILellz2)

where C’ is the norm of L as an operator L? — H 1.
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To show the density of Z(2 x R) in E, we can restrict ourselves — by
standard cut-off — to the approximations of functions v € E that are compactly
supported. Take a smooth kernel p € € (R%*!; RT) compactly supported in
{za < 0} such that [,,., p = 1 and consider the associated mollifier p.(x) =
=471 p(x/e,t/e). We know that the convolution operator by p., say R., tends to
the identity in L? when € goes to 0. In particular, for any v € E, R.(u?) tends to
u? in L*(R4™1) and thus ¢, := Re(u?)|{z,>0) tends to u in L?(Q x R). Since p.
is supported in {zgy < 0}, the smooth function ¢, is also compactly supported
if u is so. It remains to show that Ly, tends to Lu. But

Ly. = (R0 L)(ud)\{fcd>0} + [L» Rs](ud)l{zd>0}-

By Theorem C.14 (which extends a classical lemma of Friedrichs [63] to Lipschitz
coefficients), the last term is known to tend to 0 in L2. Furthermore, since
L(u?) — (Lu)? is supported in {z4 = 0} and p. is supported in {x; < 0}, the
first term equivalently reads

(Reo L)(ud)\{xd>0} = RE((Lu)d)\{xd>0} )
which does tend to Lu in L*(Q2 x R). O

We are now in a position to prove the following, which covers both the
frameworks of Theorem 9.4 and Theorem 9.5.

Theorem 9.9 Assume that Q is either (globally) diffeomorphic to a half-
space or a relatively compact domain with €>° boundary. We also make the
usual assumptions (CH) (constant hyperbolicity of the operator L), (NC) (non-
characteristicity of the boundary 0 with respect to L), (N) (normality of the
boundary data B) with the additional fact that kerB admits a smooth basis on
0 x R and (UKL) (uniform Kreiss—Lopatinskii condition for (L, B) in ).
Then there erists o > 1 such that for all v > g, for all f € €' L2(Q x R)
and all g € e’ L2(0Q x R), there is one and only one solution u € €' L?(Q x R)
of the Boundary Value Problem (9.1.5)(9.1.6). Furthermore, the trace of u on

90 x R belongs to e’ L?(0Q x R), and @, = e~ "u enjoys an estimate

Loz ~ 12

5 £ 1220xr) + 194112200 xR)
(9.2.36)

Ty + 1) ol Boons) < € (

for some constant ¢ > 0 depending only on vg. Furthermore, for all k € N, there
exists Y > Yo such that, for all v > g, for all f € e H*(Q x R) and all g €
e’ HE(0Q) x R), the solution u of (9.1.5)(9.1.6) belongs to €' H*(2 x R) and
its trace belongs to e’* H*(9Q x R).

Note: The first part of the theorem is the extension to variable coefficients of
Lemma 4.8 in Chapter 4. The last part specifies the degree of regularity of the
solution for more regular data.
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Proof As for the Cauchy problem, a technical difficulty lies in the fact that
the energy estimate is known a priori for solutions smoother than L2. More pre-
cisely, either Theorem 9.4 or Theorem 9.5 gives (9.1.21) for u € Z(Q x R). This
implies (9.1.21) a priori only for u € €7 H'(Q x R): indeed, we can approach
u € e’ HY(Q x R) by some u. € (0 x R) in such a way that u. goes to u in
" L2 x R), (uc)paxr tends to the trace of u in €7 L*(992 x R), but also Lu.

tends to Lu in e L*( x R). In fact, it will turn out that (9.1.21) is met as
soon as u belongs to L?(Q x R): this fact may be viewed as a consequence of the
regularity part of the theorem, which we admit for the moment. O

Uniqueness It is straightforward if we use the regularity part. For, by linearity
it suffices to prove that the only e?* L2 solution of the homogeneous problem

Lu =0 0on Q2 xR, Bu=0o0ond2xR (9.2.37)

is 0. But if u € " L?(99Q x R) solves (9.2.37), then u belongs to €71 H1(9Q x R)
(because 0 belongs to H'!) and therefore satisfies the energy estimate (9.2.36)
with v > 1 and f =0, g = 0, which of course implies © = 0 almost everywhere.

Existence It is shown by duality as in the constant-coefficients case (also see
Theorem 2.6 in Chapter 2 for the Cauchy problem). The details are slightly
different here because we have not proved yet the a priori estimate for L? data.
Introduce the space

& ={vee"H (QxR); Cvpaxr = 0}
equipped with the norm
[vlly == lle™ v]l L2 (xr) -
Similarly, to simplify the writing we denote here
|U|7 = |e’7tv|L2(6Q><]R)~

The energy estimate for the backward and homogeneous boundary value problem
associated with L* reads

Cc
vl + ol < 5 1L wll3,

for some ¢ > 0 independent of both v and ~. In particular, it shows that L*
restricted to & is one-to-one and thus enables us to define a linear form ¢ on L*&
by

* _ T T
£<Lv>—/mv f +/8M<Mv> g,
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satisfying the estimate
(L) < ([fll~llolly + [[M ]|z~ gl |0l
1 1 .
< (; IFll- + m |9‘—'y) L7 |5

Therefore, by the Hahn—Banach theorem ¢ extends to a continuous form on the
weighted space e”7'L?*(€2 x R), and by the Riesz theorem, there exists v in the
dual space e”*L?(2 x R) such that

L) = / uTL*v.
QxR

Thanks to (9.2.33), this yields

/ UTLu+/ (MU)TBu—/ va—/ (Mv)Tg=0
QxR OOXR QxR OO xR

for all v € &. In particular, for v € 2(Q x R), the boundary terms vanish and
we infer that Lu = f in the sense of distribution. Consequently, we have

/ (M )" Bu f/ (M) =0
OOxR OOxR

for all compactly supported €°° function ¢ on the boundary 9 x R such that
C ¢ = 0. Since at each point, Mkec : Ker C — CP is onto, and M has €
coefficients, this implies

/ wTBu—/ 69 =0
OOXR OO XR

for all ¢ € 2(92 x R), hence the boundary condition Bu = ¢ in the sense of
distributions.

Regularity A key ingredient is the following tricky result.

Theorem 9.10 (Chazarain—Piriou) Assume that the operator L and the bound-
ary operator B have C* coefficients, constant outside a compact subset of Q@ X R,
that the boundary 0S) is non-characteristic for the operator L, and that the pair
(L, B) is endowed with the a priori estimate

1
7||<‘0||i2(§><]R) + ||¢|3Q||%2(BQ><]R) <c (’Y ”L'YL‘OHi?(ﬁx]R) + ||B¢||%2(6QXR)
(9.2.38)
for some ¢ > 0 independent of v > o and ¢ € H*(Q x R). Then for all integer

m > —1, the four conditions

veE HM(QXxR)NLA(Q xR), Lyve H"HQ X R)  for ally > pm,
vjpaxr € H™ (02 X R), Bujgoxr € HMH(0Q x R),
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imply
vEe H™HQxR) and vjpaxr € H"T(0Q x R).

Note: in this statement, vsqxr is to be understood as the trace of v on 9 X R,
as defined in Theorem 9.8, and belongs at least to H~1/2(9Q x R).

Admitting temporarily Theorem 9.10, we can easily complete the proof
of the regularity part in Theorem 9.9. For, if u € e’ L?(2 x R) is such that
Lu = f belongs to e L2(Q2 x R) and Bujpaxr = g belongs to €7 L?(9Q x R),
Theorem 9.10 applied to m = —1 and v = u, readily implies u|poxr belongs
to e L2(09Q x R), as claimed. Now, if additionally f € " H'(2 x R) and g €
e?" H1 (02 x R), we can apply Theorem 9.10 to m =0 and v = ., and thus
obtain that u belongs to e’ H'(2 x R) and its trace to e H*(0Q x R). By
induction, we thus show that v and its trace inherit exactly the Sobolev index
of f and g.

Energy estimate To complete the proof of Theorem 9.9 it remains to show
that the energy estimate in (9.2.36) is valid as soon as u belongs to ¢”*L2. To
prove this fact we can regularize the data f and g and use the regularity part of
Theorem 9.9 together with the uniqueness of solutions. For any f € e7*L%(Q x
R) and g € e7*L2(09Q x R), there exist f. € 2(Q x R) and g. € 2(9 x R) such
that

L% (QxR

)t ot L?(0QxR)
———SeTfL ey,

€ .
e—0 g

e e
For all ¢, there exists u. € e H!(Q x R) with v > 7, solving the regularized
problem

Lu. = fe on Q xR, Bu. = g. on 00 x R.

The energy estimate (9.2.36) is valid for the (smooth) difference (u. — ug)
and thus shows that both (uc)c>o and ((uc)jpaxr)e>0 are Cauchy sequences,
in e"L%(Q x R) and e"L?(0Q x R) respectively. Therefore, there exist u €
e L2(Q x R) and u, € e’ L?(9Q x R) such that

le™" (ue — @”LZ@XJR) — 0 and ||e_’yt<(“€)\89xR - ﬂo)”m(ﬁxﬂg) — 0

as € goes to 0. By construction, Lu. = f. converges to f = Lu in 7' L?(Q x
R). Consequently, by Theorem 9.8 the trace ucjpoxr converges to Ypoxr 1N
e H=/2(992 x R), hence by uniqueness of limits in the sense of distributions,
Upoxr = Ug- In the limit, we thus get Bujyor = ¢, and u solves the same
BVP as u. Therefore v = v and by passing to the limit in the energy estimate
(9.2.36) for u., we obtain (9.2.36) for w. a

Remark 9.11 The previous regularization method and Corollary 9.1 applied
to ue, show (at least when Q) is a half-space) that there exists Cy > 0 so that
for f € ji’iyk(ﬂ x R) and g € %j(aﬂ x R) with v > ~, the solution u of the
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Boundary Value Problem (9.1.5)(9.1.6) satisfies

1
T lep oy + Toia=olBer o <O ( 2 17 Be ey + lolescons ) -
(9.2.39)

Proof of Theorem 9.10 (Note: In the case m = —1, the only thing to show
is that the trace of v belongs to L?(9Q x R).)

For general domains €2, the proof should naturally involve co-ordinate charts,
and to some extent this would hide the heart of the matter. We prefer to give the
proof in the simpler case Q = {z; x4 > 0}, Q x R being identified with R? x
R* = {(y,t,24); x4 > 0}, and 9Q x R with R? = { (y,¢) }. The outline follows
the proof given by Chazarain and Piriou [31] in the case of smooth compact €2,
save for co-ordinate charts.

A first useful remark is that it suffices to show v actually belongs to
L?(R*; H™+1(R?)). Indeed, Proposition 2.3 applied with x4 instead of ¢ shows
that v € L2(R*; H™*1(RY)) and L,v € H™(R? x RY)) imply v € H™1(R? x
RT).

Next, we are to use the following observation on Sobolev spaces.

Proposition 9.2 Take s € R. If v € H*(R?) and if there exists C > 0 so that

1 2\s+1 R
oo = [ S @ de < ¢

for all 0 € (0,1], then v belongs to HT1(R?).

(This is a consequence of Fatou’s Lemma: take the lim inf of the inequality when
0 goes to 0.) So, showing additional regularity for v € H*® amounts to finding a
uniform bound of ||v]|s,¢. In this respect, one may try to use the left part of the
two-sided estimate given by the following technical result.

Proposition 9.3 Take s € R, r > s+ 1 and p € 2(R?) such that
p(&) = O(ll€l")

in the neighbourhood of 0 and that p does not vanish identically on any ray
{t&; teRTY, € #£ 0. Fore >0, we define

Pe + T E_dp(x/g)v

and consider R. the convolution operator by p.. Then there exist C and C' >0
such that

Cllvlze < ol @ey + nas(®) < C0ll34,

1 g\ —1
0 de
naa0)i= [ IReolne e (14 5) L

for all 0 € (0,1] and all v € H*(R?).
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(The proof is technical but elementary: it can be found in [31], Chapter 2. There
do exist kernels p satisfying all the requirements: take say o € Z(R?) such that
J o # 0 and define, for instance, p = A"/20.) Another important preliminary
result is the following.

Theorem 9.11 If R. is a smoothing operator as in Proposition 9.3, if P
(resp., B) is a differential operator of order 1 (resp., 0), with €>° coefficients
that are constant outside a compact subset of R?, there exists C"" > 0 such that

1 o\ —1
62\ " d
/ I[P, Re] ]2 gay €20+ (1 + > de
0

2

IN

" lvliZe

A

1 2\ —1
(s 0 de
JRCRIN A (1 n ) oo,

for all 0 € (0,1], all v € H*(RY).

(These are specials cases of a general result on pseudo-differential operators,
the proof of which involves commutator decompositions and repeated use of
Proposition 9.3; see [31], Chapter 4.)

In particular, if (A?)~! is smooth and uniformly bounded, we may apply
Theorem 9.11 to

P(xg) = — (AH)™1 <at+ dZIAJ’aj>7

=1

which depends continuously on x4 (viewed here as a parameter): this will give
an estimate for the operator LY := (A?)~! L since [L¢, R.] = [~ P, R.]. And
applying Theorem 9.11 to B = (A9)~! will eventually give an estimate for the
operator

L = (AN'L, = 0, — P(xa) — v(AH T,

uniformly in .

Now, the characterization of H® functions that are actually in H5t!,
given by Proposition 9.2, the two-sided inequality provided by Proposition 9.3,
the commutator’s estimates given by Theorem 9.11, and the energy estimate
(9.2.38), altogether enable us to complete the proof of Theorem 9.10. Consider
ve H™(RY x RY) N L2(R? x RT) such that L,v e H™(R? x RY), vj,,0 €
H™(R?) and Bu|,,—9 € H™ ™ (R?) for m > —1, and define ¢. := R.(v), where
R, is a smoothing operator as in Proposition 9.3, in the variables (y,t) € R?. By
construction, the function ¢, belongs to L?(RT; HT>°(R%)), and

Lig. = R.Lip + [L4 R

belongs to L?(R? x R*): for the first term we use the smoothness of (A¢)~1
that L, is at least L? and that R. is a bounded operator on L?; for the
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commutator, we use that there are no derivatives with respect to x4 and apply
Friedrichs Lemma ([63], or Theorem C.14) in the (y,t) variables. Therefore,
applying again Proposition 2.3, with x4 playing the role of ¢, we infer that ¢,
belongs to H'(R? x R*), and we can apply the L? estimate (9.2.38) to ., which
reads

TNeellFz@axery + 1) za=oll72(ma)

1
<ec <’Y ||L'y§06||i2(]Rd><R+) + ||B(<Ps)|wd—0“%2(Rd)) ’

-1
Multiplying by e72m=3 (1 4+ gj) , integrating in € € (0,1], and using Theo-

rem 9.11 (with s = m and s = m — 1) we get a constant C' > 0 such that

+oo
2 2
Y / 1012, dza + [[0eaolPes
1 oo 2 +ee 2
<3 [ el dna oy [ ol do

+oo
2 [ (o)) 2+ s (Botag) + ool o).
0

For v large enough the first term in the right-hand side can be absorbed in the
left-hand side. Therefore, applying Propositions 9.2 and 9.3, we get

400
2 2
" / 1012, 5 dza + [0maollZus

1
<C (7 L3011 e eyy + 1BVsa—ollFrmer@ay + 7 101122 et ey

n |v|zd_o||%mw>) |

The right-hand side being independent of 8, Proposition 9.2 thus shows that v
belongs to L?(R*; H™ ! (R?)) and v|,,—¢ belongs to H™1(R?). This completes
the proof of Theorem 9.10. a

9.2.2  The homogeneous IBVP

Theorem 9.12 In the framework of Theorem 9.9, if f € L?(Q2 x [0,T]) and
g € L?(09Q x [0,T)) the problem

Lu=f on Qx(0,T), (9.2.40)
Bu =g on 0Qx (0,T), (9.2.41)
up—g =0 on Q, (9.2.42)
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admits a unique solution u € L*(Q x [0,T]). Furthermore, the trace UHQ X [0,T]
belongs to L?(0Q x [0,T)), and there exist o and ¢ > 0 depending only on w so
that for all v > 7,

v lle™ ulliz w0y + 1677 woaxorilIZz a0k 0.1)) (9.2.43)

< C(% le™" FllZ@x oy + ||eﬂt9”%2(8ﬂx(0f))>'

Furthermore, if f € H*(Qx[0,T]) and g€ H*(0Q x [0,T]) with k>1 and
df =0,0lg=0att=0 forallje{0,...,k—1}, then u belongs to H*(Q x
[0,T]) and satisfies OJu = 0 at t =0 for all j € {0,...,k —1}.

Remark 9.12

i) According to Theorem 9.8, the equality in (9.2.42) is meaningful at least
in H-'/2(Q) for any square-integrable u satisfying (9.2.40) with f also
square-integrable.

i1) It will appear in the proof of Theorem 9.12 that solving the homogeneous
IBVP (9.2.40)-(9.2.42) for f € L?(Q x [0,7]) and g € L?(092 x [0,T]) is
equivalent to solving

Li = fonQx(—o0,T),
Bu = gon 0Q x (—o0,T),
=0 onx(—0,0),

for f € L2(€ x (=00, T]) and § € L2(9Q x (—oc, T]) vanishing on (—oo, 0).

Proof To prove the existence of a solution u, we first extend f and g by zero
for t <0 and t > T. The resulting functions, say f and ¢, obviously belong to
e L2(Q x R) and e L2(052 x R), respectively, for any real number . Therefore,
we may apply Theorem 9.9 to f and ¢ as source term and boundary term,
respectively. This yields a solution @ € e L2(Q x R) of the boundary value
problem

Li=f on QxR, Bii=§ on 90 xR. (9.2.44)

By construction u := tj;¢jo,7) clearly satisfies (9.2.40) and (9.2.41). However, the
fact that u vanishes at ¢ = 0 needs some verification.

Similarly as in the proof of Theorem 9.8, we denote by 1 the character-
istic function of RT, and for any function v, v°(z,t) = v(x,t)1(t). By that
theorem, where €2 x R is replaced by { (x,t); ¢ > 0} (whose boundary is non-
characteristic because of the hyperbolicity of L in the direction of ), we know
that % admits a trace tij,—o € H~'/2(R?) and we have the jump formula

L(°) = (La)° + g ® Sp—oy -



266 Variable-coefficients initial boundary value problems

So we will be able to conclude that it;—y = 0 if we can show that L(i°) = (Liw)",
which will be the case if @° = #. The latter equality equivalently means that
iz« = 0, which follows from the following support theorem.

Theorem 9.13 In the framework of Theorem 9.9, if f € L*(Q x R) and g €
L?(092 x R) both vanish for t < tq, then the solution u of the boundary value
problem

Lu=f on QxR, Bu=g¢g on 002 xR
also vanishes for t < tg.

We postpone the proof of this result, and complete the proof of Theorem
9.12.

For the uniqueness of the solution u, we must show that the only solution in
L? of the homogeneous problem

Lu =0on 2x(0,7),
Bu =0on 9Qx(0,7),
Ug—o = 0 on Q,

is the trivial solution 0. So assume u is a solution. Using the same notation as
before and again the jump formula we see u® solves the problem

Lu =0o0n Qx(—00,T),
Bu=0on 00 x (—o0,T).

Now, we introduce a smooth cut-off function 6 such that § = 1 on (—o0, 7],
7<T,and § = 0on [T, +0c0). Then both #u° and L(6u°) belong to L?(Q x R),
and the trace of B@u® belongs to L?(0Q x R). Furthermore, L(fu") = 0 and
BOu® = 0 for t < 7. Hence by Theorem 9.13 again, fu® = 0 for ¢t < 7. Since
this is true for all 7 < T and §u® = wu for t € [0, 7], we infer that u = 0 (a.e) in
[0,T), as expected.

So the unique solution of (9.2.40)—(9.2.42) is necessarily the one constructed
in the first step, i.e. u = tij.e[o,7]- Therefore, the (weighted) localized L? estimate
(9.2.43) for the homogeneous IBVP is a consequence of the weighted L? estimate
(9.2.36) for the BVP, applied to .

Finally, the assumptions on the partial derivatives of f and g if f € H*(Q x
[0,7]) and g € H*(99Q x [0,T]) show that they admit extensions as functions in
H®(Q x R) and H* (952 x R), respectively, which vanish for ¢+ < 0. By Theorem
9.9, the solution of the corresponding BVP belongs to H*(Q x R), and by
Theorem 9.13, its restriction to (—oo,T]) depends only on f and g (and not
on their extensions for ¢t > T'), so it coincides with the restriction of @ (solution
of (9.2.44) above) to (—oo,T]): this implies @< € H*(Q x (—00,T]), hence
u = Upefo,1) € H*(Q x [0,T]), and the fact that ;<o = 0 does imply that
du=0att=0"foralje{0,.. .  k—1} O
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Proof of Theorem 9.13 Without loss of generality, we may assume ¢ty = 0.
By assumption, f belongs to €' L2(Q x R) and g belongs to ¥ L2(952 x R)
for all v > 0. So, by Theorem 9.9, for all n € N, there exists a unique u, €
et [2(Q x R) with v, = 7o + n such that

Lu, = f on Q xR, Bu, =g on 02 xR,

and by the energy estimate (9.2.36),

~

- T, - _
le™ unllZs < %IIe e+ e gl =2 2

Furthermore, we claim u,, is independent of n for large enough n. Indeed, consider
a ¢ function

0: R —1]0,1]
t<0m— 1,
t>1r— et

Then, for all n, v,(z,t) := 6(t) (unst1 — un)(x,t) defines a function in
et L2(0Q x R) such that

(L—0'(t)/0(t) vy =0 on QxR, Bu, =0 on 90 x R.

Therefore, by the uniqueness part of Theorem 9.9 applied to the operator
(L — 6'(t)/6(t)) (the additional smooth, zero-order term being harmless), we find
that v, = 0 (for n large enough so that v, is larger than the vy corresponding
to the modified operator).

Then the fact that u,, = u vanishes for ¢ < 0, is an easy consequence of the
uniform bound

le™ "™ ul| 2 < C.
Indeed, take € > 0 and ¢ € Z(2 x (—o0, —¢)). Then
{u, @) < lle™ " ullzz [l pllze < Ce™ % gl e,

which goes to zero when n — +4oo. Therefore, ujig(—o0o,—e) = 0 (a.e.) for
all e > 0. O

9.2.3  The general IBVP (smooth coefficients)

As already pointed out in Chapter 4 for constant-coefficients problems, the
resolution of the Initial Boundary Value Problem (9.0.2)—(9.0.4) with non-zero
initial data ug is not a direct consequence of previous results.

e A natural (or naive) approach to the general IBVP is to consider and solve
the Cauchy problem

Lv=0, wvi=g=1uo
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(with up extended by zero outside ) and then look for u = w + v with
Lw = f inQ, Bw=g— Bv ondQ, wi—=0. (9.2.45)

Unfortunately, for L? data f and ug, v is square-integrable in 2 but its trace
on 99 has no reason to be also square-integrable (recall that by Theorem
9.8 it is a priori H~'/2), which obviously hinders the resolution of (9.2.45).

e An alternative is to consider as a preliminary problem not a Cauchy
problem but an Initial Boundary Value Problem of the form

Lv =0 inQ, Bov =0 ondQ, vy_g=ug, (9.2.46)

no matter what By is, provided it yields a solution v with L? trace on 9
if we are able to solve (9.2.46) in such a way that v|sq is in L?, then we
will be able to solve (9.2.45) in L? (thanks to Theorem 9.12), hence also
the general IBVP (by taking u = w 4 v). In other words, the resolution
of the general IBVP relies on the resolution of a particular IBVP, with a
possibly different boundary matrix, with non-zero initial data ug but with
zero source term f and zero boundary data g.

For the resolution of (9.2.46), a natural idea is to proceed as for the Cauchy
problem, by duality. In this respect, we need a pointwise estimate of the form

[0(T)|| 20y < e [[v(0)]p20) , (9.2.47)

for y large enough, independent of v € €1([0, T]; L*(Q)) N £([0, T); H*(Q)) such
that

Lv =0 inQ, Byv =0 on 0f).

Deriving such an estimate was the main purpose of the paper by Rauch [162],
following his PhD thesis [161]. We shall not go into (thankless) details regarding
the derivation of (9.2.47) in general, for which we refer to [162]. But in the case
of a Friedrichs-symmetrizable operator L (as in [161]), the task is much easier:
proving (9.2.47) is a matter of integrations by parts and of suitable choice of the
boundary matrix By, as we explain now.

Let us assume that L admits a Friedrichs symmetrizer Sy, with

JIn S SO S UﬁlIn

for some positive o. We take v € €1([0,T]; L*(Q)) N €([0,T]; H*(Q)) to ensure
that our computations are valid. If Lv = 0 then

d ,
= [ vSeu=—2 | Y vr547 0, *
at Q’U S()U ‘/Q . v S() aJ’U + /Q’U (8t50)v

= —/ Zz/j v SpAl v + / U*(atSO'FZaj(SOAj))v'
d Q j
J

Qo
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If 99 is non-characteristic, the matrix
So(fE, t) A(l‘7 t, V(‘T))

is hyperbolic along 0%, which allows us to define Bg(z,t) as the spectral
projection onto its stable subspace. If Bov = 0 on 0f2 then

'U(:L’,t)* SO(x7t) A($7ta V(:L')) ’u(x,t) >0

hence

d * * j
G [vse < /Qv (9,50 + Zj;aj(soAJ))v.

This implies, after integration,
[o(®)llz2 < e v(0)] 2

with

1 )
V=5 [0¢So + zj:aj(SOA])HL"C(QX(O,t)) -

Theorem 9.14 (Rauch) Under the assumptions of Theorem 9.2, there exists
70 > 1 and Cy > 0 such that for all v > 7o, for all T >0 and all u € (R x
R* x [0,77),

e 7 ”ult:TH%?(Q) + He_’ﬁUHQL?(QX(O,T)) + He_’ﬁu\@QH%%BQX(O,T))

1., _ _
< Co <||U|t_0||%2(9) + 5 le™ " Lul|72qx 0.y +lle ™" B“lmd_o|2L2(an(o,T))> :

Proof hints If (additionally) L is Friedrichs symmetrizable, a duality argument
and the counterpart of the energy estimate (9.2.43) for the adjoint homogeneous
IBVP easily yield the refined energy estimate as stated in Theorem 9.14 (for
details, see the proof of Theorem 9.19 below, which holds true for Lipschitz
coefficients). Without Friedrichs symmetrizability, the proof of Theorem 9.14 is
much more technical (and valid only for smooth coefficients). Rauch [162] first
derives a %”j‘l estimate, by using a method due to Garding and Leray, then
an estimate of negative index for the adjoint problem, and finally shows how to
‘raise’ this estimate up to an L? one.

Using Theorem 9.14 we can prove the L2-well-posedness of the general IBVP,
as stated below.

Theorem 9.15 In the framework of Theorem 9.9, for all f € L*(Q x [0,T]),
g € L2092 x [0,T)), ug € L*(Q), the problem

Lu =f on Qx(0,7),
Bu =g on 0Qx(0,T),
Up—g = ug on £,
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admits a unique solution u € L*(Q x [0,T)), which is such that upqxjo,1) €
L2(0Q x [0,T)). Furthermore, u belongs to €([0,T); L*()) and satisfies an
estimate of the form

||u(T)||%2(Q) + % ||U||2L2(QX(0,T)) + ||U\89x[0,T]||2L2(aQ><(o,T))

< ¢ (lluol3a0) + T 1122000y + 1913200k 0m) ) -
with ¢ independent of ug, f, g, w and T.

Proof Once we have the energy estimate of Theorem 9.14, the proof of L2-well-
posedness follows a standard procedure, and works even for rough (Lipschitz)
coefficients. To avoid too much repetition, we refer to the proof of Theorem 9.19
below. O

Additional reqularity and compatibility conditions

We recall that for the IBVP with zero initial data, Theorem 9.12 says solutions
are H* for H* source term f and H* boundary data g, provided that

Of =0 and 9'g =0 at t=0, forall £€{0,....,k—1}.

In fact, these conditions are not optimal: weaker conditions are sufficient to
ensure the H¥ regularity of solutions, even for the general IBVP. These are
compabilitity conditions between the source term f, the boundary data g and the
initial data ug, looking rather complicated but easy to understand. For, if Lu = f
with u of class €P with respect to time and f of class P!, a straightforward
proof by induction shows that

q—1
q—1 _1_ _
afu_z< . >pgag TN

£=0

where Py := 0y + L = — >, Al (x,t)0; and P, := — Zj(afAj)(m,t) 0; for all
integer p > 1; now if Bu = g on 0f2, Leibniz’ rule shows that

4

ofg =Y (2) (879B) dfu.

q=0
Consequently, the compatibility conditions (necessary for such a u to exist) are
(CC,) the functions u, : € Q + u,(x) defined inductively by

qg—1

—1 _
ug(z) =Y <q , >P1?uq_1_g(z) + 077 f(x,0) forall ge{1,...,p}
=0
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are such that

dtg(,0)
¢
= Z ( ) (8779B)(x,0) ug(x) for all z € dQ,and all £ € {1,...,p}.

Here above we have used the notation
Py = =) (0{A7)(2,0)0;.

J
Theorem 9.16 (Rauch-Massey) In the framework of Theorem 9.15, if, more-
over, the initial data belongs to H*(Q), the source term f belongs to H* (2 x
[0,T]), and the boundary data belongs to H**1/2(9Q x [0,T)) for some integer
k>1, and if uo, f, g satisfy the compatibility conditions in (CC,) for all
pE {0,.. — 1}, then the solution u belongs to €7 ([0, T]; H*~"(Q)) for all
re{0,.. }

We omit the proof here; see [165].

Remark 9.13 If ug = 0 and if 9} f(x,0) = 0 for all £ € {1,...,k — 1}, the set
of compatibility conditions (CC,) for p € {0, ...,k — 1} reduce to

lg(x,0) =0 forall £€{1,....k—1},

as expected.

9.2.4  Rough coefficients

The L2-well-posedness of the BVP is true as soon as the coefficients of both (the
principal part of) the operator and the boundary conditions are Lipschitz. More
precisely, we have the following result.

Theorem 9.17 In the framework and with the assumptions of Theorem 9.6,
with the additional fact that WO is contractible, there exists vo = vyo(w) > 1 such
that for all v > g, for all v € V,,, for all f € e L2(R¥! x R x R) and all
g € e L2(R?~! x R), there is one and only one solution u € e’* L?(R?~! x R)
of the Boundary Value Problem

Lyu=f on{xq>0}, B,u=g on{zq =0}. (9.2.48)

Furthermore, the trace of u at xq =0 belongs to ¢7* L*(R?~! x R), and @, =
e "*u enjoys an estimate

'YHﬁ’YH%2(Rd*1><R+><R) + ||1~L’YH%2(]R’1*1><]R) (9.2.49)

1 ~ ~
<c <’7 ||f’YH%2(Rd—1><]R+><R) + ||97%2(Rd1XR))

for some constant ¢ > 0 depending only on w.
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Proof As in Theorem 9.9 the existence part relies on a duality argument
using the adjoint BVP, which can still be defined thanks to Lemma 9.4: indeed,
substituting W to Q we get 4> mappings C, N, and M on W with values in
M, —pyxn(R) and M, (R), respectively, such that R" = kerC(w) & kerM (w),

Al(w) = M(w)" B(w) + C(w)" N(w) and kerC(w) = (A%(w)kerB(w))*
for all w € W?; hence the following identity

/ (2T Lyu — u (L) ) + / (My2)T By + (Now)T Cy2) = 0
xq>0 xq=0
(9.2.50)

for all Lipschitz-continuous v such that v|,,—o maps RI! x R into WY (and
consistently with the notation B, C,, :== Cov, M, := Movand N, := N o)
and for all u € e HL(RY™1 x Rt x R) and z € e " H}(R?! x Rt x R).

Note: Thanks to Theorem 9.8, the identity (9.2.50) still holds true when the
regularity of u is relaxed to

u€ LRI x RT x R) and L,u € " L*(RY™! x RT x R)

(or symmetrically, if z € e " L2(R?! x R x R) and (L,)*z € " L2(R%! x
R* x R), but u € e H(RY! x RT x R)). For completeness, we now explain
the duality argument (which merely parallels what has been done in the proof
of Theorem 9.9). Introduce the subspace of e=7* L2(R?~! x R* x R)

& = {z€ 2R xRT xR); Cy 2jpy=0 = 0}
and denote for simplicity

Izlly = lle™ 2]l L2 a1 xre+ x)

|2:‘,y = |e’ytZ|L2(Rd71XR).

The energy estimate

vlizly + 12 < = (L) 213

c
ol
(a consequence of Theorem 9.6 for the backward and homogeneous BVP associ-
ated with (L,)*) enables us to define a linear form ¢ on (L,)*& by

O / T,

xq>0
such that

[((Lo)"2)] < N fll—~ llzlly + [1Moll= gl |2l

1 1 "
S (; ||fH—7 + m ‘g|—7) ||(Lv) ZH“/
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By the Hahn-Banach Theorem ¢ thus extends to a continuous form on the
weighted space e ™7 L2(R4~! x Rt x R), which shows by the Riesz Theorem the
existence of u in the dual space e7*L?(R9~! x RT x R) such that

((Ly)*2) = / )

for all z € &. In particular, this implies by definition of £ on (L,)*& that for all
z € 2R x (0,4+00) x R),

[ty = o,
xq>0

hence L,u = f in the sense of distributions. Therefore, L,u € e"L?(R™! x
RT x R) and we may apply the identity (9.2.50). This yields

[ 0197 (B - g) =0
:td:()
for all z € &, hence also

|00 (B = g) = 0

for all compactly supported €>° function ¢ on the boundary R x R such
that C, ¢ = 0. Since at each point w € WY, the linear mapping M (w)Kerc(w)
Ker C(w) — CP is onto, and v),,—¢ : R41 x R — WY is Lipschitz-continuous,
this implies

<vauu_g> =0

for all ¢ € e~ HY/2(R4~! x R), hence the boundary condition B,u = g holds
true in e H~1/2(R?~! x R).

In this way we have obtained a weak solution u € ¢”*L?(R?~! x Rt x R) of
our BVP. The next step is a so-called weak=strong argument, showing that all
eYtL? solutions are in fact limits of smooth solutions of regularized problems.
This will imply in particular the validity of the estimate of Theorem 9.6 for any
eY*L? solution, hence the uniqueness.

We take a standard mollifier in the (y,t) variables p., and R, the associated
convolution operator, and define

ul = Ree Ytu, FY=R. (A" le™7'f, ¢) =R.elg.

For all ¢ > 0, g2 belongs to H™>°(R¢ x R) and goes to g, = e 7!gin L?(R% x R)
as € goes to zero, and F? belongs to L?(RT; HT>(R? x R)) and goes to ﬁy =
(AD~te 7t fin L2(R*; L2(R? x R)). Similarly, u? belongs to L?(R*; H+>(R? x
R)) and goes to u, = e ?'u in L*(RT; L*(R? x R)), while (u?);,—0 belongs to
HF>(R? x R) and goes to (i) [zy—0 = € 7 ujy,— in H /2R x R).
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If we can show additional regularity of u) in the x4 variable, we will be
allowed to apply the energy estimate of Theorem 9.6 to u? and pass to the limit
to obtain the estimate for .. This will be possible thanks to the following result
on commutators, which is a straightforward consequence of Theorem C.14 and
Remark C.6, stated here as a lemma only for convenience.

Lemma 9.5 With the notations defined above and, as in the proof of
Theorem 9.6,
d—1
Py o= — (A (0 4y + S AT (1) )
j=1

we have

liI%H [P),R)e " tullz: = 0 and liH(l)H [By, Re]e " up,—o |2 = 0.
E— E—

Going on with the proof of Theorem 9.17, we claim that u) belongs to H!(R? x
RT x R). Indeed, we have

Oqu)l = F) + PJu) — [P),R.] e iy,

v

where the first two terms belong to L?(R*; H+°°(R? x R)) and the third one
is bounded in L?(R*; L?(R? x R)) (as a byproduct of the first limit in Lemma
9.5), so that dgu? is in L?, as well as the other derivatives d;u2. Consequently,
by density of Z2(R% x Rt x R) in H!(R? x Rt x R), this allows us to apply the

inequality in (9.1.22) to u? — u,, hence

vl - uz«llia(w—l xR+ xR) T [[(ud — Uz/)lwd:OH%Z(Rd—l xR)

1
S 200 = PD)Z w2 g iy + 1B (07 = 02 gm0l o iy
<Ly - + LEp R Roe 2
~ 5 e e IL2 (R4-1 xR+ xR) ~ s He '] € Ul L2(Rd-1 xR+ xR)

+1192 = 62172 ga-1xmy + I[Bos Re = Rele™ o1 72 a1y -

By Lemma 9.5 here above, the commutator terms tend to zero as € and €’ go to
zero, and the other terms tend to zero as well, as noticed at the beginning. This
shows that (u2 )e>0 and ((u2)|5,=0)=>0 are Cauchy sequences in L?(R? x RT x R)
and L2(R? x R), respectively, which we already knew for the former but not for
the latter: the convergence of traces was a priori known in H~'/2(R? x R); by
uniqueness of limits in the sense of distributions, this shows that ()|, is
the limit of ((42)|z,=0)e>0 also in L*(R? x R). So by passing to the limit in the
inequality in (9.1.22) for u2, which reads

’7||uz||%2(Rd*1><R+><R) + ”(uz)lwcL:OH%Q(Rd*lxR)

1
S = 02 = Pl Ze@erwps wry + 1B (uD)wa=0ll Lo a1 m)
5 ( ) ( )
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we obtain the same inequality for u,, hence (9.2.49) thanks to the boundedness
of (A4)~1. a

Once we have Theorem 9.17 we can prove the L?-well-posedness of the IBVP
with zero initial data exactly as in the case of smooth coefficients (Theorem 9.12):
as a matter of fact, the smoothness of coefficients does not play any role in the
proof of the support theorem (Theorem 9.13), and thus the proof of Theorem 9.12
still works for Lipschitz coefficients, hence the following well-posedness result for
the homogeneous IBVP.

Theorem 9.18 With the assumptions of Theorem 9.6, for all f € L?(R4~! x
R* x [0,7)) and g € LRI~ x [0,T)), for all Lipschitz-continuous

v:RTIXRT x [0,T] — W,
constant outside a compact subset and such that v, ,—o takes its values in WO,
there exists a unique u € L?(R?¥~! x R x [0, T]) solution of the IBVP
Lyu = f for 1g>0,t€(0,T) and Buyuz,—o = g, u= = 0.

Furthermore, u),,—o belongs to L2(R4=1 % [0,T)) and there exist vo > 0 and ¢ >
0, depending only on ||v||yw1.~wa-1xr+x[o,1))) Such that for all v > o,

v [le™* UHQLZ(Rd—lxRJrX[o,T]) + e uldeOH%Z(Rd*lx[O’T]) (9:2.51)

< (e fRaercrexiomy + 167 0oy )

For the general IBVP we need timewise bounds, which are not easy to
obtain (see Section 9.2.3 regarding smooth coefficients). When coefficients are
just Lipschitz-continuous, the only known result is due to Métivier [136] and
assumes Friedrichs symmetrizability.

Theorem 9.19 (Métivier) With the assumptions of Theorem 9.6 and the addi-
tional one that the operator L is Friedrichs symmetrizable, for all f € L?(RI~1 x
Rt x [0,T]), g€ L>(R¥! x[0,T]), up € L2 (R x RT), for all Lipschitz-

continuous
v:RITLXRY < [0,T] - W,

constant outside a compact subset and such that v,,—o takes its values in WO,
the problem

Lyu =f for x4>0,t€e(0,T),
Byujgy—0 =g for t€(0,T), (9.2.52)
Uj—o =ug for x4 >0,

admits a unique solution u € L*(R4~1 x [0,T)), which is such that UpQx[0,7] €
L3R4 x [0,7T)). Furthermore, u belongs to €([0,T); L2(R4~ x RT)) and
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satisfies an estimate of the form

(T 72 a1 sy + T el 2 @i xre x o7y T Nea=0lT2 a1 p0.10)

<c (”uOH%,?(Rd*lxRJr) + THf”QL?(]Rd*lxR*x[O,T]) + ||g||%2(Rd*1><[O,T})) J
(9.2.53)

with ¢ depending only on ||v||y1.~ma-1 xr+x[0,77)-

Proof There are basically three (unequal) steps: 1) improve Theorem 9.18 by
showing the solution of the homogeneous IBVP is continuous in time and satisfies
a refined version of (9.2.51), namely

e 27 ||u|t:T||%2(]Rd*1><R+) + |\e_7tU||2L2(Rd—1xR+x[o,T])

+ et U|wd:0‘|%2(Rd*1x[0,T])
1 _
< c(; e~ f”%Q(Rdle]RJFX[QT]) + |le 7tg|‘%2(Rd71x[0,T]));

2) handle the IBVP with ‘regularized’ initial data ug € H*(R?) ;
3) conclude by a density argument for initial data ug € L?(R?).

Step 1) Recall that the solution given by Theorem 9.18 is u = 1ij,7), where
4 is the solution of the BVP

Ly = f, Bvu\mdzo =9,

with f and g being extensions by zero for t < 0 or t > T, of f and g, respectively.
Furthermore, the ‘weak=strong argument’ in the proof of Theorem 9.17 shows
if R. is a regularization operator in the (y,t) directions,

u) == R.e — e My in L2(R4! x Rt x R),
(u2)jz4=0 — e Mg, i LR xR),
FY:=Ree "(AH1f — (AN f in L2(RY! x RT x R),
g2 := Ree g — e Mg in L2(R%),

with ) € L2(R*; HT°(R?)), FY € L2(R*; HT°(R?)), ¢ € HT*>*(RY), and
additionally u) € H'(R?! x R* x R). Assume for a moment the refined energy
estimate for the homogeneous IBVP, i.e. for all v large enough, for all 7 € R and
all w e H'(R™! x RT x R) such that wj;<o =0,

e_Q’YTHw(T)”QLz(Rd L R+) (9.2.54)
e 0l s @t <o) e WlaamollZa a1 xpo,1))

1 — 2 — 2
< c/(§||e Y Lywl 32 i xms 0.0 + 1l “va||Lz(Rd—1x[o,r]>)~
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Then, applying it to w = € (u? — u],) and using Lemma 9.5 to deal with com-
mutators, we easily show (u?)|.c[o,1) is a Cauchy sequence in €'([0, T'; L2(RI-1 x
RT)) when € goes to zero, hence has a limit in that Banach space, and that this
limit must be u by uniqueness of solutions. Additionally, by passing to the limit
in the refined estimate (9.2.54) applied to e u?, we see it is also satisfied by wu.

Therefore, step 1) will be complete when (9.2.54) is proved. By den-
sity of Z(R?! x RT x R) in H}(R4™! x Rt x R) — H!(R*; L?(R%! x R)) —
€ (RT; L2(R?~! x R)), it suffices to prove (9.2.54) for w € Z(R¥! x RT x R)
such that w<o = 0. (Any element of H!'(R?"! x RT x R) vanishing for ¢ <0
can be approached by such a w: it suffices to choose a mollifier supported in
{t > 0}.) Now, introducing a Friedrichs symmetrizer S, for L,, with

ol, <8, <o ',

for ¢ > 0 (independent of v, which is bounded by assumption), denoting L} =
(y+ L,) and (as usual) w, = e " w (in such a way that e™""L,w = L] w,),
we have

a o o _ _
4 // @5,@, = 2Re // @S, LG, + // @ (0,S,) T
dt xq>0 xq>0 xq>0

_2// > @3S, AL ;i
xq>0 j

// Omi(atsy +39;(SuA])) Wy
Tq> .

J

+2Re // w3 Sy LW, +2/ WSy Aty .
zq>0 xq=0

This implies after integration (using Cauchy—Schwarz and Young’s inequalities),

||7«E7(t)||2L2(Rd 1xR+) < (0 +7) ||1E’Y||2L2(]Rd IR+ x[0,t])
1 -
+ oot HLlwa%Z(qu xR+ x[0,t])

+ 6 [|(Wy) z4=0 H%Z(RH x[0,4])?

with Yo = %H@tSv + Zj aj(SvA%)HLoo(qu xR+ x(0,t)) and 6=
%HSUAg||Lm(Rd4XR+X(0,,§)). And the L? norms of w, and its trace at zq =0
are controlled by the inequality in (9.2.51). To be precise, we thus get that for
Y Z Yo,

@ ()1 32 (a1 xt)

a1 . _
< (a+o™?) ; ||LZIU'YH%2(RG!*1><]R+><[07t]) + a’||Bv(w'y)|$d:0||iz(Rd’1X[O,t])
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with @ = ¢ max(2,4). Going back to w itself, we see this inequality together with
(9.2.51) gives the refined inequality in (9.2.54) with ¢ =c+a+ o~ %

Step 2) Assuming the initial data is better than square-integrable, say ug €
H'(RI! x R*), we may solve the corresponding IBVP by the ‘naive’ approach.
Namely, we can extend v and g to the whole space R? (in such a way that the
extended functions are still Lipschitz-continuous and in H', respectively, and
that the extended operator L, is still Friedrichs symmetrizable) and we consider
the Cauchy problem

c __ (& —
Lyu® =0, ujj—g = uo-

By Theorem 2.8 we know this problem admits a (unique) solution u€ €
€([0,T); L*(R4~1 x R*)), and thanks to Friedrichs symmetrizability, by Theo-
rem 2.9), u¢ even belongs to € ([0, 7]; H'(R?)). This additional regularity shows
u does have a L? trace on the hyperplane {xy = 0}. Therefore, by Theorem 9.18,
the homogeneous IBVP

h __ h _ c h _
Lvu - ,f7 Bu‘xd:() =9 - Bu|xd=07 u‘t:o - Oa

admits a (unique) square-integrable solution u", having a square-integrable trace
on {z4 = 0}. And of course, the sum u = u° + u” solves the IBVP

Lyu = fa Bu|rd:O =g, Ut=0 = Uo-

But obviously this construction of a solution to the general IBVP does not show
its uniqueness. Uniqueness will follow from the energy estimate, which requires
a little more work.

We first observe the solution obtained here above is a ‘strong’ one (as the
sum of the smooth u¢ and the ‘strong’ solution u” of a homogeneous IBVP).
Therefore (thanks to Lemma 9.5 about commutators), it is sufficient to prove
the energy estimate

1
lp=rlz + 7 lullze + lwe=ollze < e (llwp=ollzz + T [ Loulz2

HBotj,=ollZ: ) -
(where these L? norms are, from left to right, on R4~ x R* R4~1 x R* x [0, 77,
or R¥=1 x [0, T]) for u smooth enough, in H! say. This can be done by a duality
argument and step 1) applied backward to the adjoint problem

(LU)*Z = f/a Cvz\zdzo = g/, Rt=T — 0, (9255)
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where C,, is defined as in the proof of Theorem 9.17. Indeed, revisiting the duality
identity (9.2.50) when ¢ lies in the bounded interval [0, 7] we get

/ ub f - / (Nou)" ¢ = / 2P Lyu + / (Myz)" Byu
xq>0 rq=0 xq>0 xq=0

+ / ZT U
t=0

for all z satisfying (9.2.55) with f’ € L2(R4~1 x R x [0,7]) and ¢’ € L?(R4~1 x
[0,T]) and all u € HY(R41 x R* x [0,7]). Denoting for convenience (similarly
as in the proof of Theorem 9.17)

2lly, = ||‘37t z||L2(Rd*1><R+><[O,T])’

|2l = ||e’YtZ\deOHL"’(Rd*lx[O,T])v

we have by the Cauchy—Schwarz inequality,

/ uT f/ _ / UT N’UTgI
xq>0 xq=0

< el Lo ull -z + 1Moz [2]y,7 [ Boul—r + [[Zji=oll 2 [[uji=oll 2 -

On the other hand, the counterpart of step 1) for the backward problem in
(9.2.55) implies that

1
lze=0llZ= + Y 2l57 + 1237 < 5 IF132 + 19"
hence for v > 1,
< 1 ! 1 !/
max(||z\t:0||L27 12lly,7 5 12[y7) S = [1f Iy + m 9'lyr -

v
Together with the previous inequality, this yields, for v > 1,

/ ’U,T f/_/ (Nvu)Tg/
xq>0 zq=0

Since this holds true for any f’€e " L2(R4t xRt x[0,7]) and ¢’ €
L?(R4=1 x [0,T)), this implies

S E1F e + 52 19ha)

< (Lo ull—y.r + |Boul—yr+uj=ollz2) -

1
ull—7r < 5 ([1Lo ull—, 7 + |Boul—7 + [lwje=ollz2 )
and

1
Noul .1 S 17 (v ull -y + [Boul—y.r + [luje=ollz2 )
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and a fortiori

1
Ylull2yr S - ILoull2y 7 + [Boul2y o + llup=ollZ:,

2

| Ny U\—»YT Ny ||L u||2'yT + |Byul® S+ = oll 7

for v > 1. Now, recall that by construction of IV, at each point w € W?, the square
matrix whose rows are those of N(w) and B(w) is non-singular. Therefore, there
exists a constant 3 > 0 (depending only on ||v|,,—¢l[z= for v|;,—¢ With values in
W9) such that

1
a2 <B(INoul2y p+[Boul2y 1) S 5 Lo wll  + | Boul2y ptllujeolZ:

because of the bound for \Nvu|2_%T. Combining this with the bound for ||u||2_,YT
here above and going back to more explicit notations, we thus get

Y ™ ullfa gar e g,y 167" WaamollZa@asxjo,m

< e (Lo Loul2ama e xiory + 1€ Botl2aggas oy + lueoll?:)
(9.2.56)

for all v > 7, with vy and ¢ depending only on ||v||y1.~. Finally, revisiting the
computation of Step 1) using the Friedrichs symmetrizer we easily find that for
u smooth enough and ~ large enough,

- 1
e [|u(t )||L2(Rd IxRT) ~ S u(0 )H%z(ﬂ{d—lxRﬂ + ; ||Lvu||%2(Rd—1xR+x[o,t])

+ [l 2 ga1xmt xfo,) + Nza=ollTe@a-1x70.4) -

Here above the last two terms are controlled by the previous estimate (9.2.56).
Therefore, the timewise estimate is a consequence of (9.2.56). Adding them
together and taking ~ proportional to 1/T we eventually obtain (9.2.53).

Step 3): For square-integrable initial data, the existence of a solution to the
IBVP (9.2.52) readily follows from the density of H! in L2. Indeed, take a
sequence u§ going to ug in L2(R4~! x R*) and consider u® € €'([0,T]; L*(R4~! x
RT))), the solution given by step 2) of

Lyu® = f, Buj,,_g = g, uj—o = 5.
The energy estimate (9.2.53) shows that
[uf(t) = u® ()72 @a-1xmey < € llug = ug 172 @ wmsy -

Hence (by the Cauchy criterion once more) wuf is convergent in
€([0,T); L*(R4~1 x R*)), and the limit is a solution of (9.2.52), which
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satisfies the energy estimate (9.2.53) (by passing to the limit in (9.2.53) applied
to u®). The uniqueness of this solution is a straightforward consequence of the
uniqueness part in Theorem 9.18. g

9.2.5 Coefficients of limited regularity

This section aims at clarifying the intuitive idea that the more regular the
coefficients and data, the more regular the solution. We begin with the Boundary
Value Problem, by completing Theorem 9.17.

Theorem 9.20 [In the framework of Theorem 9.17, assume, moreover, that v
belongs to H™(RY™1 x Rt x R) for some integer m > (d+1)/2 + 1, and that
Vjga=0 belongs to H™(RY x R). We also make the technical assumption that
v can be approached in H™(RI~! x Rt x R) by elements of (R4~ x Rt x R)
that take values in W and have traces at xq = 0 taking values in WO,

If the forcing term f belongs to to " (R4=1 x RT x R) and the initial data
g belongs to %’iym(Rd*I x R) for all v > ~9, then the solution u of the BVP
in (9.2.48) is also in H", as well as its trace on the boundary {xq = 0}, and
satisfies the energy estimate

’7||u||3f§”(Rd*1><JR+><R) + ”u\ﬂcd:()”iﬁrm(Rd)
< Cor (2171 iy + 19l
= v T ( xR+ xR) s (RY)

for all ~v > ~p,, where vy > v and Cy, >0 depend continuously on the H™
norms of v and v|;,—-

(We recall that the norm [|ul| 4 is equivalent, independently of 7, to [le™ 7 u|| s
see Remark 9.9 for more details.)

Proof We begin with the special case when v is itself 4°°: the coefficients of
L, and B, being infinitely smooth, the regularity of v and of its trace at 4 = 0
thus follows from Theorem 9.9, while the energy estimate follows from Theorem
9.7 and Remark 9.11. In other words, the present theorem with the reinforced
assumption that v is €°° is an easy consequence of previous results.

For more general v, a natural idea is to regularize v and pass (once more) to
the limit. Assume v, € Z(R?~1 x R* x R) is going to v in H™(R4~! x RT x R)
as € goes to zero. Our technical assumption ensures that we can choose v, staying
in the set of validity of the main assumptions (CH, NC, N, UKL). So we can
apply the first step to the smooth v, for all € > 0. Therefore, there exists a unique
solution u. to the BVP

L, u. = f on{xqg >0}, B, u =g on{xg =0}, (9.2.57)
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and u. belongs to ™ (R x RT x R) while (uc)|,,—0 belongs to ™ (R~ x
R) for all v greater than a number ~,, independent of ¢, with the inequality

el - s sy + 1) a=oll5em gy

1
< Cn (7 Hf”?%iym(]Rd*lxRerR) + ggﬂ’”’(Rd))

for C,, independent of . Consequently, there exist u € %@m(Rd_l x RT x R)
and u, € %”Vm(Rd) such that u. converges weakly in %ﬂvm(Rd’l x RT x R) and
strongly (up to extracting a subsequence) in e?*L2(R4~! x Rt x R) to u, while
(te)|zy4=0 converges weakly in JZZ™ (R%) and strongly in " L?(R?) to uy.

To conclude we now need to prove that u = u and wuj,,—o = u,. Since
L,, (ue —u) converges weakly to zero in %W*I(Rd’l x RT x R) and thus
strongly (up to extracting a subsequence) in e”*L2(R?~! x Rt x R), Theorem
9.8 implies that (uc)|,,—o converges strongly to u,,_q in e L?(R¥! x Rt x R),
hence uy = w,,—o- By passing to the limit in the approximate BVP (9.2.57) we
thus see that u solves the same problem as w: by uniqueness this proves that
u = wand uj,,—o = Y-

Finally, we obtain the JZ, estimate for u by taking the lim inf of the estimate
we have for u,. [l

We have a similar result for the Initial Boundary Value Problem with zero
initial data.

Theorem 9.21 In the framework of Theorem 9.18, we assume, moreover, that
v belongs to H™(R4~ x RT x [0, 7)) for some integer m > (d+1)/2 + 1, and
more precisely that

v = Ve with € H"(R7! x RY xR), ¥4cr = 0

for some T <T, and additionally we suppose ¥ is the limit in H™ of v, €
2R x RT x R) taking values in W, such that (V.)|y,—0 takes values in WO,

If feHMRTIxRY x [0,T]) and g € H™(RY™! x [0,T]) are such that
Af=0,0g=0att=0 for all j €{0,...,m — 1}, then the solution u of
the IBVP

Lu = f for 24>0,t€(0,T) and Buj,—o =9, up— =0,

is also in H™, as well as its trace on the boundary {xq = 0}, and satisfies &lu =
0 att=0 forall j € {0,...,m — 1}, together with the energy estimate

1 9 2
T ||U|\Hm(Rd—1xR+x[o,T]) + ||U|xd:0||Hm(Rd4x[o,T])

<Cnm (THf||3'im(Rd*1><R+><[O,T]) + HQH%Im(Rdflx[o,T])) )

where Cp, > 0 depends only on the H™ norm of .
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Proof The assumptions on f and g allow us to extend them, respectively, into
fe A" (RITE X RT x R) and g € 2" (R*"! x R), both vanishing for ¢ < 0. By
Theorem 9.20 (applied to the extended operator Lj), the corresponding BVP
admits a unique solution % € 7" (R4=1 x R x R), whose trace at x4 = 0 is in
A" (R?"! x R). Furthermore, by Theorem 9.13  vanishes for ¢ < 0, (and @<r

does not depend on f|t>T and §|t>T). Therefore, u := 1j;¢[o,7] is a solution of the
homogeneous IVBP with forcing term f and boundary data g, and it belongs to
H™(RI1 x RT x [0,7T]), while its trace at 4 = 0 belongs to H™ (R~ x [0, T7).
The uniqueness of this solution follows from the uniqueness part in Theorem 9.18
(on the L? well-posedness). It remains to show the ‘localized’ H™ estimate. In
fact, it will be a straightforward consequence of the estimate

’y ||1\1H,2jf’ym(Rd—l XR+X(—OO,T]) + Hﬁ‘deOHZWme(]Rd*lx(—oo,T]) (9258)
1 ~ 1|2 v 2
S 5 ILwtllSem @t xm x ooy T 1BotlSem a1 (—oo,m »

and the fact that % vanishes for ¢ < 0 and coincides with w on [0, 7. As regards
the proof of the estimate (9.2.58), it can be deduced from the localized L?
estimate (9.2.51) by the same method as in the proof of Theorem 9.7, with
(—o00,T] as the time interval instead of R. Indeed, the problem noted in Remark
9.10 about the bounded interval [0,7] does not arise for the half-line (—oo,T].
In other words, we do have the inequality analogous to (9.1.32), namely

_ 1. _
le™ " wll L2 ga-1x(—oorpy < = e ]| L2 (ma1 x (00,11 (9.2.59)

2

for all w € S (R*™! x (=00, T]). Indeed, the inequality (9.2.59) can be viewed
as a L'-L? convolution estimate, since we have

e Mwt)H(T —t) = /+°° H(t —s)e "= " gw(s) H(T — s) ds,

— 00

where H denotes the Heaviside function, and the L! norm of t — H(t)e 7 is
precisely 1/7.

Note: The multiplicative constant hidden in the sign < in (9.2.58) depends a
priori on ||8]| gm . O

Finally, there is also a result for the general IBVP with coefficients of limited
regularity, provided the operator is Friedrichs symmetrizable. The compatibility
conditions needed are still (CC,) (Section 9.2.3), with 47 = A7 and B = B,.
We say initial data ug, boundary data g and forcing term f are compatible up
to order k if (CC,) holds true for all p € {0,...,k}.
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Theorem 9.22 [n the framework of Theorem 9.19, assume, moreover, that v
belongs to

CHY = {ve Z' (R xRY x [0,7]);
Ofv e €([0,T); H™ PR x R*))p <m}

for some integer m > (d+1)/2 + 1.

If feH™R“IxRY x[0,7T]), g€ H™R" x[0,T]), and wugé€
H™RY1 x RT) are compatible up to order m —1, then the solution of
the IBVP (9.2.52) belongs to CHY".

This result is implicitly contained in the lecture notes of Métivier [136]. The
conclusion is as in Rauch and Massey’s theorem, with slightly less regular data
(H™ instead of H™+1/2), and with much less regular coefficients. The drawback
is the additional, Friedrichs-symmetrizability assumption (which is satisfied by
‘most’ physical systems anyway).

Proof The sketch of proof is roughly the same as for Theorem 9.19 (which gives
solutions in €([0, T]; L?(R?~! x R*)) for L? data): 1) revisit the IBVP with zero
initial data (Theorem 9.21) and show additional time-regularity of solutions; 2)
consider initial data (smoother than in the statement) ug € H™T1/2(R41 x RT),
and reduce the problem to zero initial data by substracting an ‘approximate
solution’ (whose counterpart in the proof of Theorem 9.19 is just the solution
of a Cauchy problem in the whole space); 3) conclude by a density argu-
ment for initial data ug € H™(R%~! x RT), thanks to appropriate (new) energy
estimates.

Step 1) The key ingredient will be the refined estimate

Z 72(m7|a‘)67277H8aw(7)”2L2(R‘1*1><R+) (9.2.60)

la|<m
+ lelifm(quxmx(,oo Q1 ||w\$d:0||?9fm(Rd*1X(7m )
¥ ’ o ’

1 2 2
S5 ”vaH.ﬁfwm(Rdﬂ><]R+><(—oo,7—]) + ”B'Uw”%i(m(Rdflx(—oo,T]) ;

to be shown to be uniform for all v large enough, for all 7 >0 and all w €
P(R¥~1 x Rt x R) vanishing for ¢ < 0. In the inequality (9.2.60) here above, the
simplifying notation < means less than or equal to a constant depending only on
the W norm and the ™ norm of v, an extension of v as in Theorem 9.21.
For simplicity we shall omit the ~ sign. In addition, we introduce shortcuts for
the sets of integration

D, :=Qx (—00,7] = R x R x (—o0, 7]

[, =00 x (—o00,7] = R x (—o0,7].
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The proof of (9.2.60) proceeds from the refined L? estimate in (9.2.54) applied
to derivatives of w, as in the proof of (9.2.58) from the ‘regular’ L? estimate
(9.2.51), which is itself similar to the proof of Theorem 9.7. There are two main
steps: 1) estimate tangential derivatives and 2) estimate ‘normal’ derivatives.
There is basically no novelty in the estimate of tangential derivatives: we apply
(9.2.54) to uy = 9%u, where 9% is a differential operator in the (y,t) directions
only, and the d-uple is of length || < m, and show that the right-hand side is
bounded by

(1 o

+ Ll ey + 2 Itamo e, )
for some positive ¢ depending only on |[|5|[z~ and |[0[|r2®+;2m(r,)), hence

> e PO 0% o ey + Y Nl Za e ) o

la|<m

TR VTR L P

S 25( 1 HL u||L2(R+ %m(FT)) + HBvu|$d:0H‘2?f’,;’”(FT)>’

for v large enough (by absorption of the error terms in the left-hand side). More
care is needed in the estimate of [|0°u(t)||p2(ga-1xr+) When the operator 9°
contains a derivative in the normal variable x4 (in this case § is a (d+ 1)-
uple). Let us look at the case of a single derivative 94. We take again a
p-uple a, of length |a| < m — 1 this time. As in the proof of Theorem 9.7 we can
write

d—1
80 = (A%)~! (fa — 0%+ Y Al ajaau),
j=1

with f, := L, 0%u. The novelty here is that we need a timewise estimate of f,.
The trick is to use the L? estimates of both f, and 9, f,. Indeed, by the same
computation as in the proof of Theorem 9.7 we have

Y™ fallao,) S IFlL2@e ey + lulli2@e o, ) -

Furthermore,

Oifa = fo + Zat ) Ojttar
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with 8 = (ap+ 1,&') if a = (ag, '), and fz can be estimated as above, so we
have

Y I e 0 fallra,) S Iz @,y
d
+ 3110 (AD) | lle™ Byuall,

Jj=1

where each term in the sum can be estimated thanks to part 1) on tangential
derivatives. Therefore

Y e s fall 2oy S IF 2@ e,y + N9l -
Consequently, the L? bounds for f,, and 9, f, imply the timewise bound
T2 e fo (Pl 2y S [f 2@+ ;0em )y + lgllsem @,y
and finally, estimating the other terms in 9;0%u thanks to part 1), we get

Y2 e 940 u(T) | 2@y S I f 2@ e crny) + gl s

hence
melal—1)  —2~r 1
72(m lee|=1) =27 Hadaau(T)Hiz(Q) S ; ||f||2L2(R+;3ﬁ:n(pT)) + Hg||12%07m(p7)7

for ~ large enough (> 1, which has been used for the g-term). The case of higher-
order derivatives in x4 can be dealt with in a similar way, by induction (the details
are left to the reader). This in turns provides estimates of ||0%u(t)||p2ra-1xr+)
for all (d + 1)-uple 8 of length |3] < m. Altogether these estimates prove (9.2.60).

Once we have (9.2.60), the usual weak=strong argument shows there
is a sequence (u:) such that for all p € {0,...,m}, Fu. goes to du in
€ ([0, T); H™P(R4~! x R*)), where u is the solution of IBVP with zero initial
data given by Theorem 9.21.

Step 2) The crucial tool here will be the following lifting result.

Lemma 9.6 Assume W and Wy are both convex and contain zero, and
consider v € 2'(R! x RT x R) is such that vjeor) € CHF, f € H™(R¥™ x
R* x [0, 7)), and g € H™(R?~! x [0,T]) with m > (d+1)/2 + 1.

Then for any ug € H™TY/2(R¥1 x R*) taking values in W with a trace on
xq = 0 taking values in Wq, compatible with f and g up to order m — 1, there
exists ug € H™TH(RI™! x RT x R), also taking values in W with a trace on x4 =
0 taking values in Wy, vanishing for |t| > & > 0, and such that

(ta)|t=0 = o, 3f(f_ Lv“fl)u:o =0, 8f(g N (B”u“)lzdzo)u:o =0

forallp € {0,...,m — 1}. Furthermore, f, := f — Lyu, belongs to H™(R4~! x
RT % [0,T]) and gq := g — (Byta)jz,=0 belongs to H™(R*! x [0,T7).
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Proof We first need to check that the induction formula in the compatibility
conditions (CC,,,—1),

qg—1

-1 _
ZOEDS (q / )PEuqleu) + 0 (@,0)

£=0
enables us to construct a sequence (u1,...,um—1) such that for all g€
{0,...,m — 1}, u, belongs to H™*+1/2=4(R4~1 x R*). Here the operators

d .
Py = — Z(@fA] ov)(x,0)0;
j=1

have, by assumption on v, coefficients in H™¢(R4~! x R*) for £ > 1, and this
is also true for P up to a constant-coefficients operator. Therefore, thanks to
Theorem C.10, the induction formula above does define u, in H™MH/2=a(RI=1x
R*) if ug € H™FY/274(R-1 x RY).

Then by trace lifting (see, for instance, [1], pp. 216-217), we find u, €
Hm+1(Rd_1 x RT x R) such that ||’U/aHHm+1(Rd71 xR+ XR) ,S ||u0||HnL+1/2(Rd—1 xR)
and

Of (Ua) =0 = uq forall g€ {0,...,m—1}.

Thanks to the convexity of W and WY, up to multiplying u, by a € cut-
off function near ¢ = 0, we may assume, by continuity of u, and (uq)|z,—o at
t = 0, that the range of u, lies in W and the range of (uq)|z,—0 lies in WO, as
requested. The fact that 97 (fa)ji=0 = 0 for all p < m — 1 directly follows from
the construction of the u,, and o (9a)jt=0 = 0 is a consequence of the equations

14

£ = ¢ t—q T u,(x
Bo(r,0) = 3 (q) (0B, (2., 0) uy (x)

q=0

for ¢ < m — 1 contained in the compatibility conditions (CC,,_1). Finally, the
fact that f, and g, are H™ follow in a classical way from Proposition C.11 and
Theorem C.12. O

Once we have the ‘approximate solution’ u,, the ‘approximate’ forcing term
fa and the ‘approximate’ boundary date g,, we can apply Step 1) to the IBVP
with zero initial data

Lvuh = fa, Bv(uh)|md:0 = Ya, (uh)|t:0 =0.

By uniqueness of the solution u of the original IBVP, we have u = u, + u”,
which therefore belongs to €HX since both v and w, do: for the latter, observe
that u, € H™TH(RY! x Rt x R) implies indeed

ug € HETL([0,T]; H™* (R x RY)) — €*([0, T]; H™ (R x R*))

for all kK <m.
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Step 3) It relies on two ingredients: the observation that wg can be approx-
imated by smoother initial data uf, still compatible with f and g up to order
m — 1; energy estimates of a new kind for the IBVP with zero forcing term f
and zero boundary data g. We omit the details; see [136] for their proof in the
more complicated framework of shock-waves stability. O
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10

THE CAUCHY PROBLEM FOR QUASILINEAR SYSTEMS

We turn to ‘realistic’ systems, which are non-linear and most often read

Df°(u) | = Of(u)

= c(u), (10.0.1)

j=1

where f7 and c¢ are vector fields in R™. The time flux f° will be assumed
throughout this chapter to be a diffeomorphism. Observing that each row in
the left-hand side of (10.0.1) is the divergence with respect to (¢,z) of a vector
field (f2(u), f1(u), -+, f&(u)) in R¥T! we say that (10.0.1) is in divergence form.
In general, (10.0.1) is called a system of balance laws. When the source term c is
not present (that is, is replaced by 0), (10.0.1) is called a system of conservation
laws. As in the previous chapters, we shorten the notations and write (10.0.1) as

d
OnfO(u) +> 0,17 (u) = c(u).
j=1

Among the well-known examples of systems of conservation laws, one inevitably
encounters the Euler equations, governing the motion of a compressible inviscid
and non-heat-conducting fluid (see [80,195], and also Chapter 13). These read

dp + V-(pu) =0,
O (pu) + V-(pu®u) + Vp =0, (10.0.2)

00 (p (Sl + ) + V- ((p (3l + ) + p)u) = 0,

where p > 0 denotes the density of the fluid, u its velocity, e > 0 its internal
energy per unit mass and (p,e) — p(p,e) > 0 is a given pressure law. The
operator V is acting in space only. The importance of Euler equations in both
the physical applications and the development of the mathematical theory of
conservation laws has prompted us to devote a whole part of the book (part IV)
to these equations.
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10.1 Smooth solutions

As a first approach to (10.0.1), we may look for smooth solutions. Smooth
solutions of (10.0.1) are equivalently solutions of the quasilinear system

d
Opu+ Y A (u)dju = blu), (10.1.3)

where the n x n matrices A7 and the source term b smoothly depend on u € R™.
They are related to the fluxes f7 and the original source term ¢ by

Al(w) = df°(w) ™ df (u),  blu) = df°(w) " c(u).

Remark 10.1 It can be that a change of variables u — u = ¢(u) leads to a
more convenient quasilinear system than (10.1.3), that is, a system

d
o+ Y Al (W) 0;u = b(w),
j=1

where the matrices A7 are sparser than the A7. As an example, one may compare
the quasilinear form of the Euler equations (10.0.2) in variables (p,u,e) to its
counterpart in variables (p, u, s), where s is the physical entropy. Indeed, recalling
that s is defined by the differential relation

Tds = de — 2 dp,
p

(where the integrating factor T is the temperature), we easily see that (10.0.2)
is equivalent for smooth solutions to the rather simple-looking system

Op + pcV-u+u-Vp =0,
du + (u-Vyu+ p~1Vp =0, (10.1.4)

s +u-Vs =0,

where ¢? := dp/0p when p is regarded as a function of p and s. The function ¢
is called the sound speed.

10.1.1  Local well-posedness

For general quasilinear systems of the form (10.1.3), the Cauchy problem can
hardly be dealt with. However, there is a very important class of systems for
which (local) H*-well-posedness is known to hold true — for s large enough. This
class is a natural generalization of Friedrichs-symmetrizable linear systems.

Definition 10.1 Let % be an open subset of R™. The quasilinear system
(10.1.3) is called Friedrichs-symmetrizable in % if there exists a € mapping
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S : % — Sym,, such that S(u) is positive-definite, and the matrices S(u)A7 (u)
are symmetric for all u € % .

Example The system (10.1.4) admits the diagonal symmetrizer

dlag (1/(p62)7p7 sy Py 1)

in the domain { p > 0, ¢ > 0}, that is, away from vacuum and where the sound
speed is well-defined (which corresponds to hyperbolicity).

In more generality, systems admitting a strictly convex entropy are known
to be Friedrichs-symmetrizable — see [46,184] for an introduction to the notion
of mathematical entropy and an extensive analysis of systems endowed with an
entropy. For this reason, since mathematical entropies are often related to phys-
ical entropy (or energy), most ‘physical’ systems are Friedrichs-symmetrizable.
In the case of Euler equations, various symmetrizations are discussed in Section
13.2.3. Also, see [71,167], concerning the symmetrization of more complicated
systems, or systems endowed with non-convex entropies [21, 46, 188].

The main result regarding the Cauchy problem for Friedrichs-symmetrizable
systems is the following. It was proved by several authors independently [67,94].

Theorem 10.1 Let % be an open subset of R™ containing 0. We assume that
AT and b are € functions of u € %, all vanishing at 0, and that (10.1.3) is
Friedrichs-symmetrizable in % . We consider the Cauchy problem associated with
(10.1.3) and initial data g € H*(R?) with s > % + 1 taking values in % . There
exists T > 0 such that (10.1.3) has a unique classical solution u € €*(R? x [0,T7])
achieving the initial data uw(0) = g. Furthermore, u belongs to €([0,T]; H®) N
(0, 7] H),

Observe that this result does not apply straight to the Euler equations, which
in general are not symmetrizable up to p = 0. But a slightly modified version of
Theorem 10.1, allowing solutions that do not vanish at infinity, does apply: it
suffices to replace 0 by some ug, take g € up + H*® and obtain u(t) € uy + H*.
See Section 13.3 for more details on the Euler equations.

Proof The proof is based on the iteration scheme

d
S(uF) opuF 4> S(uF) AT (uF) 0,uF T = S(uF) b(uP). (10.1.5)

Jj=1

Since we are looking for smooth solutions of (10.1.3), we are only concerned
with smooth solutions of (10.1.5). By Theorem 2.12 in Chapter 2 we know that
(10.1.5) admits a € solution u**! provided that u* and the initial data are
% >°. This is why we are going to smooth back the initial data.

We introduce a mollifier py, being defined as usual by
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with e > 0 tending to 0 (in a way to be specified later) and p € Z2(R%RY)
being supported in the unit ball, [ p = 1. We shall use the approximate initial
data ¢g* := g * pi., which is a ¥ function that tends to g in H* when ¢, goes to
0. Furthermore, we have a uniform estimate

lg" = gllz: < Cexllglm (10.1.6)

for € small enough, say €, < €. From now on, this upper bound will be assumed
to hold true.

We initialize the iteration scheme by taking u® independent of ¢ as u°(t) := ¢°.
Then we consider the induction process in which u**! is defined by (10.1.5)
and u*t1(0) = g¥*!. An additional difficulty is due to the restricted domain of
definition of S, A7 and b. The process must be able to control the L> norm of
the iterates ©* so that they do not approach 9% too closely. This will be done
by using the following observation. Since ¢° tends to g in H*® when ¢y goes to 0,
by the classical Sobolev embedding

H*(R?) «— L®(R%) (10.1.7)
for s > d/2, we can find £g, 6 > 0 and a relatively compact open subset ¥ of %
such that any smooth wu satisfying the estimate

lu—g°|us <6 (10.1.8)

only achieves values belonging to #". Furthermore, another useful fact will be
that for w satisfying (10.1.8), V,u is bounded (this follows from the Sobolev
embedding (10.1.7) applied to s — 1, which is still greater than d/2 by assump-
tion).

The relatively compact subset ¥ will serve as a reference for energy estimates.
We take § > 0 so that

BI, < S(u) < p7I, (10.1.9)

for all u € 7.
Finally, other essential ingredients in the proof are the following Moser
estimates [144].

Proposition 10.1

i) If u and v both belong to L™ N H*® with s >0 then their product also
belongs to H® and there exists C > 0 depending only on s such that

luvlae < C (lullex lvllzs + [0l lullzs) - (10.1.10)

it) If u belongs to H® N L™ with s >0 and b is a € function vanishing at
0 then the composed function b(u) also belongs to H®, and there exists
a continuous function C :[0,+00) — [0,400) (depending on s and b as
parameters) such that

10(u) e < C (lullz) flullz - (10.1.11)
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i) If s > 1 and « is a d-uple of length |a| < s, there exists C > 0 such that
for all w and a in H® with Vu and Va in L™

110%, aV]u |2 < C ([Vallrx ullms + [Vullx lallms ). (10.1.12)

The estimates in (10.1.10) and (10.1.11) are classical (see [207], pp. 10-11,
or [7], pp. 98-103). For completeness, their proof is given in Appendix C (see
Proposition C.11 for 4) and Theorem C.12 for ii)). The last one, (10.1.12), is
actually a consequence of i) (see Proposition C.13 in Appendix C).

Note that the L> assumption in i) (respectively, in i) automatically follows
from the Sobolev embedding (10.1.7) if s > d/2 (respectively, if s > d/2 + 1).

We can now give a detailed proof of Theorem 10.1. There are two main steps,
in terms of the so-called ‘high norm’ and ‘low norm’: 1) controlling the high norm
| ubtt — g0 % ((0,77;r+) and, 2) showing a contraction property for the sequence
(uF)ren in €([0,T]; L?). Both steps appear to work for 7 small enough. In the
first one, we shall assume s is an integer in order to stay at a more elementary
level. The result is true for any real number s greater than the critical regularity
index d/2 4 1 though. (Also see Theorem 10.2 below.)

High-norm boundedness For simplicity, we assume that s is an integer. We
proceed by induction. Initially, we have u°(t) = ¢° and thus

[u’ = g%l ooy sy =0 <8

for any T and 6. We assume that for all £ < k, u’ is defined inductively by
(10.1.5) and u*(0) = ¢* and satisfies the estimate

I u® — 9% leqoryms) < 6. (10.1.13)

We are going to show the same estimate (10.1.13) for £ = k + 1, provided that
T is suitably chosen.

We introduce the notations v¥+1 := uF*+1 — g0 wh+l .= 92*+1 where « is
any d-uple of length |a| < s. By definition, v**1 must solve the Cauchy problem

k+1

d d
8t1}k+1 _’_2 :Aj(uk)ajvkﬂ _ b(uk) _ E Aj(uk)aj goa
j=1

j=1 (10.1.14)
VFHL(0) = gt — g0,
and, differentiating, w§+1 must solve
d
Dpwhtt + Y A (WF) uhtt = fR
j=1 (10.1.15)

wET(0) = 9% (gt — ¢Y),
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where the right-hand side f**! is defined by

d d
FEFT = (k) — 300 (AT(u) 9y 60) — D105 AT (uF) 9] o,
j=1 j=1

From (10.1.13) and the remark above, we know there is a constant C, depending
only on € and § so that

lu ooy < O, luflle~ < C, Vo[~ < C (10.1.16)
for all £ < k. By Proposition 10.1 (i) and 44)), this shows that the first terms in
d

k41 namely 92b(uk) and Z 9% (A (u*) 0 g° ) are bounded in € ([0, T]; L?) (by

(0% )
j=1
a constant depending only on € and §). Furthermore, (10.1.16), Proposition 10.1
(#i)) and the Sobolev inequality

IV 1 (Ol < C" 0" ()| 1

show that

d
S o[og, Al (uF) o vt < C" 0" Ml o199,
=t “(0.T]:L?)

where C” is another constant depending only on g and ¢§. For simplicity, we omit
the primes. Thus we have an estimate

15 oz < C (1 + [0 o, rme) ) - (10.1.17)

A similar estimate also holds for S(u*) f¥*1 since u* is bounded in L*°. Now,
using the estimates in (10.1.16) for £ = k and £ = k — 1 and recalling from (10.1.5)
for k — 1 that

d
ot = — ZAj(ukfl)ajuk + b(uF1),

Jj=1

we see that d;u” is also bounded in L°°. Together with the L> bound for YV uk,
this implies

10:S(W?) + 37 0;(S(uh) A (1)) |z~ < Co (10.1.18)

for some constant Cy depending only on £ and . Therefore, we can apply
the estimate (2.1.4) from Chapter 2 (Proposition 2.2) to the Cauchy problem
(10.1.15) and A such that S(A — 1) > Cy. We find that

t
B kL @)]2s < Mgt — O)2. + / A ) | 54 ()12, dr
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k+1

~T, we get another

Using (10.1.17) and summing on m all the inequalities for w
constant C (depending only on s) so that

B2 sup [oMFHO)1F < C AT (165 = ¢°1F +2T(1+ sup (" (1))
te[0,T) te[0,T]

For 4C, e*T T < 32, we can absorb the H* norm of v¥*! into the left-hand side.
This yields the estimate

3 S[upT] " 017 < 2C T (6" = ¢°ll3. + 27).
telo,

Since ¢° tends to ¢ in H® when gq goes to 0, we can ensure that

sup [[v"(8)[|ae < 6
te[0,T)

by choosing ¢p small enough, up to diminishing 7" again.

Low-norm contraction Subtracting (10.1.5) for k£ — 1 to the one for k, we
see that W**! .= ¢*+1 — 4% solves the Cauchy problem

S(uF) oWkt 4 zd:S(u’“)Ai(u’“)ajvvk+1 = Fk+l
j=1 (10.1.19)
Uk+1(0) _ gk+1 _ gk,
where
FFL = Sk b(u®) — S 1) b(u*1) — (S@F) — S(uF~1))ouk
d

(S(u*) AT (uF) — S(uP=1) AT (uP1)) 8; uF .
j=1
In view of (10.1.16) for £ = k and £ = k — 1 and the fact that d,u” is also bounded
in L°°, the mean-value theorem implies that

IF* s o2y < ClUW|lwom:r2) - (10.1.20)

Applying the estimate (2.1.4) from Chapter 2 to the Cauchy problem (10.1.19),
we have for (A — 1) > Cp (the bound Cj being as in (10.1.18))

B2 sup [[WEH(@D)[|F: < T gM = gFT. + CPT AT sup [WR()[Ze.
t€[0,T) t€(0,T]

Provided that T is small enough, more precisely if
QCZTe)\T < ﬁQ,
we thus have the uniform estimate

1 _ e )
sup [[u*tH(t) —u(t)]72 < 5 sup [u® () = w* T (OI72 + —=5 19" — ¢" (172
t€[0,7) +€[0,7) B
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Hence (u*)ren will be a Cauchy sequence in ([0, T); L?) provided that the series
SNttt - gb2a
k

is convergent. The estimate in (10.1.6) shows that this holds true for e¥ = 2"z,
for instance. With this choice, the sequence (u*)xey has a limit u in €([0, T]; L?).
It remains to prove additional regularity on u. (The method will generalize the
proof of the continuity with values in H' of the solution in Theorem 2.9.)

Regularity and uniqueness Since (u*(t))rey is bounded in H*® (see
(10.1.16)) and convergent in L? (for ¢t < T), the limit u(t) must be in H® by
weak compactness of bounded balls in H® and uniqueness of the limit in the
sense of distributions. Furthermore, by L?-H?® interpolation, u* is found to
converge in € ([0, T]; H*) for all s’ € (0, s). In particular, we can choose s’ greater
than 14 d/2 (like s). Standard Sobolev embeddings then imply the convergence
holds in €'([0, T]; €} (R?)). Thus we can pass to the limit in the iteration scheme
(10.1.5), which shows that 9;u* tends to dyu in €([0,T]; €, (R?)) and the limit u
is a ¢! solution of (10.1.3). The initial condition is trivially satisfied, by passing
to the limit in the initial condition for u*. It is not difficult to show that the %'
solution constructed by the iteration scheme (10.1.5) is the only one satisfying
(10.1.8) in the time interval [0,T]. As a matter of fact, the L? norm of the
difference between two solutions u and v can be estimated similarly as in the low-
norm calculation on u**! — ¥, (We can even show the uniqueness of classical
solutions in the wider class of entropy solutions, see [46] and Section 10.2 below.)

We already know that u belongs to ([0, T]; H*') for all s’ < s. In fact, we can
show that u belongs to €'([0,T]; H®) (which automatically implies that u belongs
to €1([0, T); H*~1) by the equation in (10.1.3)). The proof is not obvious though.

As a first step, we can check that u*(t) converges uniformly on [0, 7] in HS,
the space H® equipped with the weak topology. We just take any ¢ in H™?,
choose 9 in the dense subspace H = (for s’ < s) close enough to ¢, and make a
standard splitting. Using the estimates in (10.1.16), we get

sup (¢, (u* —u)(t)) ,m:] < Cllo =Yl + sup [(v, (u" —u)(t) v grol.
te[0,T te[0,T]

The first term in the right-hand side can be made arbitrarily small, and the
second term is known to tend to 0 since u* converges to u in %([O,T];Hs/).
Hence the left-hand side also tends to O.

Secondly, up to translating or/and reversing time, it is sufficient to prove the
right continuity in H*® of the limit u at ¢ = 0. Furthermore, by a straightforward
£/3 argument, we have that u(t) — g tends to 0, as ¢t tends to 0+, in H*' for all
s' < s, and so by the same splitting as before, u(t) tends to g in HZ . In particular,
we have

1. i f t S > S
iminf flu(t)lln- = llglla
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Hence, to prove the strong convergence, it just remains to show that

lgllzrs > limsup [[u(t)]| g
N0

It appears that this inequality is easier to show using the equivalent norm on
H?, defined by

o2y = > (S(9) 050, d5v).

laf<s

More generally, because of (10.1.9), the norm || - ||5,, associated with any func-
tion w satisfying the estimate in (10.1.8) may serve as an equivalent norm. In
particular, we see that u(¢) satisfies (10.1.8) by taking the liminf as £ tends to
+o00 in (10.1.13). And in fact, an additional useful observation is that

lim sup [[u(t)||s,u@) = lims(?p [[u(®)]]s,g-
t

This follows from the pointwise continuity of u at ¢ = 0 and its boundedness in
H?. Therefore, we are led to showing

llglls,g > limsup [[w(t)]|s ) - (10.1.21)
N0

The third and last step is based on an energy estimate very similar to that
previously computed in the high norm. For all d-uple m of length |m| < s, uf*+! :=
0%u**1 solves the Cauchy problem

d

okt + ZAj(uk)aqu;Jrl _ hiﬂ,
j=1

uf+1(0) = 9 g+,

where the right-hand side h¥*! is defined by

d
BEFT = ab(u) — 3 (02, AT(uF) 0 ub

j=1
Similarly as in (10.1.17), we have
1A e omizsy < € (1 + u* lloqoarms) )-
Now we compute that

%<S(U’“)U’;+1 cupt) = (9 (Wh) + Zaj(S(uk)Aj(uk)))U§+1  ug)

+2Re (S(uP)ufTt pETLY.

[e%
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By (10.1.18) and the uniform boundedness of u**1 in H*, we find after integration
that

(S(WP®)ug™ (1), ug™ () < (S(g") ga™t, ga™t) + C't.
Summing on m we get
|‘uk+1(t)||s,uk(t) < Hgk+1”s,gk + Cltv

where the right-hand side tends to ||g||s,y + C't as k — +oo (because of the
construction of g* through mollification of g). As to the left-hand side, it is such
that

[u(t)][suqey < Timsup [[a"1 ()| o)
k—-o00

because of the weak convergence of u**1(t) in H*® and the uniform pointwise
convergence of u¥(t). Therefore, we have

”u(t)lls,u(t) < Hg s,g T Clt7
which yields (10.1.21). O

In fact, the local well-posedness result shown in Theorem 10.1 is also valid,
under the same restriction of the regularity index, for systems admitting a sym-
bolic symmetrizer in the following natural sense (see Definition 2.4 in Chapter 2).

Definition 10.2 A symbolic symmetrizer associated with the quasilinear system
(10.1.8) is a € mapping

S R™ x (RN\{0}) — M, (C),
homogeneous degree 0 in & such that

S(uag) = S(u,f)* > 0 and S(U,f)A(’U,,f) = A(u’g)* S(uaf)
for all (u,&) € R™ x (RI\{0}), where A(u, &) ij Al (u

Theorem 10.2 We assume that A7 and b are €> functions of u € R™, with
b(0) =0, and that (10.1.3) admits a symbolic symmetrizer. For all initial data
g € H*(R?) with s > % + 1, there exists T > 0 such that (10.1.3) has a unique
solution u € €([0,T]; H?) such that u(0) = g.

This theorem is shown for higher s by Taylor in [205]. Métivier [132] proves
it under the optimal condition s > %—i— 1. In fact, he also allows the matrices
A’ and the reaction term b to depend on (z,t) inside a compact set, and b to
not necessarily vanish at 0. Moreover, the same precautions as in Theorem 10.1
would allow those matrices A7 and the reaction term b to be defined only on an
open subset % of R™. We omit these refinements for simplicity.
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Proof Unsurprisingly, the proof relies on the linear result in Theorem 2.7 and
an iterative scheme. After initialization by u® = ¢, the scheme merely reads

Luf™ = b@®),  u*H0) =g,
where

L, =0 + Z Al (u(x,t)) 0;.

This defines inductively u* € €([0,T]; H*) N €1([0,T]; H*~1). Furthermore, at
least for small T, we can control inductively the norms of u* governing the
constants K, Ck and ~; in the energy estimate

J L O < @ (Kiu(©)[F + Crt ILu ™ oz

In other words, we can make Kj, Cf and ~; independent of k, provided that
t < T is small enough. Recall that K}, a priori depends on ||uk||L>o([0’T];W1,oo) and
Ck, Yk a priori depend on

sup (|[u” || Lo, 73;1) » 100" | L= o, 71151 -

We take My > ||gllwi~, M1 > ||g|lgs and Ms > 0 (to be enlarged later)
and look for conditions under which

|| Lo, wry < Mo, ¥l ooy < My 1000 | Lo,y o1y < Mo

independently of k.
Assume that this is the case for u*. By Theorem C.12, we know there exists
c1 = c1 (M) so that ||b(u®)|| s < ¢1(My). Therefore, we have the estimate

[ ()70 < U MMEDT (K (M) ||gl 37+ + T C(max(Mi, M) e (M))?) -
Hence, the first condition to keep ||[u**1(¢)| g less than M; is
o max (M MIT (] (M) [|gl7+ + T Clmax(My, My)) e1(My)?) < M7

Assume that this is the case. Then, also by Theorem C.12 plus Proposition C.11
and the Sobolev embedding H*~! «— L there exists ¢y = co(M) so that

> AWk ut ! < co(My).
j Hs-1

Consequently, d,u* ™ = b(u*) — 37, A7 (uF) 9;uF*! satisfies the estimate

||6tuk+1||Lm([O,T];H571) S Cl(Ml) +62(M1).

Finally, we need an estimate of

k+1 uk+1 (0)

||Uk+1||L3°([O,T];W1v3°) < u HL”C([O,T];WL”C) + ||gHL°°([O,T];W1v°°)-
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Since
||UkJrl - uk+1(0)||L°°([O,T];W1=°°) < C’s/Hul€+1 - UkH(O)HLw([o,T];Hs’)

for s’ > d/2 + 1, we can bound this term by L?~H* interpolation. For d/2 + 1 <
s’ < s, we get

[u* = wFF0) | L (fo, 2 w1.)

C‘s/’s Tl_S//s ||atuk+1 ||2;‘2[(/37T],L2) ||U/k4_1 - U/k+1(0>

IA

I~y
< 25 Cy TV My MY < By max(My, Ma) TV

In conclusion, the following successive choices appear to work. We take My >
||g||W10c, Ml > max(l, K(MQ)l/Q) Hg”Hs and M2 > CI(MI) + CQ(Ml) and then
choose T small enough so that

||g||VVl°c + és,s’ maX(MhMQ) Tl—s'/s S MO,

o7 max(MLAEIT (K (M) ||gl|3. + T C(max(M;, Ma)) er(M:)?) < M7,

Once we have these strong bounds on the sequence (u*) we can show its con-
vergence in € ([0, T], H*~'). Indeed, we have by construction (u**! — u¥)(0) =
0 and

Lo (uf 1 — wk) = (k) — b(uF1) — (Lyr — Lyeor) uk.

The right-hand side above can be estimated using Corollary C.3 (Appendix C).
Hence, applying the a priori estimate of Theorem 2.4 with m = s — 1, we obtain

[ = M IS o ppey < CT T W — o E o 101y »

where C' and ~ are independent of k — they can be evaluated in terms of My,
M. So the sequence (u*) is convergent in € ([0, T], H*~!) if T is so small that
CTeT < 1.

The rest of the proof is the same as for Theorem 10.1. 0

10.1.2  Continuation of solutions

Once we have local existence results like Theorems 10.1 and 10.2, we may wonder
whether it is possible to continue, and for how long, local-in-time solutions.
The continuation principle stated hereafter gives a simple answer to the first
part of the question. Suppose T' is the maximal time of existence of a solution
u € €([0,T); H*(R%)). There are roughly two alternatives. Either T is infinite or
[lw(t) |1 (may is unbounded as ¢ approaches T'. In the latter case, a possibility
is that u(z,t) escapes any compact set of R™. In fact, if the matrices A7 and the
reaction term b are well-defined only on an open subset % of R"™, the correct
statement is that, if T is finite, either u(x,t) escapes any compact subset of
 or ||Vyu(t)| p~(ray is unbounded. The first case is analogous to the finite
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time blow-up in ordinary differential equations. The second one corresponds
to the formation of shocks, a phenomenon that is classically explained on the
one-dimensional example of Burgers’ equation, corresponding to Al(u) = u.
For more details on blow-up (in one space dimension), we recommend, for
instance, the book by Whitham [219], p. 42-46. Also see the more recent book by
Alinhac [6].

We give below a continuation result in the most general framework of systems
admitting a symbolic symmetrizer. We shall use again para-differential calculus
in the proof. Of course, a more elementary proof can be given for Friedrichs-
symmetrizable systems (see, for instance, Majda [126], p. 46-48).

Theorem 10.3 Let % be an open subset of R™ containing the closed ball
B(0;w). We assume that A7 and b are €°° functions of u € % , with b(0) =0,
and that (10.1.3) has a symbolic symmetrizer in % . If u € €([0,T); H®) with
0<T <400 and s > 4 +1 is a solution of (10.1.3) such that

HUHLOO([O,T];WLOC(Rd)) S w
then u is continuable to a solution in € ([0,T']); H®) with T' > T.

Proof The main ingredient will be a uniform estimate of ||u(t)||g- for all
t < T. In fact, this estimate is almost contained in the proof of Theorem 2.4 in
Chapter 2 applied to v = u. For clarity, we give below the crucial points. We
shall use the same notations as in the proof of that theorem. We first introduce
the para-differential operator

P, = 8 + Z T s (uy 0
J

For all t < T, P,u(t) — Lyu(t) belongs to H® because of Proposition C.9 and
Theorem C.12, and we have a uniform estimate

| Puu — Lyu|lgs < K ||ullgs,
where K = K(w). This is the first point. Then we proceed as in the proof

of Theorem 2.4. The new fact here is that [[Oyul|z«(rax[o, 7)) is bounded by a
constant C' = C'(w). This is simply due to the equation

Ou = — ZAj(u)aju + b(u).

So, the estimate obtained at the end is

t
( O + [ P dT) |
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valid for all ¥ > 1+ 28(w)™! (K3(w) + C(w)). Now, using that P,u = P,u —
Lyu + Lyu, we get the estimate

lu(®)|2. < %

where Ky = Ky(w) comes from Theorem C.12 applied to F =b. So in short,
there is a constant Cy depending only on w and T such that

t
(e”tIIU(O)II%s + 2/ (K + Ko) llu(r)llf dT>,
0

t
()% < Co (|u<o>||%,s + [ dr) |
By Gronwall’s Lemma, this implies
Iu®. < Coc®T [u(O)]..

Thus u belongs to L>([0, T]; H®). Furthermore, u belongs to ¢1([0,T); H5~1) —
because of the equation dyu = — 3, Al (u) Oju + b(u) and u € €([0,T); H®) —
and thus to ¢1([0,T); L>°) — by Sobolev embedding — and we have a uniform
bound

10cull L maxo,ry) < C-

Therefore, u is continuable to a €([0, T]; L*°) function. Hence, by weak compact-
ness of bounded sets in Hilbert spaces and uniqueness of the limit in the sense
of distributions, we have

u(t) = uw(T) in H, whent /T.

Consequently, we have u € L>([0,T]; H*) N € ([0, T]; HE)).

To show that u actually belongs to €([0,T]; H®), we can now make use of
the uniqueness part of Theorem 2.7 in Chapter 2 — applied to v =u and f =
b(u). Indeed, f belongs to L>®([0,T]; H*) N€([0,T]; L*°) — like u — and thus to
L>([0,T]; H*) N €([0,T]; HS). So the theorem does apply, and the weak solution
u € L%([0,T); H®) of dyu + > AJ(u)B;u = f is a strong solution and belongs
in fact to € ([0, T]; H®).

Once we know this, we can apply the local existence result in Theorem 10.2
to u(T') as initial data, and this completes the proof. O

10.2 Weak solutions

As suggested by our previous remarks and everyday experience of shocks in
gas dynamics, for instance, blow-up in finite time does occur for generic initial
data. This urges us to consider weak solutions, i.e. solutions in the sense of
distributions that are not even continuous. For general quasilinear systems, the
meaning of discontinuous solutions is unclear. However, for systems in divergence
form (10.0.1), there is no ambiguity, and the associated Cauchy problems admit
natural weak formulations (see, for instance, [46], p. 50-51 or [184], p. 86-87).
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10.2.1  Entropy solutions

A well-known drawback of weak solutions is their non-uniqueness, and an appro-
priate notion that is likely to restore uniqueness is the one of entropy solutions.
To define entropy solutions we need mathematical entropies, which are defined
as follows.

Definition 10.3 A functionn € €Y(%;R), % C R", is called a (mathematical)
entropy of the system of balance laws (10.0.1) if and only if there exists q €
€YU ;RY) such that

dg?(u) = dn(u) - A (u), Yue¥, j=1,...,d,
where
Al(u) = dfw) " df ().
In this case, (n,q) is called an entropy—entropy fluz pair.

Equivalently, (n,q) is an entropy—entropy flux pair if any smooth solution u
of (10.0.1) satisfies the additional balance law

d
Oen(u) + Y 03¢’ (u) = dn(u) - b(u), blu) = df°(w) " e(u).
j=1

Definition 10.4 A weak solution u of (10.0.1) is called an entropy solution if
it satisfies the inequality

d
on(u) + Z 9;¢’ (v) < dn(u) - b(u)

in the sense of distributions for any entropy—entropy flur pair (n,q) with n
convex.

Of course, the convexity restriction plays an essential role here. If it were
omitted, the requested inequality could only be an equality, which would be too
restrictive — smooth solutions do satisfy the equality but discontinuous solutions
in general do not.

Also note that Definition 10.4 might be helpless if no convex entropy exists,
which is ‘generically’ the case for n > 2 and nd > 3 — there are too many
equations for two unknowns. However, it appears that physics is not generic.
For physical systems like the Euler equations considered in Chapter 13, there
does exist at least one entropy, in connection with the thermodynamical entropy,
and in standard cases it is convex'. But there is generally hardly more than one
(nontrivial) convex entropy. So one may wonder whether a single one is sufficient
to select a unique — supposedly good — solution. The answer is unfortunately no,
in general. However, it appears that a single strictly convex entropy 7 is able to

1For examples of physical systems with only partially convex entropies, see [46], Section 5.3.
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select the smooth solution if and as long as it exists. This important result is due
to Dafermos. We reproduce it here for completeness. We shall use the shortcut
n-entropy solution for a function u satisfying

atfo +Zaf] = c(u),

dm(u) + Z ;¢ (w) < dn(u) - df*(u)~" - c(u)

in the sense of distributions.

Theorem 10.4 (Dafermos) Let us assume that (10.0.1) has an entropy—entropy
fluz pair (n,q) with n € €*(%;R) and d?n positive-definite everywhere. Assume
that i € €1 (R? x [0, 7)) is a smooth solution of (10.0.1) and u € L>(R% x [0, T)
is a n-entropy solution, both taking values in the same compact convex subset
H of U, such that u(0) —u(0) belongs to L?(R?). Then there exists C =
C(T,x ,||V,ul| =) such that

lu = @llorizn < Cllu(0) = a(0)lzz.

Proof Interestingly, the proof of this ‘energy estimate’ involves new ingredients
compared to the ones performed previously in this book, and in particular it
incorporates, to some extent, Krushkov’s idea of doubled unknowns. It also
requires some information on the regularity in time of weak solutions, which
we merely recall without proof from [46], p. 50.

Lemma 10.1 For any weak solution u € L>=(R? x [0,T]) of (10.0.1), for all

t €10,T), the mean value
1 t+e
f/ u(r)dr
€Jt

has a limit in the weak-* topology of L>=(R?) when & goes to 0, and this limit is
u(t) for almost all t in [0,T].

Admitting this lemma, we can thus choose a representative of the weak solution
u in the statement of the theorem such that w(t) is the limit everywhere. This
will be implicitly assumed in the computations below. In view of Lemma 10.1,
we have in particular

t+e
lim 7/ / u(z,7)drdr —/ u(z,t)de VYVt e[0,T),

for any compact set P C R¢, and using that

n(u(z, 7)) = n(u(z,b) + dn(u(z,t)) - (w(z,7) - u(z,t))
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by the convexity of 1, we easily get

1 t+e
lim inf f/ / n(u(z,7))dedr > / n(u(z,t))dz Vi€ [0,T),
N0y Pe () Po(t)

if the set P.(7) depends continuously on (g, 7).

Having these preliminary results at hand, we can now give a complete proof
of Theorem 10.4, which is a slightly more detailed version of what can be found
in [46], p. 66—68. Despite its technicality, it is interesting and easy to understand.

We assume for simplicity that fO(u) = u — in this case it is sometimes said
that (10.0.1) is in canonical form — and define

¢ (v,w) = ¢/ (v) — ¢/ (w) — dn(w) - (f7(v) = f/(w)),
Z(v,w) = fI(v) = f(w) = dff (w) - (v —w),
C(v,w) = dn(v) — dn(w) — d®n(w) - (v — w)

for all v, w € 2. By the strict convexity of n and Taylor expansions, we have
the following uniform estimates on 2

Bllv—wl?* < h(v,w) < 87" v —w|?,
lg(v,wll := 325 |¢° (v, w)| < K v —w]]?,

Iz, w)ll := 32; 127 (v, w)|| < K [lv —w|?,

h(v,w) = n(v) —n(w) — dy(w) - (v - w),

K, w)]| < Klv—w]?,

with § > 0 and K > 0.
Considering a Lipschitz continuous test function p, we substract the equality

/Rdx[oj) (n(a) e + Ej:qa‘(a) djp + <pd(a)) + / (@(0)) p(0) = 0,

R4

to the inequality

/Rdx[o » (U(u) op + qu(u) 0 + @d(u)) + / n(u(0)) ©(0)

Y
o

Rd
where we have denoted d(u) = dn(u) - b(u). Using the equalities

/R o (aatw + Ej: F1(@) 055 + ¥ b(a)) + / a0 6;(0) = 0,

R

/WX[O,T) (wdews + ;fjw 0505 + ib(u) ) + /R L u(0);(0) = 0
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for the family of test functions

om ..
w_]_gpaiuj(u)7 .7_17"'an7

we obtain the inequality

/R(iX[O)T) (h(u,a) Orp + Zj:gj(u, @) B + o (dn(u) —dn(a)) - b(u))

+ [ hu0),5(0) #(0)
2 [ o (o) + 3 o) () = Fa)).
Using the fact that @ is smooth and satisfies
d
i + dej(a) - 9;u = b(q)

in the classical sense and that the Jacobian matrices df7(u) are d%n(u)-
symmetric, we may rewrite the factor of ¢ in the integrand of the right-hand
side above as

d*n(a) - (2 (u, @), 0;a) + d*n(a) - (b(w),u — ).

Therefore, we are left with the inequality

/Rdx[oj) (h(u,a) Orp + ;gﬂ'(u, ) 8j50> + /Rd h(u(0),%(0)) (0)

Zn(a) - (29 (u,w),0;a) — C(u,a)-blu
2 [ o & (00 (20,0, — )bl

— d2p(@) - (b(w) — b(@),u — @) ) (10.2.22)

where the right-hand side is quadratic, i.e. bounded in absolute value by

C llgllx / B, @),
Supp ¢

where C' = C(K, B, ||ul| =, [[ V] L=, [|db]| L~ )
The rest of the proof is based on a suitable choice of ¢ that will cancel out
the left-hand side terms

/ g’ (u,w) 95
R x[0,T)
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In fact, we shall use a family of test functions ., whose definition depends on
the rate A = 2K/ in the inequality

>

||g(v7w)|| < 5 h(v,w).
(Observe that A should be homogeneous to a velocity.)
We fix R >0, to € (0,7),0 <e <T —tg, 0 < s <tg, and define ¢, s by

0 if t>s+¢
or ||z]| > R+ As+e—1t),

1 if t<s
and |lz]| < R+ A(s—1),

0 if s<t<s+e
Pes(,t) = and ||z < R+ As—1),

9575@) Xs,s(x,t) if s<t<s+e
and R+ Ms—1t) < |lz]| < R+ Ms+e—1),

Xe,s(x, 1) if t<s
and R+ AMs—t) < |z|| < R+ As+e—1),

where

s+e—t R+ XMNs+e—1t)— |z
es,s(t) = fv Xs,s(xat) = ( e ) H ”

We first observe that

h(u(0)7 ’U,(O)) Xe s(xa 0) = O(E)

s

/R+ As <|lz|| < R+ A(s+e)

(uniformly for s € [0,]) hence

[, @), ¢o.0) = [ (u(0),a(0)) + O().

lzl| <R+ As

Next, we also have

s+e
/ / h(ua ’CL) at (06,5 Xs,s) = 0(5)7
s R+ A(s—t) <||lz|| < R+ A(s+e—t)
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and therefore

s+¢€
/ h(u, @) Opps,s = Ofe) + / / h(u, @) 06 s
ReX[0,T] s 2]l < R+ A(s—t)

s
+ / / h(ua ’EL) 8tX£7s
0 R+ A(s—t) <||lz|| < R+ A(s+e—t)
1 s+e
= 0() — - / / h(u, @)
€ Js [z]] <R+ A(s—t)

1 S
- - / / h(u,a) .
€ Jo JR4+A(s—t)<||z|| < R+ A(s+e—t)

Similarly, we find that

/ gj(u,ﬂ) aj‘p&,s
R4 x[0,T]
Ly

1 s .
ORI o )
Ae Jo JRAGs—t) < ||z < R+ A(s+e—1) ||l

Now, using the fact that

Ah(u, @) + Z H%ng(u,ﬂ) > Ah(u, @) — Z g (u, @)| > %h(u,ﬁ)

by definition of A, and substituting the expansions obtained hereabove into the
inequality (10.2.22) we arrive at

1 s+e 1 s
= / / h(u,a) + — / / h(u, )
€ Js llz]l < R+ A(s—t) 2e Jo JR4AGs—t) <||zll < R+ A(s+e—t)

s+e
< Coe + / h(u(0),(0)) + C / / h(u, )
lz|| < R+ As 0 |z|| <R+A(s+e—t)

(10.2.23)

for all € € (0,7 —tp) and s € [0,tg]. We claim this implies an estimate of the
form

/ h(u(t). a(t)) < C h(u(0), 5(0))
[z <R lz]| <R+ Xto

for all t € [0, to].
Indeed, setting

a(s) = /0 /| oy M) 0)
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we have

s+e
a(s+e¢)—a(s) = / / h(u, )
s lzll < R+ A(s+e—t)
+/ / h(u, )
0 JR+A(s—t)<||lz|| < R+ A(s+e—t)
s+e
= 0(e%) +/ / h(u, @)

s lzll < R+ X(s—t)

s
+ / / h(u,a),
0 JR+A(s—t) <|lz]| <R+ A(s+e—t)

so that (10.2.23) implies

1 a(s+e)—a(s)

5 . <(%s+—/w<R+Asmumyam»—+Ca@+e%

where Cj is the constant Cj plus an upper bound of O(g?)/e%. Applying our
discrete Gronwall Lemma A.4, this yields

a(s 2Cs u m
(5) < e /mu@mh( (0), a(0))

for all s. Returning to the original inequality (10.2.23), this shows in particular
that

s+¢€
} / u/ hu%a)5;655+»/m h(u(0), u(0))
& Js o]l < R+ A(s—t) =] < R+Xs

vt [ h(u(0), @(0))..
lzll <R+ X(s+e)

Finally, using our preliminary remark to deal with the left-hand side when ¢ goes
to 0 we obtain

/ h(u(s),a(s)) < (1 + CeQCS)/ h(u(0),a(0)).
lell < R ol <R+ As

Together with the known two-sided inequalities for A, this completes the proof.
O

This is all we shall say about weak/entropy solutions in general, mainly
because we do not know much more in several space dimensions! For recent,
important results in one space dimension, see [24].

10.2.2  Piecewise smooth solutions

An amenable, and nonetheless interesting class of weak/entropy solutions is given
by piecewise smooth solutions. They consist of smooth solutions separated by
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fronts of discontinuity, across which the so-called Rankine-Hugoniot condition
is satisfied. We recall this condition below without justification, which can be
found in many textbooks (see, for instance, [46], p. 10-11 or [184], p. 88-89).
We also summarize hereafter the material needed for our subsequent analysis in
Chapter 12.

Definition 10.5 Suppose that ¥ is a codimension one surface in R? x Rt and
that (R? x RT)\X has two connected components Q_ and 4. Assume that uy €
€ (Qx) solve the system of balance laws (10.0.1) on either side of ¥. Then the
function

u: (REx RT)\Z — R”
(x,t) — u(z,t) = ux(z,t) for (z,t) € Qx

is said to satisfy the Rankine—Hugoniot condition across ¥ if and only if

d
No [fow)] + > N [f7(w)] = 0, (10.2.24)
j=1
where Ny, N1, ..., Ng denote the components in the directions t, x1,..., x4,

respectively, of a vector N orthogonal to 3. Here above, if N is pointing to Q4
the brackets [-] stand for

[ (w)](z,t) = gigg)(fj(m((%t) +eN(x,t))) = f(u-((z,t) = eN(z,1))))

at each point (z,t) € X.

The Rankine-Hugoniot condition is known to be necessary and sufficient for u
to be a weak solution of (10.0.1). Needless to say, the conservative, or divergence
form of the right-hand side in (10.0.1) is crucial for this statement to make sense.

For completeness, let us recall the following basic characterization of piecewise
smooth entropy solutions.

Proposition 10.2 Suppose that ¥ is a codimension one surface in R? x R
and that (R x RY)\Y has two connected components Q_ and Qy. A function

u: (R x RT)\Y — R”
(z,t) — u(z,t) = ug(x,t) for (z,t) € Qi

with ux € €1(Q4) is a n-entropy solution of the system of conservation laws

af°(u) Of(u) _
o +Y S —— =0 (10.2.25)
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if and only if ux satisfy (10.2.25) in Qi , the Rankine—Hugoniot (10.2.24) holds
true across X and, moreover,

d
No[n(w)] + > Njl¢’(w)] <0, (10.2.26)
j=1
where Ng, Ny, ..., Ng denote the components in the directions t, x1,..., T4,

respectively, of a vector N orthogonal to ¥ pointing to 2.

Remark 10.2 This characterization of course does not depend on the choice
of Q_ and € : if these parts of the space R? x Rt are exchanged, N is changed
to —N and the jumps are also changed into their opposite.

Many solutions of the type described in Proposition 10.2 have been observed
experimentally (in gas dynamics, for instance) and numerically. But there is no
global-in-time existence result for arbitrary jump front .

The special case of a planar ¥ reduces the problem to one space dimen-
sion. Solutions consisting of a planar front propagating with constant speed in
constant, homogeneous states are easily found by examining the one-dimensional
Rankine-Hugoniot condition. These solutions are called planar shock waves when
(10.2.26) is a strict inequality. There are also planar contact discontinuities, for
which (10.2.26) is in fact an equality. Planar fronts in gas dynamics are discussed
in detail in Chapter 13.

Spherical shocks are already much more complicated, as they involve a non-
constant speed and non-homogeneous states in general. As regards gas dynamics,
for instance, spherical shocks have received attention for decades: this goes
back to World War II and the atomic bomb research [73, 75,106, 180, 204], in
which basic solutions were obtained by means of similarity/dimensional analysis
[181]; more recently the interest in the field has been renewed by (hopefully)
more peaceful and nonetheless fascinating phenomena (e.g. sonoluminescence,
cavitation) and various (potential) applications of shock focusing (extracorporeal
therapies, nuclear fusion, etc.); current research concerns complex fluids (van
der Waals or dusty gases, superfluids, etc.) and has incorporated group-analysis
techniques. The interested reader may refer, for instance, to the collected papers
in [198].

Regarding ‘arbitrarily’ curved fronts, as far as gas dynamics is concerned
there is a wide literature on transonic (stationary) shocks (see, for instance,
[30, 34, 220]) or other patterns, in particular those related to the reflexion of
shocks (see, for instance, [182,225,226]). In more general, abstract settings, there
are far fewer results on curved shocks. The main existence results are due to
Majda [124-126], Métivier [133,136], Blokhin [17,18] and are based on a stability
analysis of reference fronts (known to exist, such as planar ones, or assumed) and
thus are local in time. The description of those results will be the main purpose
of Chapter 12.
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Even though they are beyond the scope this book, other interesting results on
(abstract) multidimensional weak solutions are worth mentioning. In fact, they
date back to the late 1980s! One of them is due to Métiver and deals with the
interaction of two shocks [131]. Another study is due to Alinhac [3,4], and answers
a question raised by Majda in [126] (p. 153-154) on the existence and structure
of multidimensional rarefaction waves (initially discontinuous, but smoother for
positive times). One of the main difficulties in constructing those waves is, ‘the
dominant signals in rarefaction fronts move at characteristic speeds’, Majda
said. Alinhac overcome it by using a Nash—Moser iterative scheme and ad hoc
functional spaces (based on the Littlewood—Paley decomposition). It is notable
that a similar difficulty arises for weak shocks. This case is paradoxical because,
when the initial shock strength goes to zero we expect to recover a smooth
solution, but if we apply Majda’s result with brute force the existence time of the
shock-front solution shrinks to 0, as the shock tends to be characteristic. It was
resolved rather recently by Métivier and his coworker Francheteau (see [56,133],
and also the lecture notes [136]).



11

THE MIXED PROBLEM FOR QUASILINEAR SYSTEMS

Physical problems are not usually posed in the whole space: in fluid mechanics,
for instance, a spatial domain typically has an entrance, an exit and walls;
however, this kind of mixed-type and non-smooth boundary yields unsolved
yet mathematical problems. The purpose of this chapter is to show how to
deal with more regular non-linear initial boundary value problems (IBVP). The
name IBVP refers explicitly to the initial data (at time zero) and the boundary
data (on the boundary of the spatial domain). IBVPs are equivalently called
mized problems (regardless of the nature of boundary data) just because of the
‘mixing’ between initial data and boundary data: we will use either one of those
names.
The general mixed problem for a system of balance laws reads

d
OufOu) + D0 (u) = cu), 2% (0,7),
bu) = b, 99 x (0,T)

Ujt=0 = U0, Qv

where € is a connected open subset of R?, the fluxes f7(u), the source term
¢(u) and the boundary term b(u) are expressed through supposedly smooth non-
linear vector-valued mappings f7, ¢ and b, respectively, and b and ug are smooth
functions encoding, respectively, the boundary data and the initial data. We
shall also assume that the level sets of the nonlinear mapping b are smooth
submanifolds of the phase space R™.

We will consider only smooth solutions — recall that even the Cauchy problem
is still most open for weak solutions in several space dimensions — so we may use
the chain rule in the derivatives of fluxes and rewrite the PDEs in quasilinear
form. More generally, we consider a quasilinear system of PDEs, not necessarily
coming from equations in divergence form, and its associated initial boundary
value problem

d
Ou+ Y A(u)dju = h(u), Qx(0,T),
j=1

(11.0.1)
b(u) = b, o0 x (0,T),

Ujg=0 = Uo, 92
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Here above, the A7 are ¥°° mappings on an open subset % of R", with values
in M,,(R), and the mappings h : Z — R™ and b : Z — RP (with p a fixed
integer), are also €. In fact A7, h and b may all depend on (x,t) as well but
we avoid this refinement for the sake of simplicity. The boundary data b : 0 x
[0,7] — RP and the initial data ug : @ — R™ will be assumed to lie in Sobolev
spaces: the main purpose of this chapter is indeed to solve the quasilinear IBVP
(11.0.1) in Sobolev spaces of sufficiently high index (and for T small enough).

The resolution of (11.0.1) is a most open problem for general domains €2,
but under suitable assumptions on the geometry of 2 and on the boundary
conditions, it is possible to prove well-posedness results: in the simpler one
dimensional case — i.e. with Q a segment of the real line — the (hardly obtainable)
book by Li Ta Tsien and Yu Wen Ci [116] deals with IBVPs and other related
problems; in higher dimensions our main references are the (unpublished) PhD
thesis of Mokrane [140] and the lecture notes of Métivier [136] (see also the
early work of Rauch and Massey [165], and more recent papers dealing with
characteristic problems by Gues [76], the Japanese school [149-151,192,193] and
Secchi and coworkers [43,44,176-179]).

11.1 Main results
11.1.1  Structural and stability assumptions

We enter now into detailed assumptions under which (11.0.1) is known to have a
unique smooth solution (for 7" small enough, the non-linearities precluding global
solutions in general).

A basic requirement is that the ‘linearized’ versions of the problem, including
those with variable coefficients, fall into the framework of the results known for
linear initial boundary value problems (LIBVP). Here come the restrictions on
the domain Q: Chapter 9 has shown we may hope to deal with either a half-space
(up to a change of variables) or a smooth bounded §2. We shall implicitly assume
either one of these situations.

The LIBVP considered will be of the form

d
O+ AW du = f, Qx(0,T),
j=1

(11.1.2)
db(v) -u =g, o0 x (0,T)

U‘t:() - 0, Q7

with v a given function of possibly limited regularity, and f, g arbitrary data (in
spaces to be specified afterwards).

Our starting point is the classical, even though not universal, constant
hyperbolicity assumption:
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(CH) the matrices

d
Aw, &) =) & A (w)

are diagonalizable with real eigenvalues of constant multiplicities on % X
Sé-1,

This condition is known to be violated, for instance, by the (challenging)
system of ideal magnetohydrodynamics [17]. Nevertheless, (CH) is satisfied by
many physically relevant systems, and in particular by the Euler equations of gas
dynamics, the basic application considered in this book. For systems with variable
multiplicities, we refer to the recent work by Métivier and Zumbrun [135], which
goes far beyond the scope of this book.

We now import from Chapter 9 some assumptions on €2 and the matrix-valued
function B := db.

(NC) for all w € % and all normal vector v to 92, the matrix A(w,v) is
non-singular,

(N) the boundary matrix B is of constant, maximal rank and
R" = kerB(w) ® E*(A(w,v)) forall (w,v)€ % xS,

with v an outward normal vector to 09 and E°(A(w,v)) the stable
subspace of the (hyperbolic) matrix A(w,v),

(T) the vector bundle kerB is trivializable, that is, ker B(w) admits a basis
depending smoothly on w € % .

The latter is not very demanding: thanks to a classical differential topology
result (see [85], p. 97), it is satisfied as soon as B is smooth (and of constant
rank) and % is contractible (which is the case if it is a ball, for instance).
On the other hand, assuming that the whole boundary is non-characteristic
in such a strong sense as in (NC) is quite restrictive, especially when 02 is a
connected bounded manifold. Indeed, observe that for all ¢ € S, det A(w, &) =
(=1)™ det A(w, —§) by homogeneity: assume then that 942 is a smooth connected
manifold and that there are two points 1 and x5 in 92 where the normal vectors
are opposite to each other; if, moreover, the dimension n of the phase space is
odd, the mean-value theorem trivially implies that det A(w,.) vanishes on the
connected set of normal vectors to df) along the path from z; to zo. In some
cases, the vanishing of det A(w, V) can even occur whatever the parity of n: in full
gas dynamics, for instance, if 92 is a sphere, the set of its normal vectors is S¥~ 1,
which intersects any hyperplane ul; this means the eigenvalue Ay = u - ¢ (with
u the velocity of the fluid) does vanish at some points ¢ € S¥! irrespective of
the parity of d (or equivalently the parity of n = d 4 2); and even in isentropic
gas dynamics, both eigenvalues u - ¢ + c|¢| vanish at some +¢ € S9~1 when the
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flow is supersonic (Ju| > ¢). These facts urge us to weaken (NC) by taking into
account the boundary data. This is done in the following.

(NCy) For all (z,t) € 9Q x [0,T7], for all w € % such that b(w) = b(z, ),
the matrix A(w,v(z)) is non-singular (where v(z) denotes the outward
unit normal to 9 at point z).

This is obviously more likely to be satisfied than (NC) (as we see in the example
of full gas dynamics, for which (NCp) is true provided that boundary data impose
a non-singular and non-sonic velocity field normal to the boundary) and sufficient
for our purpose. Even (NC,) is not necessary though, but mixed problems with a
(partly) characteristic boundary (for which (NCy) is false) are much trickier; see
[43,44,76,127,149-151,176-179,192,193]. The assumption (N) is to be weakened
accordingly:

(Np) the boundary matrix B(w) is of constant, maximal rank for all (z,t) €
002 x [0,T] and all w € % such that b(w) = b(z,t), and

R"™ = kerB(w) ® E°(A(w, v(z))).
In geometrical terms, (IN;) means the level sets
Mp(x,t) = {weX; blw) = bz, t)}

are submanifolds of R™ of the same dimension for all (z,t) € 9Q x [0,7T], and
that for all w € #,(x,t) the tangent space T.,.#;(x, t) is transverse to the stable
subspace of the characteristic matrix A(w, v(z)).

Finally, we will of course need the uniform Kreiss—Lopatinskii condition, a
draft of which is the following.

(UKL) for all (w,z,§,7) € % x T*0Q x C with Re 7 > 0, there exists
C > 0 so that

Vi < C| B(w) V] foral Ve E_(w,x,& 1),
where E_(w,x,&,7) is the stable subspace of
Alw,2,&,7) = Alw,v(@)) " (11, + i A(w,€)),

and v(z) denotes the outward unit normal to 9 at point z; and the
same is true for Re 7 = 0 once the subspace E_ has been extended by
continuity.

Again, (UKL) is to be replaced by a weaker version (UKLj), obtained by asking
the estimate only for those w that are in .4} (z,t) for some t € [0, T].

11.1.2  Conditions on the data

The resolution of (11.0.1) is possible in Sobolev spaces under two ‘technical’
conditions: 1) that 0 is a solution of the special IBVP with zero initial data and
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boundary data b(-,¢ = 0), which amounts to asking
h(0) =0 and b(0) = b(z,0) for all z € IQ

(recall that the vanishing of the source term at 0 was also asked for the Cauchy
problem in Theorem 10.1); 2) that the boundary data and the initial data satisfy
some compatibility conditions.

Of course, 1) assumes that zero belongs to the domain % . It could be modified
into

h(w) =0 and b(w)="b(x,0) forall xz € N

for some fixed state w € % . This would yield in fine solutions in affine spaces w +
H* instead of H*. We set w = 0 just to simplify the presentation. The point 2)
is undoubtedly crucial: we are bound to look for smooth solutions (because of
non-linearities), and we know that the existence of smooth solutions even in the
linear case does require compatibility conditions (see Section 9.2.3).

Definitely unpleasant to write down explicitly, compatibility conditions are

nevertheless very natural. Indeed, assume that w is a smooth — in particular
continuous up to the boundary — solution of (11.0.1), then necessarily

b(ug(x)) = b(x,0) for all z € 9.
Now, if u is €' up to the boundary,

d
Ob(x,0) =db(uo(z)) - Opu(z,0) = db(uo(z)) - (h(uo(x)) - Z A (uo(x))ajuo(x)>
j=1

for all x € 0€2. More generally, u being P up to the boundary implies
b(z,0) = Cp(ug(x),Dug(z),...,DPup(z)) for all = € 9N (11.1.3)

for some complicated nonlinear function C,, which can be computed by induction
from Cy(u) = b(u) through the formula

k=0

p d
Cp1(u, Du, .., DPMu) =3 " dyCp(u, Dy, ..., DPu) - D (h(u) =Y Al(u) aju>,
j=1

where d;C), denotes the differential of C,, with respect to its (k + 1)th argument

(belonging to ]R”k!), and DF denotes the k-th order differentiation with respect
to z € R%,

11.1.3  Local solutions of the mized problem
A rough statement of the main result in the theory of quasilinear mixed problems
is,

existence and uniqueness of smooth solutions for smooth enough and compatible
initial data and boundary data.
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In the accurate statement below, the regularity of the solution is a little weaker
than the regularity of the data.

Theorem 11.1 We assume % is convex, 0 € %, h(0) = 0, (CH), (T), and
we take m an integer greater than (d+1)/2 + 1.

For all be H™/2(00 x [0,T]) such that b(-,0) = b(0) and all ug €
H™Y2(Q) with values in % satisfying the compatibility conditions (11.1.3) for
allp € {0,...,m — 1}, as well as (NCy), (Np), and (UKLy), there exists T > 0
so that the problem (11.0.1) admits a unique solution u € H™(Q x [0, T]) having
a trace on O that belongs to H™(9Q x [0,T)).

This result was announced by Rauch and Massey [165], and actually proved
by Mokrane [140]; see Section 11.2.2 for a rather detailed proof.

11.1.4  Well-posedness of the mixed problem

In the case of Friedrichs symmetrizability (and under other simplifying but less
crucial assumptions) it is possible to improve Theorem 11.1 and obtain solutions
with the same regularity as the data. This has been done by Métivier [136], in
fact in the more complicated context of shock-waves stability, but we can state
a simplified version for ‘ordinary’ mixed problems.

Theorem 11.2 We assume Q is the half-space {x = (y,z4) € R™1 x Rt} the
domain % is convex and contains 0, we also assume (CH) and the existence
of a Friedrichs symmetrizer Sy on % (i.e. So: % — SPD,, being € and such
that So(w) A (w) is symmetric for all j € {1,...,d}).

Additionally, we assume h =0 and b= 0.

If m is an integer greater than d/2+1, for all ug: (y,2) — wuo(y,z) in
H™(RI™! x RY) with wvalues in %, satisfying the compatibility conditions
(11.1.3) for all p€{0,...,m—1}, as well as (NCy), (Np), and (UKLy),
then there exists T > 0 so that the problem (11.0.1) admits a unique solution
u € €([0,T); H™(RL x RY)) such that 0Yu € €([0,T]; H™P(RY~ x RY)) for
allp € {1,...,m}. Furthermore, if the maximal time of existence of the solution
u is a finite Ty then either u(x,t) leaves every compact subset of % or

tlgTTl [Vau(t) || Lx (ra-1 xr+rey = +00.

In particular, this theorem contains a blow-up criterion analogous to what is
known for the Cauchy problem (see Theorem 10.3). Of course it does not tell us
in advance if (and when) blow-up will take place. In one space dimension a few
quantitative results are known, which provide either global solutions (for small
enough data and boundary damping [115,116]), or an estimate of the blow-up
time (see, for instance, [14,97]).
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11.2 Proofs

For both Theorem 11.1 and Theorem 11.2 the sketch of the proof is most classical,
and proceeds in two steps: 1) linearize and 2) use an iterative scheme. Details
are more cumbersome. We will give only the proof of Theorem 11.1. Regarding
Theorem 11.2, the reader is referred to Section 4 in Métivier’s lectures notes [136].

11.2.1  Technical material
Topology

Let s be a real number greater than d/2 and consider a fixed u € H*(R%) taking
values in % 3 0. Then the closure of u(R?) is a compact subset # of %, and
there exist p > 0 and ¥ CC % (which means ¥ is a compact subset of %) such
that # C 7 and for all v € € (R?),

v —ullp~®ay < p implies wv(z) € ¥ forall z € R<.
Hence, denoting by v, 4 the norm of the Sobolev embedding

H*(RY) — L*(RY),

lv—ullgs(ray < p/vsa implies v(x) € ¥ forall x € RY,

The same property is true when R? is replaced by Q. (Recall that H*(f) is
made of functions having an extension in H*(R?).) From now on, we fix pg > 0
such that

lv —woll =) < po implies w(x) € % CC % forall x € Q,

where ug is the initial data in the IBVP (11.0.1), supposed to belong at least to
€ H?(Q) for s > d/2. (This assumption will be reinforced later.)

Calculus

The short way of writing compatibility conditions in (11.1.3) is convenient but
it conceals some technical details needed for the proof of Theorem 11.1.

Here is a more explicit (though ugly) way, using repeatedly Fad di Bruno’s
formula for the nth derivative of a composition

Fow® =3 S e (@ F ow) (@), ., ulin),

m=1i1+-+i,,=n

(The actual value of coefficients ¢;, . 4.,
derivatives of a P function u such that

8tu = — Zﬁjaju —+ E

J

is all but important here.) The time
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should satisfy the induction formula

i-1 /. d
azu:_z< )Za@AJ 8115u+8z1h
=0 7j=1
for all i € {1,...,p}. When A7 = AJou and h = howu, we may use Faa di
Bruno’s formula to expand the derivatives (“)fgj and 8;171%. Using also Fad di
Bruno’s formula to expand 97 (bo u) for p > 1, we eventually find the non-linear
mapping C) introduced in Section 11.1.2 above alternatively reads

p
Cp(u,Du,....DPu)=>" > ¢ g, d7(w) - (uiy, .. u;,),  (11.2.4)

m=1 i1+ +im=p

where the functions w; : ¢ — wu;(x) are such that

d
Uy = U, ul:hou_Z(AjOU)aju,
Jj=1
i—1
vi = Z czlw-,ék (dkhou) . (U,gl, .. .,uek)

1—1 .
-1 A
- <Z 0 ) YD D e (A o) (upy, e ug) Dy uia—

forall i €{2,...,p}.

(11.2.5)

Lemma 11.1 Ifs > d/2 and u € H*(Q), then for p the largest integer less than
s, there exists a finite sequence (ug, u1,...,up) satisfying (11.2.5) and such that
for all i € {0,...,p}, u; € H*~1(Q). Moreover, using this sequence in (11.2.4)
we get a well-defined function x — Cp(u(z),Du(z),...,DPu(z)) that belongs to
HsP(Q).

Proof By assumption, ug = u belongs to H*(Q) = H*~°(Q). Let us see what
happens with u;. By assumption (our ‘technical’ condition 1)), h vanishes at 0, so
that Theorem C.12 implies h o u belongs to H*. Furthermore, we may decompose
the other terms into

(AT ou)Oju = (A7 ou — A¥(0)) ;u + A7(0) O;u,

where the latter obviously belongs to H*™! and the former is a product of
one term in H?, thanks to Theorem C.12 again, and one term in H® !: since
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s+ (s—1)—(s—1) > d/2 by assumption, Theorem C.10 ensures the product is
in 571,

Let us now proceed by induction. We take i > 2 and assume that uy €
H*=k(Q) for all k € {0,...,i—1}. Then the first sum in w; is found to be in
H*~% exactly as in the case 7 = 1. In the second term we find only products in
H* - H* % ... H5=% (using the same trick as for A7(0) to cope with the non-zero
d¥h(0)), with

s+(s—l)+-+(s—Lly)=s+ks—(i—1)>s— (1 —1)+d/2

and I_nin(s, s—4Ly,...,8— L) = s—(i—1), so that those products belong to
H*~(=1) by Theorem C.10. Finally, the quadruple sum in u; involves products
in HS . Hs0 . {50 57 with

s+(s—l)+-+ (L) +(s—i+l)=s+ks—L+s—i+L>2s—i+d/2
and min(s,s —¥¢1,...,8—{ly,s—i+4{) = s—i+1, so that those products
belong to H*~* (since s — i < min(2s —i,s — i + 1)).

To find that Cp(u(x), Du(z), ..., DPu(x)) belongs to H*~P we use exactly the
same argument as for the double sum in u;. O

‘Approximate solution’

The next technical step towards the proof of Theorem 11.1 consists in reducing
the problem to an IBVP with zero initial data. This is done thanks to an
appropriate lifting of the initial data wug.

Lemma 11.2  Under the assumptions of Theorem 11.1, there exists To > 0 and
ug, € H™H(Q x R) vanishing for |t| > 2Ty so that

(Ua)jp=0 = o, |lua(z,t) — uo(z)| < % for all (z,t) € Q x [=Tp, To],

and fo := — Ly, uq + houg and go := — (boua)jpaxr + b are such that
Ffo=0, Fg=0 at t=0 foral pe{0,...,m—1}.

Furthermore, fy belongs to H™(Q2 x R), go belongs to H™(0Q x R), and both
vanish for |t| > 2Tp).

Proof By Lemma 11.1 we can construct u; € H™+1/27%(Q) satisfying (11.2.5)
for all i € {1,...,m — 1} with u = ug. Then, by trace lifting (see, for instance,
[1], pp. 216-217), we find u, € H™(Q x R) such that [Jua|lgm+i@xr) S
||U0HHm+1/2(Q) and

9} (ug) =0 = w; forall i€{0,...,m—1}.

By construction, u, belongs to € (I; H™(2)) for all compact intervals I of R.
This implies, in particular, the existence of Ty so that

Po
a t - a O m () S
fua(t) = walO)lsme) < 5
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for all t € [-Tp, To], hence

Po
lua(®) = wa(O)llz=(@) =
which means
ta(z,t) — uo(z)] < % for all (z,t) € Q x [Ty, Th).

This ensures, in particular, that ue(x,t) stays in % for all (z,t) € Q x [Ty, Tp).
Furthermore, multiplying u, by a suitable ¥ cut-off function in time, we may
assume without loss of generality that u, vanishes for |¢| > 2T, (or any number
greater than Tj) and, thanks to the convexity of % and the fact that 0 belongs
to % , that u, stays in % for all ¢t € R. This precaution allows us to speak about
AJ oug, hou, and bowu, and therefore to define fo := — L, u, + howu, and
go = — (boug)paxr + b. That fo and go are in H™ follows in a classical way
from Proposition C.11 and Theorem C.12. The vanishing of o7 fo at ¢t =0 for
p < m — 1 follows from the construction — (11.2.5) — of the u; = 9} (uq)|¢—o. The
vanishing of &gy at t =0 for p < m — 1 is a consequence of the compatibility
conditions in (11.1.3) and the definition of the non-linear functions C,, in (11.2.4).
Finally, that fo and go vanish for [t| > 2Tj follows from our ‘technical’ condition
1) and the fact that u, does so. 0

Once the ‘approximate solution’ u, is available, the resolution of the IBVP
(11.0.1) is equivalent to the resolution of the IBVP with zero initial data

Ly, +v(tg +v) = h(u, +v), Qx(0,T),
blug +v) = b, o0 x (0,7, (11.2.6)
V=0 = 0, Q.

Iterative scheme

The resolution of (11.2.6) will be done using the natural iterative scheme

Loy yor 0" = — Ly Lok ug + h(ug +0F), Q x (—o00,T7,
B(ug +v*) vF 1t = B(ug +vF)vF — blug +0%) + b, 99 x (=00, T,

k1 _
Vo = 0, Q.

(11.2.7)

In what follows we shall denote by I the time interval (—oo, T7.
Let us introduce the following notations, extending those of Lemma 11.1 to
a non-zero perturbation v of u,:

fo = —Lu,4vta + ho(ug+v), g, = Bo(ug+v) v —bo(u,+v)+ b
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These are well-defined provided that u, 4+ v only achieves values in %: by the
estimate of u, in Lemma 11.1, this will be the case as long as ||v|| = < po/2.
If v belongs to H™(Q2 x I7) and its trace on 9 belongs to H™ (952 x I) then
Proposition C.11 and Theorem C.12 imply that f, also belongs to H™(Q x Ir)
and g, belongs to H™(9Q x It). In fact, we have the following, more precise
result, which will be useful to make the scheme in (11.2.7) work.

Lemma 11.3 For all T € (0,Ty), for all v e H™(Q x Ir), of norm less than
po/(2Vm,a+1), having a trace in H™ (982 x Ir) and such that vj;<o = 0, we have

3f(fv)\t:o =0 and 8f(gv)|t:0 =0 forall pe{0,..,m—1}.

Furthermore, for all M € (0, po/(2Um.a+1)) there exist C1 = C1(M) and Cy =
C2(M) so that for all T € (0,Tp),

[vllgm@xiry < M
implies
I follgm@xryy < C1(M) and ||gullam@axrry < T C2(M) + e(T),
where (T is independent of M and goes to zero as T goes to zero.

Proof By definition of f,, the derivative 87 (f,) at t = 0 reduces to the sum of
0% (fo)jt=0, which is known to be zero by Lemma 11.2, and terms with derivatives
of v up to order p in factor, which are zero at ¢ = 0 by assumption. Therefore,
7 (fv)jt=0 = 0. Similarly, 97 (gv)1=0 = 0 follows from the fact that 0} (go)|i=0 =
0.

Since m > (d 4+ 1)/2, the estimate of f, in H™ is a straightforward conse-
quence of Theorem C.12. The estimate of g, is trickier. By a second-order Taylor
expansion of b (recalling that B = db) we have

go(z,t) = /0 (0 — 1) d?b(uq(z,t) + Ov(,t)) - (v(x,t),v(x,t)) dO
+b(x,t) — b(ug(x,t))
for all (z,t) € 9Q x [0,Tp]. Let us define

e(T) == ||b = bousl|lumoaxry) S 1o — bouallgrrmm—1a0)-

This does go to zero with T since (by construction of ug,) b(z,0) = b(ug(z,0))
for all x € 99Q. Regarding the other term in g, we have, thanks to Proposition
C.11 and Theorem C.12,

1
[0 +00)- 00 oo < O ol o)
0 H™ (9% I1)




326 The mized problem for quasilinear systems

for some new constant C’ depending only on M (the H™ norm of v). Further-
more, since m — 1 > (d + 1)/2 by assumption, we have

||U|\Lw(aﬂx1T) < mel,dHU||H’”*1(89><IT)~

Now, since all time derivatives of v up to order m — 1 vanish at time ¢t = 0, we
have by the Cauchy—Schwarz inequality

107020 r200x 1) < T 0P 020 1200 1)

for all p € {0,...,m — 1} and all d-uple « of length less than or equal to m —
1 — p. This shows that

lvllzmaxrr)y < Tllvllam@axir),

hence the result aimed at, with Co = C'vy—1 oM. d

11.2.2  Proof of Theorem 11.1
Construction of the sequence (v¥)

We fix M € (0,p0/(2Vm.a+1)). We set v° = 0, and construct v* by induction.
Assume that v¥ has been constructed in such a way that for some T € (0, Tp],

v € HM(Q x It), vy € H™(0Q x Ir),
with [|0¥ | g sy < M, (11.2.8)

k —
and Vjyco = 0.

Then by Theorem 9.21, the IBVP in (11.2.7) admits a unique solution Rl e
H™(Q x Ir) having a trace in H™ (9§ x Ir) and satisfying the estimate

k+1

1
fHU}CHH2 m (U x I7) + ||U\$d:o||§1m(aﬂ><1T) <C <T|‘ka”§{m(ﬁ><IT) + 1l gur ||§1m(39))7

where C' depends only on the H™ norm of u, + v, i.e. depends only on M
(+lwall g @ xr)> Which is fixed anyway). This implies in, particular,

1 g @xrry < VO (T||fuk||Hm(ﬁxlT) + \FTllgkaHm@Q))’
or using Lemma 11.3,
1" @1y < VO (TCH(M) + T2 Co(M) + Tl/ZE(T)) ’

which we can assume to be less than or equal to M, up to diminishing T'. This
enables us to construct a whole sequence (v¥)gey satisfying (11.2.8).

Convergence of the sequence (v*)

From the uniform H™ bound in (11.2.8) we already know there is a subsequence
of (v*) converging weakly in H™. The next point consists in proving the (whole)
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sequence converges in L2. More precisely, we are going to prove that both (v*)
and the sequence of traces on 9 converge in L2.

In this respect, we look at the difference w¥ = v#+1

Lysw® = (Lyr-r — Lyx)u? + h(u®) — h(uF=1), Qx(0,7),

— v¥, which satisfies

B(u*)wk = BuF ) wk=t + b(uF=1) — b(uF), 992 x(0,T),

k+1 _
w, Ly = 0, Q,
where we have denoted for simplicity u* := u, + v*. Hence, by the L? estimate

(9.2.51) in Theorem 9.18, there exists ¢, > 0 depending only on ||Uk||wlvw((2x1T)
so that

1
T HwkHzLQ(Qx]T) + ||w|kan||2L2(anIT)
< CkT”(Luk 11— Luk,)uk + h(uk) - h(ukil)”iz(ﬁxhﬂ)
+o [|B ) w4 () - b(uk)||2L2(anIT)-
Observing that

HukHWM(QxIT) S ”uk”Hm(QXIT)

since m > (d+1)/2+ 1, we see the constant ¢, depends in fact only on M.
Merely by the mean value theorem we obtain ¢’ > 0, depending only on the
maximum of [[u¥|| .~ qx ) and [uF | ey 1,y such that

I(Zues = L) u® + h(u®) = Bl L2 @rp)
< (1 + ”uk”WLx(QxIT)) ||wk71||L2(QxIT)-
And by a second-order Taylor expansion of b we find that
1B 0k 4+ bt ) = b a0
< N e @ax i) W0 L2 (00x 10)s

where ¢ depends only on the maximum of [[u*|| 1~ a0 x 1) and [|[uF 7 || 1< (9o x 1)
Now since m > d/2,

[ s oaxin S Nt onxiy) < 2VC(VTCLM) +TCo(M) +&(T))

thanks to Lemma 11.3 and the H™ estimate on U|kasz and vﬁf;ﬂl. So, finally, we
have

Lo kg2 ko2
T w172 @x 1) T 1wipallZe(00xrm)

~ _ ~ k—
<oy T uw" 1||2L2(QX1T) + em(T) ||w\391||2L2(OQ><IT)
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for ¢p; depending only on M and £ (T) going to zero as T goes to zero.
Consequently, up to diminishing 7" so that all four numbers

em(T), eu T, eq(T)T, e T?
are less than or equal to 1/4, we have
||wk||L2(Qx1T) <27* Hw0||L2(Q><IT) and Hw\kaQ”L?(BQXIT) <278 ||| L2 (90 1) -

This implies both (v¥) and (v|k{m) are Cauchy sequences in L. Let us call v and
v their respective limits.

Conclusion

As already said, the limit v of (v¥) is necessarily in H™(Q) x Ir). Similarly,
because of the uniform H™ bound (v/C ( /Ty C1(M) + Ty Co(M) + (Tp))) for
the traces, the limit v of (v‘kag) is necessarily in H™ (99 x Ir). Moreover, by
L?-H™ interpolation, (v*) converges strongly to v in H*(Q x I7) and (vﬁm)
converges strongly to v in H*(9Q x Ir) for all s € [0,m). Therefore v = vjgq
and v solves the IBVP (11.2.6), so that u = u, + v solves the original IBVP
(11.0.1). O



12

PERSISTENCE OF MULTIDIMENSIONAL SHOCKS

Shock waves are of special importance in such diverse applications as aero- and
gas dynamics, materials sciences, space sciences, geosciences, life sciences and
medicine. Research in this field is a century old but still very active, as the
existence of a research journal precisely entitled Shock Waves attests.

We know very well from everyday experience what shock wave means (espe-
cially in gas dynamics). However, it is a mathematical issue to prove the existence
and/or the stability of (arbitrarily curved) shocks for general hyperbolic systems,
and in particular for the Euler equations.

The formal, linearized stability of shock waves was addressed in the 1940s
by several physicists and engineers. Then, the mathematical analysis of the fully
non-linear problem waited for the independent works of Majda [124-126] and
Blokhin [18] in the 1980s, and was more recently revisited by Métivier and co-
workers [56,133,136, 140].

Following Freistiihler [58,59] in his work on non-classical shocks, we use here
the term persistence (in particular in the title of this chapter) as a shortcut for
existence-and-stability. Both notions are indeed closely related, and we can view
the stability problem as a preliminary step to the existence problem: assume
a special shock-wave solution is known (e.g. a planar shock propagating with
constant speed, which is not difficult to find); one may ask whether a small
initial pertubation (of the shock front and of the states on either side) will
destroy its structure, or lead to a solution (local in time) still made of smooth
regions separated by a (modified) shock front; when the reference shock falls
into the latter case for a sufficiently large set of initial perturbations, it may
be called ‘structurally stable’, and thus serve as a model to construct, in other
words to show the existence of, a non-planar shock. Alternatively, one may put
the problem slightly differently: consider a Cauchy problem where the initial
data consist of two smooth regions separated by a given hypersurface; under
what conditions (on the initial data) does this Cauchy problem admit a solution
made of smooth regions separated by a (moving) shock front? The answer is
twofold, as the initial data must satisfy compatibility and stability conditions.
The necessity of compatibility conditions is easy to understand: even in one space
dimension, two arbitrary, uniform states are not connected by a single shock wave
in general. (The corresponding Cauchy problem is called a Riemann problem, and
its solution involves, in general, as many waves as there are characteristic fields.
See, for instance, [24, 46, 88,184].) Those compatibility conditions come from
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the Rankine-Hugoniot jump conditions across fronts of discontinuities. Stability
conditions are of a different nature: as shown by Majda, the stability of a planar
shock wave (propagating with constant speed) is roughly speaking equivalent
to the well-posedness of a (non-standard) constant-coefficients Initial Boundary
Value Problem, which is itself encoded by the so-called (generalized) Lopatinskii
condition. It also turns out that a (arbitrarily curved) shock front is ‘structurally
stable’ provided that all local jump discontinuities along the interface correspond
to stable planar shock waves.

The purpose of this chapter is to explain how all this works. Before going into
technical details, we can describe roughly the methodology. The general problem
is a hyperbolic Cauchy problem with initial data discontinuous across a given
hypersurface, and solutions are sought in a class of functions that are smooth
on either side of a moving, unknown hypersurface. Thus various difficulties are
involved:

e several space dimensions,
® non-linearity,

¢ free boundary.

The latter can be overcome in a standard way by fixing the free boundary
through a change of variables (even though there is some arbitrariness in the
choice of this change of variables). If, for instance, the unknown boundary
stays close to a hyperplane, the free boundary problem (FBP) is easily changed
into a mixed problem, or Initial Boundary Value Problem (IBVP) in a half-
space. For clarity, we shall present most of the analysis in that framework, and
come only at the end to shock fronts that are (smooth) compact manifolds (as
in Majda’s memoir [124]). The main novelty compared to Chapter 11 is that
we have to deal with non-standard IBVP, in which the boundary conditions
(coming from the Rankine-Hugoniot jump conditions across the front) are of
differential type in the (unknown) front location. In fact, the front location can
be eliminated and we get pseudo-differential boundary conditions in the main
dependent variables, which can be treated almost as standard ones thanks to
symbolic calculus. So the main point is the understanding of the elimination
step.

The non-linearity of equations of course also plays an important role. In
particular, it is in turn responsible for the smallness of the time of existence — as
already seen for the Cauchy problem (Chapter 10) and for the regular IBVP
(Chapter 11). However, the most important part of the job is in fact linear, the
main problem being to deal with linear equations with coefficients of limited
regularity: once the well-posedness of linearized problems about approximate
solutions is proved, the solution of the non-linear problem is obtained (unsur-
prisingly) through a suitable iterative scheme — ‘a straightforward adaptation of
the standard proof of short-time existence for smooth solutions of the Cauchy
problem’; Majda stated [124].
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As regards the several space dimensions, they can be tackled as in standard
IBVP, by using a Fourier transform in the direction of the boundary, as far as the
linearized, frozen coefficients problem is concerned: the resulting normal modes
analysis is rather similar to what is done for standard IBVP; see Section 12.2
below.

12.1 From FBP to IBVP
12.1.1  The non-linear problem

Consider a system of conservation laws

d
OefO(u) + Y 9 (u) =0, (12.1.1)

=1

and the associated Rankine-Hugoniot condition

d
No[f°(w)] + Y N;[f(u)] = 0. (12.1.2)

j=1

A very general problem is the following.

(FBP) Find a codimension one surface ¥ in R x [0, 7], splitting (R¢
[0,T7)\Y in two connected component 2_ and i, and find w such
that wjg, € €'(Q+) satisfy (12.1.1) in Q4 and (12.1.2) — plus some
admissibility condition, to be specified later — across ¥, with Ny, Ny,

, N4 being the components in the directions ¢, x1,. .., x4 of a vector
N orthogonal to ¥, and the brackets [-] stand for jumps:

[ (w)](z,t) = gi{I})(fj(U((%t) +eN(a,1) = f (u((2,t) — eN(,1)))),
(z,t) € 2.

We readily see that a necessary condition for having a solution to (FBP) is that
the vector

d
an f7 u|t 0]
j=1

where nq, ..., ng are the components of a normal vector to the initial shock front
Yt—o, is parallel to [f O(u‘tzo)]. This is the first, natural compatibility condition.

There are many (almost) trivial solutions to (FBP), which correspond to
planar shock waves, with X a fixed hyperplane — corresponding to the propagation
at constant speed of a hyperplane in the physical space — and ujq, = us
independent of ¢ and x. The derivation of planar shock waves is mostly algebraic.
Indeed, choose a direction of propagation, for instance x4, and consider the so-
called Hugoniot set passing through a reference state w € % (the domain in R™
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where the flux functions f7 are well-defined and smooth):
H(w) = {u €% fu) — fAw) || flu) = fO(w)}.

(This set is studied in detail in Chapter 13 for the Euler equations of ‘real’
gas dynamics.) Assuming, for instance, the strict hyperbolicity of (12.1.1),
we can easily show that J#(w) is locally the union of n curves. Take wu

on any of these curves and u_ = w. By definition of J#(w) there exists
o € R such that fé(uy) — f4(u_) = o (f%(us) — fO(u_)). Then take % :=
{(z1,...,24,t); xg = ot} and you get a planar ‘shock’ wave propagating at

speed o in the direction x4. At this stage, the ‘shock’ might be a contact
discontinuity or any other kind of discontinuous wave. (We postpone, on purpose,
the discussion of the admissibility of discontinuities.)

It is much more difficult in general to find solutions to (FBP) with non-
planar Y. The aim of this chapter is to show that such solutions do exist,
for T small enough, provided we choose initial data satisfying: 1) compatibility
conditions and 2) stability conditions. The compatibility conditions imply, in
particular, that initially, at each point of the front, the states on either side of
the front are connected by a planar shock wave in the direction normal to the
front. The stability conditions require additionally that this shock be uniformly
stable (in the sense of the uniform Kreiss—Lopatinskii condition) with respect to
multidimensional perturbations. We shall make this more precise below.

12.1.2  Fizing the boundary

For clarity, in what follows we seek solutions close to a planar reference shock.
The case of arbitrary (compact) fronts of discontinuities (actually dealt with by
Majda in [124]) is postponed to the end of this chapter.

Provided that the system (12.1.1) is invariant under rotation — again this is
the case for the Euler equations of gas dynamics, for instance — we may choose
co-ordinates, without loss of generality such that the direction of propagation of
the reference shock is the last co-ordinate x4. Then this reference shock can be
represented by a mapping

u: (RTxRT)\X — R?
(z,t) —uy if xg 2 ot,

with X := {(21,...,24,t); 24 = ot}, and fd(ng) — fl(u_) = a(fo(g+) —
f%(u_)). We look for a perturbed shock

u: (RExRT\E — R
(z,t) —u(z,t) = ug(z,t) if zg 2 x(x1,...,24-1,1),

with ¥ = {(21,...,24,t); zq4 = x(x1,...,24-1,t)} the perturbed shock front
(supposedly close to X), the unknowns u4 and x being such that both the interior
equations (12.1.1) and the jump conditions (12.1.2) are satisfied.
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It will turn out that u exists at least on a small finite time intervall [0, T,
if the reference shock is uniformly stable (in a sense to be specified later). For

the proof, and even for the precise statement of this result, we need some more
material.

The set of equations for w4 and x is

Op fOus) + Zajfj(ui) =0 for zg = x(x1,...,%4-1,t),
1
= d—1
@] dx + Y [Fw]dx — [f{w)] =0 at zg = x(@1,...,Ta—1,1).
j=1
We introduce our usual shortcut y := (x1,...,24—1) for the independent vari-

ables along the boundary. As long as the function y stays close — in the class of
%! functions say — to the reference function (y,t) — ot, both mappings

(I):I: : (yv‘rd,t) = (yai(wd_X(yvt))at)
are diffeomorphisms from Q1 = {(y,z4,t); za = x(y,t)} to the half-space
Q= {(y,21); 2 > 0}

and both ®_ and ®, map ¥ to the hyperplane {z = 0}. From now on,
we replace both unknowns uy by u4 o @;1, which we still denote by u4 for
simplicity, and consider the IBVP on 2 obtained by this (unknown) change of
variables for the double-size unknown v = (u_,uy).

Notations Denoting (slightly differently from Chapter 10)
Al(w) = dfi(w) forall j€{0,...,d} and we€ %,

we introduce, for x : (y,t) — x(y,t) € R at least differentiable once,

d—1
Ag(w,dx) = A%w) = > (9;x) A (w) = (dx) A°(w).
j=1
This is only a shortcut for
d
A(w, —0¢x, —01X, - - -, —04—1X,1) where A(w,§) = Z & Al (w)

denotes the (generalized) characteristic matrix. For convenience, in what follows
we denote indifferently 9y or 9; the derivative with respect to ¢ in the (y, 2, t)-
variables and for all j € {1,...,d — 1}, 0; now stands for the derivation with
respect to y; in the (y, z,t)-variables, as long as no confusion can occur.

1 As said before, the short-time existence is due to the (high) non-linearity of the problem.
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In these new variables, the interior equations read

d—1
> Al(us)djus £ Ag(us,dx) dzusr =0, for z >0, (12.1.3)
j=0

and the boundary conditions are

Is9
[

(Flus) = P)dx = (fus) — fAu)) at 2= 0. (12.1.4)

<
Il
o

Observe that the BVP in (12.1.3) and (12.1.4) for the unknown (u4,x)
involves the unknown funtion dx both in the interior equations (12.1.3) and
in the boundary conditions (12.1.4).

Remark 12.1 There has been some arbitrariness in the way we have changed
the domains { (y,z4,t); xa = x(y,t)} into a half-space; for a discussion of
alternatives, see [56]. One specific problem is that the resulting interior equations
in (12.1.3) depend on (y, t) — through the derivatives of y — for all values of 4. In
other words, the flattening of the boundary influences the far-field behaviour of
equations. As pointed out by Métivier [136], an alternative consists in localizing
the change of variables around the boundary. (A similar trick was used by Majda
for compact boundaries, see Section 12.4.2.) More precisely, if ¢ € Z(R) is a
positive cut-off function equal to 1 in say [0, 1], one may choose a positive ,
depending only on [[¢'||z~ and ||x|| L~ (®a-1x[0,7) SO that

Uy (y,2,t) — (y,zq = £z + ©(2) x(y,t), t)
are diffeomorphisms from
{(y,2z,t); z >0, te(-T,7)}

to

{(yaxdvt)§ Ty 2 X(y,t)v te (_TvT) }a

and ¥4 both map the hyperplane {z = 0} to the front {(y,zq4,t); x4 =
X(y,t) }. This choice does not alter the boundary conditions in (12.1.4), and
the corresponding interior equations (which involve only the derivatives of W)
are (almost) the same (up to trivial rescaling and symmetry z — x4 = +kx) as
the original ones for z large enough. So this overcomes the problem of the far-
field behaviour. The drawback is that interior equations look more complicated:
for this reason we shall perform most of the analysis with the diffeomorphisms
<I>;1 instead of W_.

12.1.3  Linearized problems

Once the non-linear problem is set on a fixed domain 2, it can reasonably be
linearized — the other way round would not have been possible. As we have
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in mind an iterative scheme, we are going to linearize about a special solution
that is not necessarily the (planar) reference one. Substituting u + e for u
and x + ex for x in (12.1.3) and (12.1.4), differentiating these equations with
respect to € and evaluating at € = 0, we get the linearized problem

U

-1
Aj (ui) aj’lli + Ad(ui, dx) 8Zui

<.
I
=)

d—1

+ (dAj(ui) ) 8jui + (duAd(Ui7dX) -i&i) O,u+ (12.1.5)
=0
A

T Z(ajx) Al (ug)Our =0 for 2 > 0,
=0

with the boundary conditions
d—1
D (Fluy) = Fu)) 0 = Aa(uy,dx) - iy — Ag(u,dx) i (12.1.6)
7=0

at z = 0.
Of course, if uy+ = uy are constant and x = x, with x(y,t) := ot, (12.1.5)
and (12.1.6) simplify and become

s
[

Al (uy) Ojis + Ag(ug,0,0) d.0g =0, (12.1.7)

<.
Il
o

0
L

(Fi(uy) — f(u))0x = Aa(u,,0,0) iy — Ag(u_,0,0)-u_. (12.1.8)

<.
Il
o

Observe that the derivatives of x appear here only in the boundary conditions
(12.1.8), whereas for the general problem (12.1.5) and (12.1.6) the derivatives of
x do appear in the interior equations (unless we use Alinhac’s trick, as described
below).

The messy appearance of (12.1.5) and (12.1.6) can be lessened by using
additional shorter notations. Let us first define the differential operators L_
and L by

d—1
Li(v,dx) = Y A (v)0; + Ag(v,dx) 0.
=0

Note: with these notations, the non-linear equations in (12.1.3) equivalently read

Li(ui,d)() UL = 0.
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We also introduce a shortcut for the zeroth-order terms in (12.1.5):

U
—

Dy(v,dyx) -4 = (dA? (v) - 0) Ojv £ (dyAa(v,dy) - 1) O.v.

<.
Il
o

Then the interior equations in (12.1.5) read
Ly(ug,dx)is + Di(us,dx) -t F A(ug, 0X, 01X, -, 04-1X,0) Ozuxr = 0.
(12.1.9)

As pointed out by Alinhac [5], there is a way to replace the derivatives of x
by zeroth-order contributions of x in these interior equations. This is done by
changing the unknown 1 to the so-called good unknown

Ot = Uy F X O ut.
Proposition 12.1 With all the notations introduced above,
L (ug,dx)is + Di(us,dx) s F A(us, %X, 01X, - -, 0d-1X,0) Ozu+
= Li(us,dx)0s + Di(us,dx) v+ + x 0-(La(us,dx) us)
for all uy, x, uy, x for which both sides make sense.

Proof The computations for either one of the signs + or — are similar. We
do it for the + sign, and to facilitate the reading we omit the subscript +. By
definition of ¥ = 4 — x 0,u,

L(u, dx)0 = L(u, dx)t — X 9: ( L(u,dx) u, ) + X [0z, L(u, dx)] u— (L(u, dx)x)0:u
and

D(u,dy) - v = D(u,dx) -4 — x D(u,dy) - (0,u).
Summing these two equalities, and reordering terms we get

L(u,dx)v + D(u,dx) - v + X@z(L(u,dx)u)

= L(u,dx)u + D(u,dx) -u — ( L(u,dx) x) 0.u
+X [0z, L(u,dx)Ju — X D(u,dx) - (9-u).
By definition of L(u,dy) and D(u,dx), the last two terms cancel out, and
L(u,dx) x = A(u, %X, 01X, - - -, 0a-1X,0),
hence the claimed equality. O
Therefore, (12.1.9) equivalently reads

Ly(ug,dx)is + Dy(ug,dx) o+ + X 0-( La(us,dx)us ) = 0. (12.1.10)
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This is a first-order linear PDE in (94, x), of principal part L4 (u+,dx)0+. The
actual PDE on x comes from the boundary conditions in (12.1.6). We introduce
the notation

d
B(ufau+) : (507"'7§d) = Z é-] (f](u+) - f](u*))’
i=0

in such a way that the non-linear boundary conditions (12.1.4) merely read
B(u—,uy) - (dx,—1) = 0,

where dy has been identified with the row vector (9x,d1X,--.,04—1X). The
linearized boundary conditions (12.1.6) thus read

B(u—,uy) - (dx,0) = Ag(uy,dx) -4 — Ag(u—,dx) - i,
which we shorten even more into
b(u,dx) + M(u,dx) - (4_,uq) = 0, (12.1.11)
with the obvious definitions
b(u,dY) == Blu_,us) - (d%,0),
M(u,dx) - (b—,0y) = Aglu_,dx) -t- — Ag(uy,dy) - a4

12.2 Normal modes analysis

In the 1980s, Majda showed how to extend Kreiss’ method to non-standard BVPs
associated with the shock-persistence problem (here (12.1.3) and (12.1.4)), or
more precisely their linearized versions (here (12.1.10) and (12.1.11)). As for
standard BVP, a crucial, preliminary step is the so-called normal analysis of the
constant coefficients problems (here (12.1.7) and (12.1.8)).

The main purpose of this whole section is to describe the normal modes
analysis for (12.1.7) and (12.1.8). To simplify the writing, in this section we
omit underlining the states of the reference planar shock: u_ and u are to be
understood as u_ and u, in what follows.

12.2.1  Comparison with standard IBVP

In order to derive a generalized version of the Kreiss—Lopatinskii condition
we look for special solutions, or ‘normal modes’ of (12.1.7) and (12.1.8). This
amounts to applying to (12.1. 7) and (12.1.8) a Laplace transform in ¢ and Fourier
transform in y. The resulting equations are, if Uy and X denote the Fourier—
Laplace transforms of @+ and x, respectively,

Alug,7,in,0)Us + Ag(uy,0,0)0,Ux =0 for z > 0, (12.2.12)

X b(u,7,i) — M(u,0,0)- (U_,Uy) =0 at z =0, (12.2.13)
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where we have used the shortcuts defined in the previous section, 7 is the complex
variable dual to t and n € R?~! is the wave vector associated to y. Furthermore,
we have assumed that @i and x equal zero at ¢ = 0: otherwise, there would
have been a right-hand side in both (12.2.12) and (12.2.13); we shall introduce
right-hand sides later.

We now start to make some assumptions. First, we suppose that the planar
shock of speed o between u_ and uy is not characteristic. This precisely means
that both matrices

Ag(us,0,0) = Aluy) — 0 A%(uy)

are non-singular, so that the equations in (12.2.12) form a system of 2n indepen-
dent differential equations, which can be rewritten as

% - A(Uﬂ?aT) U’
with
: U_
0= (i)
and
 (Ai(u_, 0,007 A(u_,T,in,0) 0
A(“Jlﬁ) T ( 0 —Ad(u+,0', 0)_1 A(U+,T, 7'77)0)

The second assumption, which will turn out to be a consequence of a stronger
one, is that X can be eliminated from the boundary condition (12.2.13). This
amounts to requiring the ellipticity of the symbol (7,7n) — b(u, 7,4n), that is,

b(u,T,im) # 0 for all (r,n) # (0,0),

or equivalently that the jump vectors [fO(u)], [f*(u)], ..., [f*"'(u)] be indepen-
dent in R™.

Remark 12.2 A byproduct of the ellipticity assumption on the symbol b is
the necessary condition d < n (i.e. the space dimension smaller than the size of
the system). This precludes in particular multidimensional scalar conservation
laws! Another observation is that ellipticity is obviously not uniform when the
shock strength goes to zero: this problem was pointed out by Métivier [133], and
overcome in [56,133].

Introducing

b(u, 7,in) b(u, 7, in)"
l|b(u, 7, in)]||?

H(’LL,T, 77) = In -
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the orthogonal projection onto b(u, 7,in)*, we see that the boundary condition

in (12.2.13) is equivalent to

b(u, T,in)* M (u,0,0) U
b(u, 7,in)|?

(where M(u,0,0) U stands for M(u,o,0)- (U_,U,), with a slight abuse of
notation).
Therefore, solving the problem (12.2.12) and (12.2.13) is equivalent to solving
the pure boundary value problem:
g:A(U,T},T)U for z>0,
dz (12.2.14)

H(U,T,’I])M(U)O"O)U:O at z=0.

H(uaTvn)M(u;O—,O)UZO and X =

Tt is worth pausing for a while, and compare (12.2.14) to

v ~
cTZ = — AYw)" A, 7,in,0)V  for z >0,
C(v)~V=0 at z=0,

derived by Fourier-Laplace transform from a standard IBVP

d—1
> A() 90 + A%(w) 0.6 = 0 for z >0,

=0

Cv)-0o=0 at z=0 and 0 =0 at t=0.

Except for the size of the interior system (which is doubled in (12.2.14)), the main
difference is that the boundary condition in (12.2.14) contains the ‘frequencies’ 7
and 7. This reflects the fact that the corresponding IBVP (obtained by an inverse
Fourier-Laplace transform) has pseudo-differential boundary conditions. Despite
this non-standard feature, one may derive a (generalized) Kreiss—Lopatinskii
condition by looking for solutions U € L?(RT) of (12.2.14). This is part of the
normal modes analysis. In fact, the derivation of the uniform Kreiss—Lopatinskii
condition also requires the neutral modes analysis: neutral modes correspond to
solutions of (12.2.14) for Re 7 = 0 that are not necessarily square-integrable and
may oscillate in the z-direction, but not all of them are to be considered (this
should be clear from Chapter 4, see also the discussion below).

As far as the normal modes analysis is concerned, we may avoid the cumber-
some projection II(u,7,n) and work with the full system (12.2.12) and (12.2.13)
on (U, X).

A first question is, which values of (n, 7) ensure the hyperbolicity of the matrix
A(u,n,7)? A preliminary answer is, if the operators L1 (u+,o,0) are hyperbolic
in the t-direction (or equivalently, the operator A°(u)d, + 2?21 Al (u)d; is
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hyperbolic in the ¢-direction, which also means the system of conservation laws
(12.1.1) is hyperbolic) and if the n X n matrices A4(us,o0,0) are non-singular
(which we have already assumed), A(u,n, ) is hyperbolic at least for Re 7 > 0.
Indeed, the set of eigenvalues of the 2n x 2n matrix A(u,n,7) is obviously the
union of the eigenvalues of the n x n matrices

A:t(u:taan) = :FAd(Uj:,CT, 0)71 A(Ui,’]’, “7)»

and the hyperbolicity of Li(u4,o,0) prevents Ay (uy,n, ) from having purely
imaginary eigenvalues when 7 is not purely imaginary itself; as already mentioned
in Chapter 9, this observation dates back to Hersh [83].

From now on, we assume that the system of conservation laws (12.1.1) is
hyperbolic and that the matrices A4(u4,0,0) are non-singular.

The next question concerns the dimension of the stable subspace of A(u, 7, 7).
The answer lies in the decomposition

ES(A(UﬂIa T)) = ES(A7<U737777—)) X ES(A%*(U'*»U&T))
= E*(Aq(u_,0,0) " A(u_,7,in)) x E*(Aq(us,0,0)" Aluy, 7,in)).

The dimension of these spaces is constant over the connected set { (7,7); Re 7 >

0, n € R41}. So it can be computed at (7,0). We easily see that a complex
number w is an eigenvalue of

Ag(v,0,0)7 A(v,7,0) = 7 (A%w) — 0 A%v) )"t A%(v)
if and only if w = 7/(A — o), where X is a root of
det( A%(v) — X A%v)) = 0,

that is, \ is a characteristic speed of the operator

A%(v) 9, + AY(v)dy.
More precisely, we have the following.
Proposition 12.2 Assume that the operator

L =A% + A%,

is hyperbolic in the t-direction, and that both A° and A — o A° are non-singular.
Then the dimension of the stable subspace Es((Ad — o A%)~t AO) s equal to
the number, counted with multiplicity, of characteristic speeds of L less than o.

Proof The hyperbolicity of L means that there exist a real diagonal matrix A
and a real non-singular matrix P such that AP = A° P A. Since A? — o A% is
non-singular, we may assume without loss of generality that A splits into a first
block, say of size k, with coefficients less than o, and another one with coefficients
greater than o. By definition,

E*((A" =0 A°) ' A%) = {h eC"; lim er(AT—eA)IA% ),

—+o0
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Denoting by ¢(x,h) = (AT = A") A b the flow of the differential equation
u = (AT — 0 A%) 1A%,
we see that ¢ := P~!¢ is the flow of
u = (A —ol,) tu
Indeed, since A° is non-singular,
(A — 6 A%) 0,0 = A o (A —ol,) 0 = ¢.

Therefore, h belongs to ES( (A4 — 5 A%)! AO) if and only if P~'h belongs to
E*(A — o I,)71, which is clearly of dimension k. O

Corollary 12.1 Assume that (12.1.1) is constantly hyperbolic. Then for all
(1,m) € C x R¥! with Re 7 > 0, the dimension of E*(A(u,n,T)) is equal to the
number of characteristics exiting the shock, that is, the number of characteristic
speeds of A%(u_) 0y + A%(u_)0y less than o plus the number of characteristic
speeds of A®(uy) 0y + A%(uy )0y greater than o, all counted with multiplicity.

12.2.2  Nature of shocks

The result of Corollary 12.1 is illustrated in Fig. 12.1 for a Lax shock, in which
the dimension of E*(A(u,n,7)) is (p —1) + n— p = n— 1. Indeed, we recall
that Lax shocks [109] are defined as follows.

Definition 12.1 Assume that (12.1.1) is constantly hyperbolic, and denote by
A(u,v) <o < Ag(u,v)

its characteristic speeds, that is, the roots (repeated according to their multi-
plicities) of det( A(u,v) — X A%(u)). A planar shock wave between u_ and u.,
propagating with speed o in some direction v € R?, is called a Lax shock if there
is some integer p € {1,...,n} such that the Lax shock inequalities

Mp(us,v) < o < Ap(u—,v) and Ap_1(u—,v) < 0 < Apg1(ug,v) (12.2.15)
are satisfied. (By convention, A\g = —o0 and A\py1 = 400 whenp=1orp=n.)
Remark 12.3 In space dimension d = 1, a shock wave of the form

u(z,t) = uyx for xz 2ot

satisfying (12.2.15) with v =1 is called a p-shock. In space dimension d > 2,
there is no ‘natural’ choice for left and right. Indeed, a shock between u_ and
uy propagating with speed o in the direction v may be equivalently regarded as
a shock between w4 and u_ propagating with speed —o in the direction —v. In
gas dynamics, for instance, in which the characteristic speeds are

AM(u,v) =u-v —c|v|], A(u,v) =u-v and A(u,v) =u-v + c|v
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Xd
Figure 12.1: Characteristic speeds ()\;) / shock speed (o) for a p-Lax shock

(where u is the fluid velocity and ¢ is the sound speed), the inequalities in
(12.2.15) with p = 1 are equivalent, through the change of notations

(U_,U+,O'7 V) e (U+,U_, —0, _V)a

to the inequalities in (12.2.15) with p = 3. This shows that speaking of a p-
shock in several space dimensions is meaningless. What is most important is to
distinguish between the states on either side of the discontinuity by means of an
intrinsic criterion (in gas dynamics, one may speak about the state behind the
shock with respect to the flow of the gas, see Section 13.4).

Proposition 12.3 Assume that (12.1.1) is constantly hyperbolic, and that the
matrices A%(uv), (A%(us) — o A%us)) are non-singular. Then the dimension
of E*(A(u,n,7)) for (1,n) € C x R4~ with Re 7 > 0 is equal to n— 1 if and
only if u is a Lax shock.

Proof The ‘if’ part has already been pointed out. The ‘only if’ part is also easy.
If the dimension of E*(A(u,n, 7)) is n — 1, there must be an integer p € {1,...,d}
such that ¢ < Ap(u—,v) (otherwise, there would be at least n characteristics
exiting the shock, contradicting Corollary 12.1). Assume that p is the smallest
one. Similarly, there must be an integer ¢ € {1,...,d} such that A\j(u_,v) < o.
Assume that ¢ is the greatest one. Then we have

A(ug,v) < o < Ap(u_,v) and Ap_q1(u—,v) < o0 < Agy1(ug,v)
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(with the convention A\g = —o0 or A\gp1 = +oo if either p =1 or ¢ = d). These
inequalities imply that the number of characteristics exiting the shock is (p —
1) + n — ¢, which is of course equal to (n — 1) only if p = ¢. In this case, the
previous inequalities are precisely the Lax-shock inequalities (12.2.15). O

People aware of Majda’s work and in particular of Proposition 12.3, used
to consider non-Laxian shocks — now called non-classical shocks — as unstable
and thus of no interest. At first glance, this is indeed a tempting conclusion. For,
having E*(A(u,n, 7)) of dimension (n — 1) is necessary for the non-homogeonous
boundary value problem

g:A(u,nm)U—&—F for z >0,
dz (12.2.16)

Xb(u,7,in) — M(u,0,0)U = G at z=0

to be well-posed in L?(R*) — a condition needed for the well-posedness of
the original, free boundary value problem: if dimE?®(A(u,n, 7)) # n — 1, either
E*(A(u,m, 7)) is too big, and the problem (12.2.16) suffers from non-uniqueness,
or E%(A(u,n, 7)) is too small and (12.2.16) has no solution in L?(RT). However,
non-classical shocks are often physically relevant. So what is the trick?

When the dimension of E*(A(u,n,7)) is greater than (n — 1), the shock is
called undercompressive — a term inspired from gas dynamics, meaning that there
are more characteristics exiting the shock than for the usual, compressive shocks
of Lax type. Then the homogeneous problem (12.2.16) with F¥ = 0 and G = 0
admits non-trivial solutions (U, X) € L?(R*) x C. Those solutions are given by

U(z) = ¢ Awnn) gy, X b(u,7,in) = M(u,0,0) Uy,

with Uy € E*(A(u,n,7)). There are non-trivial ones just because the linear
algebraic system of n equations

M(u,0,0)U — X b(u,7,in) = 0 (12.2.17)

is underdetermined in E*(A(u,n,7)) x C. In fact, this just means that the
Rankine-Hugoniot conditions are not sufficient as jump conditions for under-
compressive shocks: they should be supplemented with extra jump conditions
(also called kinetic relations, see [113]), based on further modelling arguments;
this is the role played by the so-called viscosity-capillarity criterion introduced in
the 1980s by Slemrod [196], and independently by Truskinosky [214], for phase
boundaries). It was pointed out by Freistithler [58-60] that well-chosen extra
jump conditions could indeed restore stability of undercompressive shocks (for an
application to subsonic liquid-vapour interfaces, see [9,10,12]). The detailed proof
of the persistence of undercompressive shocks has been done by Coulombel [40],
by adapting Métivier’s method [136].

When E?(A(u,n,7)) has dimension less than (n — 1), the algebraic system
(12.2.17) is overdetermined on E*(A(u,7n,7)) x C and the shock is termed
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overcompressive: it turns out — see [61,120] — that the stability analysis of
overcompressive shocks must include viscous effects, but this is far beyond the
scope of this book.

In what follows, we concentrate on Lax shocks for simplicity. As regards
undercompressive shocks, techniques are similar, but there are more jump con-
ditions to deal with: the reader is referred in particular to [40,58-60] for more
details.

12.2.3  The generalized Kreiss—Lopatinskii condition

A natural extension to (12.2.14) of the uniform Kreiss—Lopatinskii condition is
(UKLg) there exists C' > 0 so that for all
(n,7) €Py:= {(n,7) €RY x Cwith Re7 > Oand |n||> + |7]*> = 1},

U] < CIT(u,7,in) M(u,0,0) U | (12.2.18)

for all U € E*(A(u,n,T)), the stable subspace of A(u,n,7) if Re 7 > 0,
extended by continuity to imaginary values of 7.

As for standard IBVP, it is not easy to prove directly the estimate in (12.2.18).
A preliminary step is of course to construct the stable subspace E*(A(u,n, 7)),
at first for Re 7 > 0. A second step would be to formulate the existence of non-
trivial solutions U € E*(A(u,n,7)) of the algebraic system

(u, 7,in) M(u,0,0)U = 0

as being equivalent to the vanishing of a (Lopatinskii) determinant A°(r,n),
depending analytically on (7,7) (and being €°° with respect to the parame-
ters (u,o0)). Then, one would check (UKLg) by showing that the function AY,
extended carefully by continuity up to the boundary of Py, does not have any
zero in P;. Indeed, this would mean that for all (1, 7) € P; the linear mapping
II(u, 7,in) M(u,0,0) is invertible when restricted to E®(A(u,n, 7)), hence the
inequality (12.2.18) with a uniform C' on the compact set P;. (Observe this also
implies (12.2.18) with the same constant C for all (r,7) # (0,0) with Re 7 > 0,
since both E*(A(u,n, 7)) and I(u, 7, in) are by definition homogeneous degree 0
in (7,7).

As we said before, handling the projection operator II(u,7,in) is not very
convenient. Furthermore, the condition (UKLg) above is in fact not sufficient for
the well-posedness of the complete problem (12.2.16). A more complete condition,
which contains both (UKLg) and the ellipticity of the symbol b is the following.

(UKL) there exists C' > 0 so that for all (n,7) € Py
max(||U],|X]) < C|| M(u,0,0)U — X b(u,7,in) || (12.2.19)
for all (U, X) € E*(A(u,n,7)) x C.
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(Observe that unlike (12.2.18), the inequality (12.2.19) is not homogeneous, but
this will be harmless.)

The condition (UKL) is what we call the uniform Kreiss-Lopatinskii condition
for the planar shock wave u of normal speed o. As claimed above, (UKL) implies
(by just taking U = 0)

lo(u,7,im) || > 1/C > 0,

hence also (12.2.18) by inserting

b(u, 1,in)*M (u,0,0) U

X - - |
[o{u, 7. i)

into (12.2.19).

In practice, the verification of (UKL) is far from being straightforward.
Nevertheless, we claim it is mostly algebraic. The condition (UKL) is indeed
equivalent to the non-existence, for all (n,7) in the compact set Py, of non-
trivial solutions in E*(A(u,n,7)) X C to the algebraic system (12.2.17). This
property can be formulated as the absence of zeroes in P, of an analytic function
A of (r,m), depending smoothly on the shock wave u. And it can be shown
that the zero set of A is contained in an algebraic manifold, say .. (See
Chapter 4 for theoretical explanations, and Chapter 15 for the example of gas
dynamics.) The analytical parts in the verification of (UKL) are thus reduced to
the determination of the continuous extension of A to purely imaginary values
of 7, and the elimination of fake zeroes of A from P; N .# . This is done in detail
in Chapter 15 for the gas dynamics (for a more analytical approach on the same
topic, see [92]). For more general systems, it is only known that small shocks are
stable, as was pointed out by Métivier in [131] in the case n = 2 and proved in
more generality in [133].

12.3 Well-posedness of linearized problems
12.3.1  Energy estimates for the BVP

In this section, we consider the linear BVP

Li(uiadx>i}i = fi7 z > 07

B(u) - (dx,0) + M(u,dy) - (v—,v4+) = g, z = 0.

It comes from (12.1.10) and (12.1.11) where we have sent the zeroth-order terms
in v+ and x to the (arbitrary) right-hand sides fi and g. (Recall that the good
unknowns v4 are merely related to w4 and x through the relation v+ = 44 F
X Oux.) For simplicity, we just write this BVP as

L(u,dx)v = f, z >0,

(12.3.20)
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where v = (0_, vy ), the operator L(u,dy) is to be understood as

[ L_(u_,dy) 0
L(u,dy) = ( 0 L+(U+»d><)>7

and B(u) - dy stands for B(u) - (dx,0) by a slight abuse of notation.
Theorem 12.1 We make the following main assumptions.

(CH) There exist open subsets of R™, say %_- and %, containing, respec-
tively u_ and wu,, such that for all we€ %y the matriz A°(w) is
non-singular, and the operator A°(w)d; + ijl AJ(w) 9; is constantly
hyperbolic in the t-direction;

(NC) There exists o > 0 so that

fUuy) = fHus) = o (fuy) — fO(u))
and both matrices
Ag(ug,0,0) = Aluy) — 0 A%(uy)

are non-singular;
(N) The associated discontinuous solution of (12.1.1),

w: (z,t) — uy for zg Z ot,

is a Lax shock (according to Definition 12.1);
(UKL) There exists C > 0 so that for all (n,7) € R¥~! x C with Re 7 > 0
and 7[> + [[nl* = 1,

max(|U||,|X]) < C|| M(u,0,0)U — X b(u,T,in) || (12.3.21)

for all (U, X) € E*(A(u,n,7)) x C (with M, b and E*(A) defined as in
previous sections in terms of the fluzes f7 and their Jacobian matrices

AT).

The conclusion is that there exists p >0 so that for all w >0 there exist
C=C(w) and v =v(w) and for all compactly supported and Lipschitz-
continuous ux : (y,z,t) € R X RY xR — uy(y, z,t) €R™ and dx: (y,t) €
RITI X R — (0ix(y,1), Vyx(y,t)) € R x RI7L with

Jus — uyllL~@iixrixr) < p and [|0x — ollpe@ey + [[VyXlze@e <p,

HU:I:”WLOO(Rd*lxR‘*’xR) <w and HdX||W1=°°(Rd) < w,
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for all v > 7o, for all v € 2(R¥™! x RT x R;R?") and all x € 2(R%R),

’YHeﬂt@||%2(RdflxR+xR) + ||677t@|z:0||%2(Rd) + ||eﬂt>'<||iq(Rd) (12.3.22)
1 —t "2
<C ; He L(u7dX)v||L2(]Rd*1><R+><R)

+le™"* (B(u) - dX + M(u,dx) - 9j.—0 )||2L2(Rd)>-

Proof The method of proof is very similar to what has been done for standard
BVP (in Theorem 9.6). The main novelty is the additional unknown yx, the deriv-
atives of which appear in the boundary terms: in the constant-coefficients case
(i.e. actually for uy =wu, and x(y,t) = ot), after elimination of the unknown
X, we are left with a BVP with pseudo-differential boundary conditions (see
(12.2.14)); for more general uy and x the idea is still to eliminate x and treat
the reduced problem (almost) as a standard one, by means of a (generalized)
Kreiss’ symmetrizer of course, which will be possible after ‘para-linearizing’ the
equations. Before going into detail, let us introduce additional (!) convenient
notations.
We rewrite the differential operator L(u,dy) as

d—1
L(u,dx) = A%(u) 0 + > AI(u)9; + Aa(u,dx) 0,
j=1

with

A(u) = (Aj(ou_) Aj(()u+)>

for all j € {0,...,d —1} and

— Ag(u_,dy) 0
Aa(u, dx) = ( o Ad(u+,dx)>
with (recall)
d—1
Ag(u,dx) = A%u) = > (9x) A (u) — (Ox) A%(u).

1

<.
Il

To simplify the writing we shall use the shortcut u for (u, dy), or more precisely,
u will stand for the Lipschitz continuous mapping

u: RFIXRT xR - R” x R" x R x R¢1
(y,z,t) = (u—(y7Zat)’u-‘r(yvZat)vatX<yat),va(y’t))'

We introduce the further notation

LY = L(u(y, z,1)) + vA°(u(y, 2,1)),
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and, recalling that the operators in the boundary conditions in (12.3.20) are
defined by

U

-1

B(u) - dx = (9x) (f*(us) = fO(u=)) + Y (05%) (F (ug) = F7(u-)),

1

<.
Il

M(ua dX) 0= Ad(u—vdx) - — Ad(u-i-’ dX) : /i]-‘m
we introduce the boundary operator

d—1

By (%) = (v X +0:%) (fO(us) = fO(u))jomo+ Y (95%) (F (us) = f7 (u-))j2=0

j=1

+ (Ad(u,, dX) SU- — Ad(u+7 dX) Uy )Iz:0 .

With these notations, the energy estimate we want to prove equivalently reads

7”5’Y||%2(Rd*1><]1§+><]1{) + 1) 2=0l1 22 (gay + H%"{H%—I}{(Rd)

1 - -~
Y G 1L T ST
with
Uy i=e o and Y, = e X
Para-linearization of the equations We first observe that for u close
enough to u and dy close enough to (0,0) in the L* norm, Ay(u(y,z,t))

is non-singular for all (y,z,t). Hence the equality f, = LJv, equivalently
reads

aza’)’ - P‘;Y 5’\/ = Ad(u(yaz’t)>_1ﬁ)/7

d—1
PY = —Ag(u(y,z,t)) " (A%(u(y, z,8)) (v + 0 ) + ZAj(u(y,z,t))aj ).

Jj=1

This induces us to introduce
d—1 4

Auly, 2,t,m,7) = —Ag(uly, z,6)) 7" (T A(uly, 2,)) + i Y n; A (u(y, 2,1)) ).
j=1

One may observe, in particular, that for u = u := (u,0,0), A, is related to the
symbol defined in Section 12.2 by

Au(y,2,t,m,7) = A(u,m,7) forall (y,z,t).



Well-posedness of linearized problems 349

In more generality, for all fixed z, Ay (y, 2, t, 1,7 = 7 + id) can be regarded as
a symbol with parameter v in the variables (y,t), which can be associated with
a para-differential operator with parameter Tj‘u. By Theorem C.20 we have the
error estimate

I1Pav = T, vl < Cw) vl Lz

On the other hand, the form of B suggests the introduction of the symbol
(belonging to I'}),

bu<yatan’7) = T(fo(u+(y70at)) - fo(u7<y’07t>))

d—1

+1i Z nj (fj<u+(ya0,t)) - fj(u,(y,(),t))) .

j=1

Compared to the notation b introduced in Section 12.2 we have in the special
case 4 = u,

bu(y,t,m,7) = b(u,7,in) for all (y,t).

Finally, we shall use the notation

— ([ Aalu_(y,0,1),dx) 0 _
My(t) = (A0 A 0.0y ) (= Ralu0.0))

By Theorem C.20 we have the error estimate
1By (v,¢) — Ty v — T, ¥l

<cw<wm+mmu<quwm+vm»

Therefore, the searched energy estimate will be proved by absorption of the errors
in the left-hand side if we show its para-linearized version

7||U||%2(Rd*1><R+><R) + Hvlz:OH%%Rd) + ||¢H%Q(Rd) (12.3.23)

1
<c (7 1020 = T} 0llEa ot s sy + 1T, v1e=0 + TM’”@(R%) '

O

Proof of the para-linearized energy estimate: elimination of the front
The assumption (UKL) implies, in particular, the existence of a constant ¢ > 0
such that (by homogeneity),

b(u, 7 im)|* = e(|7[* + [n|*) for all (n,7) € R x C\{(0,0)}
with Re 7 >0,
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and for all (Lipschitz) continuous u such that |[|ju — u||p~ < p small enough,

buly,t,n, DI = 5 (I + [Inll*)  for all (n,7) € RT™H x C\{(0,0)}

¢
2
with Re7 >0
and all (y,t) € R4~ x R. Therefore,
bu(y, t,n,7) bu(y, t,n,7)"
0w (y, t,m, 7)1

(consistently with the notation introduced in Section 12.2) is well-defined and
homogeneous degree 0 in (1, 7) and thus belongs to I'Y if u is Lipschitz continuous
with [[u —ullL~ < p, and by Theorem C.22, Ty , — Ty T, isof order 041 —
1 = 0: this means there exists C' depending only on w = ||u — ul|y1.~ such that

1T, 6,% = Tn, Ty, ¥l < Ol

Since by definition II, b, is identically zero, this implies

I, (y,t,n,7) = I, —

c
1Ty, Ty, ¢l < > 903

for all smooth enough . Also by Theorem C.22 we have another constant, still
denoted by C, depending only on w such that

C
1T, mov = T, Tl < Cllollay < 5 [0l 2

for all smooth enough v.

Proof of the para-linearized energy estimate: estimate of the front
The estimate [|b,(y,t,1,v+i6)|| > $A%7(6,n7) and Garding’s inequality (in
Theorem C.23) show that
&
Re (17,10, ) > 5 61y

Theorems C.21 and C.22 show that R” := T,'., — (T,) )" T, is an operator of
order at most one; hence '

B, ) < Clolly ¥l < = 11
Therefore, combining the two inequalities we get

Il < 5 (T2l + = I
hence for v > 8C/c,

4
1l < 175, Iz
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in which the right-hand side can be bounded in a trivial way:

|75, Dll7e < 20T % + Ty, va=0ll72 + 21T, via=oll7

IN

2|73, ¢ + TRy, vi=oll72 + 2C lvja=oll7-
for a new C depending on w.

Proof of the para-linearized energy estimate: the main estimate From
the two steps above (elimination and estimate of the front), it should now be
clear to the reader that (12.3.23) will follow (by absorption of the errors in the
left-hand side) from the estimate on the reduced para-linearized problem

Y IVlZ et xre xry + I0p=0llZ2ge) (12.3.24)
1
S C (’Y ||6z’0 - Tluv“%z(ﬂkd*lx]}%*xﬂk) + ||T1:[YuMuIU|Z_O||%2(Rd)> .
Unsurprisingly, the proof of this estimate will be very similar to the proof of

Theorem 9.6: it will rely on the construction of a generalized Kreiss symmetrizer
for the reduced BVP

0.v —Th v=F,
y _
THuMuv‘ZZO = .

Lemma 12.1 Under the assumptions of Theorem 12.1, let u= (u,dy) be
Lipschitz continuous and close enough to u = (u,0,0) in the L norm (which
means more precisely that the bound p in the statement of Theorem 12.1 is small
enough). Then there exists a symbol

Ru: X:={(y,2,t,n,7) €ER2*HL x C; 2>0,Re7>0} - HPD,,
X = (yvzvtvan) HRU(X)v

which belongs to T and is homogeneous degree 0 in (n,T), with an estimate
Ru(y, 07 t7 m, T) Z « I2n - ﬂ ((HuMu)(ya t7 m, T))* (HUMU)(y7 ta m, T) (12325)

fora >0 and 8 > 0 depending only on the Lipschitz norm of u, and additionally
Ru(X) Au(X) decomposes for all X € X into a finite sum of the form

Ru(X) Au(X) = 3 Py (LELC ) ),

e with P; € TV, homogeneous degree 0 in (n,7) and > Pj(X)" P;y(X) >
C Iy,

* and hg; € TV, homogeneous degree 0 in (1,7) and Re (ho;(X)) > C; Iy, ,

* and hy; € T'{, homogeneous degree 1 in (n,7) and

Re (h1,j(X)) > C; N (1,8) Ton—y,.
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We postpone the proof of this result and complete the proof of the estimate in
(12.3.24). The outline is the same as in the proof of Theorem 9.6. We consider
the family of operators

]' *
Ry = 5 (Th, + (T3,)").

By construction, RY, is a self-adjoint operator on L? and by Theorem C.21 and
Remark C.2, there exists C' depending only on (the Lipschitz norm of u) w so
that

C
[(Rv)j2=0 — (T%uv)lz:OHLZ < ; ||U\z:0||L2(Rd,dydt)

for all smooth enough v. Hence, denoting by (-,:) the scalar product on
L?(R9,dydt), the inequality in (12.3.25) together with the error estimates in
Theorems C.20 and C.22 and the Garding inequality in Theorem C.23 imply

@
<R;YJU|Z:0 y V)z=0 > + ﬁ Re <T(’YHuMu)*HuMu V|z=05 V|z=0 > > 5 ||'U\Z:0||%2(Rd,dy dt)
for v large enough, hence by Theorems C.21 and C.22 again,

«
<R3U\z:o7 U|z:0> + B HTguMu U|z:o||2L2(Rd,dydt) 2 n HU|z:o||2L2(Rd,dydt)

up to increasing 7.
On the other hand, by Theorems C.21 and C.22, there exists C’ depending
only on w so that

Re (RyTh, v, v)> Y Re(yT woj,vo;)+Re (T uiy, vn;)—Cllvl7z,
7

with vg ; and vy, ; the two blocks (taking values in C*/ and C?"~*s, respectively)
of ng v, and by Theorem C.23 we have the inequalities

C.
Re (v T,Z’DY], Vo,js Vo) = Y ZJ ||’U0,j||%2 )

(oF C;
Re (T}) vij,v15) > ZJ o111 312 > vf l[v1,5]|72-

1.3

Therefore, using once more the Theorems C.21, C.22, and C.23 (the latter being
applied to the degree 0 symbol > y P} Pj), we get new constants Cop and C" such
that

Re (Ry T v, v) > (Coy — C") ]2,

hence for large enough v > 20" /Cy,

Co
Re /<33T;uv,v>dz > 5 =2 [olame s ayaras- (12.3.26)
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Now we prove the inequality in (12.3.24) by writing

d dRY
A e 2 _ u
dZ(Ruv,v> ( p v

which implies after integration in z,

v)+2Re (RY(9.0 =T v),v)+2Re (RLT) v,v),

a
9 ”U\z:OH%?(Rd B Re < (Tl My) TIy My, Ulz=05 V|z= 0)
< (G2 +7(0C1 — Co)) |lvll7e (RIxR+) + ||8zv - T,Z‘,UHQLz(RdX]m)

for some new constants C; and Csq, and 6 > 0 arbitrary. Choosing 8 = Cy/(2C),
we get

« Co
5 ”U\z:OH%Q(Rd) + VZ ”vH%Z(RdeJr /BRG < (M My) Ty My V)z=05 V|z= 0>

20 — Th. vl 32 maxpty

for all v > 4C5/Cy. Finally, using again Theorems C.21 and C.22 we obtain for
~ large enough,

« Co
1 ”U\z:O”%%Rd) + ’YI ””H%?(Rdxuw) < B ||Tl:[Y“,/\/1u 'U|z:0H%2(]Rd)

- T,Zu UH%%Rde*—)’

which can be rewritten as (12.3.24) with C = 4max(83,C%/(2Cy))/
min(a, Cp). a

Sketch of proof of Lemma 12.1 To construct R, the idea is (as usual)
to construct a local symmetrizer in the neighbourhood of each point X =
(y,z,t,n,7) € X with |7]? + ||n||* = 1, to piece together these local symmetrizers
by a partition of unity technique and then extend the resulting mapping to the
whole set X by homogeneity in (7, 7).

By local symmetrizer at X € X; we mean a matrix-valued function r, defined
on a neighbourhood 2~ C X, associated with another matrix-valued function T,
both being at least Lispchitz in (y, z,t) and € in (1, 7), such that

i) the matrix r(X) is Hermitian and T(X) is invertible for all X € 2",
i) the matrix Re (r(X)T(X) ' Au(X)T (X)) is block-diagonal, with blocks
ho(X) and hy(X) such that ho(X)/vy is €°° and

Re (ho(X)) >C~1L,, Re(h(X))>C I,_,, (12.3.27)

for some C' > 0 independent of X € 27,
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i) and additionally, if X € X° (i.e. if z=0) there exist a >0 and 8> 0
independent of X € 2 NX? so that for all V € C?",

Vr(y,0,t,n,7)V > a|[V|? (12.3.28)
76 HHU(yat7naT)Mu(yat)T(y70atvnaT) ‘/”2

The construction of a local symmetrizer at a point X € X; such that
u(y,2,t) = u relies on the assumption (UKL) and more specifically on its
consequence

(UKLy) for all (r,n) with Rer>0 and |[7]>+|n|>=1, for all V€
ES (A(@7 "77 T))7

VIl < C Iy, in) M(u,o,0)V|.

Details are basically the same as for the standard BVP. More precisely, we may
consider the pair (n,7) in the projection operator Il as parameters, and use
the block-diagonal structure of A and IIM together with the ‘standard’ con-
struction of symmetrizers. This is made clear in the example of gas dynamics in
Chapter 15.

By continuity, (UKLy) also implies that for u close enough to u in the L>
norm,

C
||V|| S 5 ||Hu(y7ta77>7—) Mu(y7t77777—)VH

for all (y,t) € RY, for all (7,m) with Re 7 > 0 and |7|2 + ||7]|> = 1, and for all
V € Ef(Au(y,t,n,7)). Consequently, the construction of local symmetrizers is
in fact valid at all points X € X;.

Then it suffices to piece together local symmetrizers as in the proof of
Theorem 9.1: R, is defined on X; as a finite sum of terms of the form
P(X)*r(X)P(X) with P(X) = o(X)Y2T(X)~", ¢ coming from a partition of
unity of X; (of which the lack of compactness in the (y, z, t)-directions is why we
require constant coefficients outside a compact set), and finally R, is extended
by homogeneity of degree 0 in (1, 7). a

Remark 12.4 By density of 2 in H!, the energy estimate (12.3.22) extends
to all pairs (0,%) € e HY(R¥™! x R x R) x e H'(R?). (This is obviously
enough to pass to the limit in the right-hand side of (12.3.22) applied to
P-approximations of (0, x).)

The energy estimate (12.3.22) (in Theorem 12.1) can be used to derive higher-
order energy estimates, which will be useful to eventually deal with the full non-
linear problem. These higher-order estimates are as for standard BVP in terms
of A7 norms, defined by

ol = Y A0 e 0wl 7.

lo|<m
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Here above « stands for a d- or (d+ 1)-uple, (i.e. @ = (ag,a1,...,q4-1) Or
(a0, a1,...,aq), with a; € N), and |a| = 3, a; (called the length of o).

Theorem 12.2 Under the hypotheses of Theorem 12.1, assume, moreover, that
u — u belongs to H™(RY™! x RT x R;R?"), (u — u)|,—o belongs to H™(R?; R*")
and (dyx — 0, VyX) belongs to H™(R% R?) for some integer m > (d+1)/2 + 1,
with

lw—ullgm < p, =0 —w—llam < p and |[(Oex — 0, Vyx)|am < p.

Then there exist Yy = Ym(w, 1) > 1 and Cy, = Cp(w, 1) > 0 such that, for all
Y > Ym, for all © € P(RI! x RT x R;R?") and all x € 2(R%:R),

112 . 2 - 112
’y”v”Lz(R#»;jf;n(]Rd)) + ||v|Z=0||3f_ym(Rd) + ||XH%’Y7”+1(]Rd)

< Con (2 1L ) 012 oy + IB(0) - QX+ M (1, ) - 02 s )

(12.3.29)

<112 . 2 P
7”””3@m(md—1xR+xm) + ||U\z:0||,;gowm(1gd) + ||X“jf7m+1(Rd)

<Cp, (i ||L(u7dX)i)||3fwm(]Rd’l xR+ xR) + ||B(u) ~dx + M(%dX) : U||2 7m(]de))
(12.3.30)

The proof is analogous to the proof of Theorem 9.7 for standard BVP. It
starts with estimates of derivatives in the (y, t)-direction by using the L? estimate
(12.3.22) (in Theorem 12.1) together with commutator estimates in 7 norms:
this yields (12.3.29). As a second step, estimates of derivatives in the z-direction
are obtained by differentiating the equality

azi) = Ad(u(yvzvt)ad)((yvt))il ( U dX v — ZAJ y,Z t 8 >7

and by repeated use of Lemma 9.3: this eventually leads to (12.3.30). We omit
the (most technical) details and refer to [140], pp. 71-72, or [136], Section 4.6.

12.3.2  Adjoint BVP

In the previous section, we have performed a microlocal elimination of the
unknown front to derive energy estimates. Here we are going to use a more
algebraic approach, in order to define suitable adjoint problems.

Lemma 12.2 Ifby, ..., by are € mappings # — R™, with # a contractible
subset of RY | such that for allu € W the family (by(u), ..., bg(u)) is independent,
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there exists Q € € (#; GL,(R)) so that for allu € # and all £ € R,

ij 517...7£d,707.._70)T.

Proof If B(u) denotes the matrix with columns by (u), ..., bg(u), the con-
tractibility of # enables us to define ¥*° mappings ¢; : #' — Mix,(R) for
je{d+1,...,n} such that for all u€ ¥, (bgy1(u),...,ln(u)) is a basis of
ker BT (in other words, the vector bundle ker BT is trivializable, see [85] p. 97).

Then for all u € #, the square matrix (bl(u), ba(u), g (w)T ,(n(u)T)

is invertible and its inverse @(u) answers the question by construction. O

Applying Lemma 12.2 to b;(u) = fi~ (uy) — f77Hu-), N=2n and # a
ball centred at u (of radius less than or equal to p say), we may rewrite the
boundary conditions in (12.3.20) as

(VO" ) QM) M(w)-5 = Qg

Then, applying Lemma 9.4 in a ball # centred at u = (u, 0,0, ...,0) (in R27*d)
to A=Agand B : u— Q(u) M(u) ( = —Q(u) Ag(u), of rank n independently
of u), we find N, P and R in €°°(#; M, x2,(R)) such that

R?" = ker(Q(u) M(u)) @ kerN(u), R*" = kerP(u) & kerR(u),

Aa(u) = P(u)" Q(u)M(u) + R(u) N(u), kerR(u) = (Aq(wker(Q(u)M(u)))*"

for all u € #. This material will serve for the definition of an adjoint version of
(12.3.20). Recalling that

d—1
L(u(y, z,t)) = A%u(y,2,t) 0 + Y _ A (u(y, 2,1) 0; + Aa(u(y, z,1)) 0,
Jj=1

and denoting
L(u(y, z,t))" =

d—1
— (A%uy. 2 1) 0 = 37 (A (uly. 2, 1))" 0 — (Aa(uly. z.1)" 0.

— 0(A° (u(y, 2, 1)) Zaj (9 (uly, z,1)))" — O:(Aa(uly,z.t)" |

we have for all smooth enough v and w,

/Z>0 /Rd (wTL(u)v — UTL(u)*w) + /Rd (wT Ag(u) U)|z:o — o0,
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hence by definition of N, P and R,
/ / (wL(u)w — o L(u)"w) + / (Pw)w)" Q(u) M(w) v))—o
2>0 JR4 Rd

+ [ (R N v =0 (12.3.31)

For v = ¢ satisfying (12.3.20) together with some function y, the latter equality
equivalently reads

/z>o/Rd<wa - Vi) + Ad<(P<u>w>TQ<u>g>|z:o

+ / (— (V0T Pr(ww + (N(w) )" R(u)w) .o = 0.
R(i

where Pj(u) := wP(u), the first d rows among the n rows in P(u). Finally, we
may integrate by parts and rewrite

/ (— (V)" Pr(u)w ) = / (% divey (P (W) )
Rd Rd

provided that y is decaying sufficiently fast.
The computation here above urges us to consider the ‘adjoint’ problem

L(u)*w =0, z >0,
(12.3.32)
R(uw)w = 0, divy,)(Pi(u)w) =0,z = 0,

which is to some extent ‘non-standard’, though less than (12.3.20): the boundary
operator in (12.3.32) is only (algebro)differential (instead of pseudo-differential
in (12.3.20)). A crucial step towards the well-posedness of (12.3.20) is the proof
of energy estimates for the adjoint BVP (12.3.32).

Theorem 12.3 Under the assumptions of Theorem 12.1, the adjoint BVP in
(12.3.32) meets the standard assumptions allowing L? energy estimates backward
in time, namely for all u in a neighbourhood of u = (u,0,0),

(CH.) The coefficient of 9y in L(u)* (i.e. the matriz Ao(u)T) is mon-singular
and the two blocks in L(u)* are constantly hyperbolic in the t-direction;
(NC,) The coefficient of 9, in L(u)* is non-singular (i.e. the matriz Ag(u)" is

non-singular);
(UKL,) Denoting

d—1
A(an.7) = (ko)) (78" = 3 om0 ()",
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there exists C > 0 so that for all (n,7) € R4~ x C with Re 7 > 0 and |7|? +
Inll* =1,

W] < CIR@W| + || (7, —in™) - Pr(u) W || (12.3.33)
for all W € E*(A.(u,n,1)).
As a consequence, there exist p >0, C' = C(w) and vy = vyo(w) so that for
lu—ulee<p and fu—ulwi~ <w,
for all v > ~o and for all W € (R~ x Rt x R;R?"),

rY”e’th”QL?(Rd*lx]R‘*—xR) + ||evtw\z:0||i2(u@d)
<C (% 17 L(a)* |72 ga-1 g gy + €7 R(w)tb).=g ||%2(Rd)

+ |7 div (s ) (P1 () ). )Hi];l(Rd) ) '

Proof The first two properties, (CH,) and (NC,) are trivial consequences of
(CH) and (NC). For the proof of (UKL,), we first need to check that

E*(Au(u,n,7)) = (Aa(u) B*(A(a,n,7))" (12.3.34)

where
A(a,n,7) = — (Ag()) ™' (7 A(u) + i Z% A (u

(As already done before, we make a ‘subtle’ distinction between the notations
A and Ay: the mappings A : R x R x R¥™! x Ct — Ma,»2,(C) and A,
R x RT x R x R4 x CT — May, 2, (C) are related by A(u(y, z,t),n,7) =
Auy, z,t,m,7) for all (y,z,t,1,7) € R x RT x R x R¥~1 x C+))

The proof of (12.3.34) is classical and was already done in Chapter 4 but
we recall it for completeness. We first observe the matrices A(u,n,7) and
A.(u,n,7) are simultaneously hyperbolic, the latter A, (u,n,7) being conjugate
to —A(u,n,7)*: more precisely,

Ac(u,n,m) = = (Ag()") 7 AT (7, 7) Aa(w)

Hence the spaces E*(A,(u,n,7)) and (Aq(u) E5(A(u,n,7)))" are both of the
same dimension, equal to n + 1 since E*(A(u,n,7)) is of dimension n — 1 (by
the assumption (N)). Furthermore, when A(u,n,7) is hyperbolic, a standard
ODE argument shows E*(A,(u,n,7)) is a subspace of (Aq(u) E*(A(u,n,7)))".
Indeed, take W = 4(0) with v a solution of ¢’ = A, tending to zero at +oo.
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For all U = ¢(0) with ¢ a solution of ¢’ = A,

d * * *
LV @) Aa (@) = (A(2)) Aad(z) + ¢(2)"Ad Ad(z) = 0,
since (A)" Ag + Ay A = 0, hence if, moreover, ¢ tends to zero at +oo,

W*A,U = li51_1 (x) Ay p(z) = 0.

This proves (12.3.34) when A(u, n, 7) is hyperbolic, in particular when Re 7 > 0.
By continuity, (12.3.34) is also true for Re 7 = 0.
Now, suppose W € E*(A,) is such that

RWW =0 and (7,—in")-P(u)W = 0.
We are going to show that P(u) W = 0, which will imply W = 0 (recall that by
construction kerR(u) and kerP(u) are supplementary). To prove P(u) W = 0,
we compute Y*P(u) W for an arbitrary Y € C2". A straightforward reformula-
tion of the assumption (UKL) with our current notations shows there exists a
unique pair (X,U) € C x E*(A(u,n, 7)) such that
Y = X (1,in,0,...,0)" + Q(u) M(u)U.
Therefore,
Y P()W = X (7, ~in") - Pi(w) W + (Q(u) M(w) U)" P(u) W,
where the first term is zero by assumption on W; hence
YV*P)W = W*P(u)" Q(u) M(u)U = W*Ag(u)U —W*R(u)" N(u)U = 0,
since W belongs to (AqE*(A))* and R(u)W = 0. Therefore, the mapping
W € E*(A,) — (RWW, (7, —in™) - P(u) W) € C" x C

is one-to-one, thus also onto since dim E®(A,) = n + 1; the norm of the inverse
mapping is uniformly bounded on the compact set { (7,7) € R¥~! x C; Re 7 >
0, v £ Il = 1}.

The attentive reader will have noticed that (UKL,) is simply the uniform
Kreiss—Lopatinskii condition backward in time for the BVP (12.3.32). Indeed,
freezing the coefficients in the principal part of L(u)* and performing a Fourier—
Laplace transform in the direction (y, —t) the BVP (12.3.32) we get the ODE
problem

%:A*(u,n,T)W for z >0,

RwW =0 and (7,—inT)-Pi(u)W =0 at z=0.

Thanks to the properties (CH,), (NC,.) and (UKL,), the same method of
proof as for the original BVP (12.3.20) (in Theorem 12.1), replacing there the
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interior symbol A, by A.(u(y,z,t),n,7), and the boundary symbol II, My

by
R(u(y, z,t))
(77-7 —“7T) . Pl(u(y7 2, t)) ’
shows the announced backward weighted estimate for the adjoint BVP (12.3.32):
the H ! norm in the right-hand side shows up because when the inequality

(12.3.33) in (UKL,) is extended to all pairs (7,7n), it yields, for homogeneity
reasons,

Wl < CIR@WI + A= @,0) | (7, —in") - Pu(w) W .

12.3.3  Well-posedness of the BVP

Theorem 12.4 Under the assumptions of Theorem 12.1, there exist p > 0 and
Yo = Yo(w) so that for

lu—ulp~<p and |ullpr~ <w,

for all v> o, for all f€e L2(R x RT xR) and all g € e L2(R¥! x
R), there is one and only one solution (0,x) € e L?(R4™! x RT x R) x
et HY/2(R*1 x R) of the BVP in (12.3.20). Furthermore, x belongs in fact
to et HY(RI~! x R), the trace of © at z =0 belongs to e’* L>(R%~! x R), and
(Uy, X~) = e (0, x) enjoys the estimate

VNN T2 a1 s sy + 1) 1=0lI T2 ay + ||>7v||§1§(Rd) (12.3.35)

1, ~ ~
< O (21 oy + 1 )
for some constant C = C(w).

Note: the estimate (12.3.35) here above is simply another way of writing (12.3.22)
(in Theorem 12.1).

Proof Noting that (12.3.20) is equivalent to L} v, = ﬁ in the interior and

(v + at))zv
VX~ + Q(u) M(u) Uy = Q(u) Gy
0

at the boundary z = 0, we may reformulate the conclusion of Theorem 12.4 as
follows: for «y large enough, for all f € L2(R?~! x R* x R) and all g € L?(R9~1 x
R), there is one and only one (v,¢) € L?(R4™! x R x R) x H'/2(R?~! x R)
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such that

(v + 0
Llv =f and Vo + Q(u) M(u) - vj.—o = Q(u)g, (12.3.36)
0

and this solution satisfies an estimate of the form
Y0llZ2 @it xms xmy + 110)z=0ll72(ay
1
+W||§{;(Rd) < 5 11172 a1 xms <y + 190172 (ra) -

Existence of a weak solution Unsurprisingly, we are going to use the
adjoint BVP (12.3.32) introduced in the previous section, or more precisely the
equivalent problem

(LY e’ w =0, z >0,
Ru)e"w = 0, div_(Pi(u)e’w) =0, z =0,
where the differential operator div_, is defined by

d—1

div_(po,p1,- - pa-1) = (=7 +0)po + »_ 9;p;.
j=1

From this point of view the ‘dual’ energy estimate of Theorem 12.3 equivalently
reads

VHw”%?(Rd*lxRerR) + ”wlz:OH%Z(Rd)
1 *
<c (7 NE) 2o s sy + IROW o [

+ ||diV_,Y(P1 (u)’UJ‘Z:() )HiI,;I(Rd) ) .

The resolution of the BVP in (12.3.36) follows the same lines as the proof of
Theorem 9.17. We consider the set

&= {we 2R xRt xR); R(Ww).—¢ = 0, div_(Pi(uw)w,—g) = 0}.

Theorem 12.3 shows that for all w € &,

c
vlwlie + lwezolZ < ;H(Ll)*wl\%w

This allows the definition of a bounded linear form ¢ on (L})*& by

) = [ wmr e [ (e’ Qe
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Indeed, we have

-/z>0 /Rd w'f + _/Rd ((P(u)w)T Q(u) g)|2=0

< 1 fllee Toollze + [P o ullze Qo ullz~ llglze llws—ollze
< (Ll + = llgloe ) 127 o]l e,
~ ly y1/2

Therefore, by the Hahn-Banach theorem, ¢ extends to a continuous form on L?,
and by the Riesz theorem, there exists v € L? such that

() = [ . [

We thus get in particular, by definition of £,

/z>o /R (0" (LY w — ffw) =0

for all w € Z(R41 x (0,4+00) x R), hence L}v = f (in the sense of distribu-
tions). Consequently, using the identity (12.3.31), or more precisely its modified
version obtained with L7, instead of L(u), we find that

(P(w)w)" Q(u) g)j2=0 =/ (Pw)w)" Q(u) M(w)v).cg  (12:3.37)

R4 Rd

for all w € &, and by extension this is true for all w € H!(R9~! x Rt x R) such
that R(u)w = 0 and div_, (P (u)w) = 0.

In order to recover the boundary condition in (12.3.36), we first use
a (standard) trace-lifting argument. For all ¢ € H'/2(R%! x R;R?") there
exists ® € HY (R x R x R;R?") so that ®,—o = ¢. Therefore, for all § €
H'2(R% R™) there exists w € HY(R?™! x Rt x R;R?") so that R(u) w,—o = 0
and P(u)w.—¢ = 6: indeed, by construction

| P(u(y, =)\ "
q: (y,2,1) — (R(u(z,z,t))>

belongs to W1 (R? x Rt x R; GLa,(R)), so it suffices to define w = ¢ ®, where
® is obtained by trace lifting from ¢ : (y,t) — (6(y,t),0,...,0). In particu-
lar, for all 6, € H'Y/2(R% R™ %) there exists wo € H'(R?! x Rt x R;R?") so
that R(u) (w2)|.—0 = 0, Pi(u) (w2).—0 = 0, and Pp(u) (w2)|.—0 = 02, where
Py(u) = (I, — 7) P(u) denotes the last (n—d) rows in P(u). Applying
(12.3.37) to w = wq we get

e 02" Qa(u) (g — M(u)v),—o = 0,
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where naturally Q2(u) = (I, — ) Q(u). This implies
Q2(u) (9 — M(u)v)j.—o = 0.

Similarly, for all §; € HY/?(R%R?) there exists w; € H'(R*! x Rt x R;R??)
so that R(u) (w1).—0 = 0, Pr(u) (w1)|.=0 = 01, and Ps(u) (w1),— = 0, and
if additionally div_,6; = 0 we can apply (12.3.37) to w = wy, which gives

[ 0" Qi) (g = M) = 0
R
This implies the existence of ¢ € H'/2(R?~! x R x R) such that

Qi(u) (g — M(u)v).—g = <<v éy?ﬂ)

thanks to the following simple result.
Lemma 12.3 For all v > 1, the mapping
VY : HY2(RLR) — H-V/2(REGRY)

o _ (o)
TS

has range

(kerdiv_,)* = {ve H'2RERY) 3 (v, 0) (5172 12y = 0

for all € HY/2(R4GRY); div_,0 = 0} .

Proof Thisis a Fourier-transform exercise. Indeed, the range of V7 is obviously
a subset of (kerdiv_.)%, which can also be written as

{vememiryisenn (717) ).
and for all v in this set we have

’ 72+ 6% + Inl? n )’

which equivalently means that
v =V ((—y*+A) " div_,v),
where (=2 + A)~'div_,v does belong to H'/?(R%;R). O

Weak=strong argument As ‘usual’, we consider a mollifying operator R.
in the (y,t)-edirections and consider v, := R.v and 9. := R.¢ (where (v,)
is the weak solution found here above), f. := R.A4z(u)~! f (where f is a given
source term in L?) and g. := R.g (where g is a L? data on the boundary). These
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regularized functions satisfy the following properties

2m+.72md w2n
fo € LAR¥; HT(R? x R;R?")) and f. L EEED), 4

ve € L2(RT; HY°(RY x R;R?")) and w.

()~ f,

L2(RT;L2(RY xR;R?™))

)

H—1/2 (Rd XR;RZTL)

(ve)jz=0 € HY®(RI X R;R*™)  and  (ve)jo=g ————— VJ.=0,
d H2/?(RYXR;R)
e € HT®(R? x R;R) and 1), ——————— ),

2 d N
g. € HT®(R? x R;R") and g, LB XRRT),

Furthermore, we have (see Lemma 9.5)

[P3, R.](v) L% (RT;L% (R xR;R2™)) L?(R?xR;R™) 0

0 and [B], R](vz=0,%)

(where the operator P) is such that f = LJv equivalently reads 0,v — PJv =
Ag(u)t f). Now we easily see that 0,v. = f. + PJv. — [P], R.](v) belongs
to L2(RT; L2(R? x R;R?")), hence v, is in H'(R? x Rt x R). By Remark 12.4,
the energy estimate (12.3.22) (in Theorem 12.1) thus applies to the pair (ve, ¥ ):
more precisely we have

1
’7””5“%2 + ”(”6)\z:0”%2 + ||w€||%1}{ < ; Hazvs - PJWEH%Q + |1B3 (7)6»1/’8)”%2'

By linearity of the operators P and B}, this inequality also applies to pairs
(Ve — Ve, e — 1), and together with the above limiting properties this shows
that (v.)|.—o is a Cauchy sequence in L? and . is a Cauchy sequence in Hi By
uniqueness of limits in the sense of distributions, this implies that v|.—¢ is the
limit of (ve)|.—o in L2, and 7 is the limit of v, in H% Then, by passing to the
limit in the estimate for (v, ¥e), we get

vlvllze + llva=ollze + 1117 < %H@zv = Plolz> + 1BL (v, 9)]72,
or equivalently,

ylvllze + lvs=ollie + 1l7: < %IIlelliz +IBY (v, 9)lz2,  (12.3.38)
which is another way of writing (12.3.35). This completes the proof of

Theorem 12.4. O

Now, when the coefficients (u) and the data f, g enjoy more regularity, we
can prove more regularity on the solution. This is the purpose of the following
result (analogous to Theorem 9.20 for standard BVP).

Theorem 12.5 We still make the assumptions of Theorem 12.1, and assume,
moreover, (as in Theorem 12.2) that u —u, (u —u)j.—o and (Oyx — 0,V x) are
in H™ for some integer m > (d+ 1)/2 4 1. Then the solution (0, x) of the BVP
(12.3.20) given by Theorem 12.4 is such that © belongs to H™(RI™1 x Rt x
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R; R?"), U)2—o belongs to H™(R%R?™), and (9;X, VyX) belongs to H™ (R RY),
and altogether they satisfy the estimate

913 1ty + N1l gty + 1031

1
< Cr(p) (7 ||f|@f;t(nw LxR+xR) T ”9”3@’(Rd)>

for v > vm(p) > 1, where p is an upper bound for the H™ norm of the coeffi-
cients; more precisely,

lu —allzm < g, flugz=0 = wompllam < pand  [[(Oex — 0, Vyx)lm < g

Proof As for Theorem 9.20 on standard BVP, it is in two steps: 1) the proof for
infinitely smooth coefficients and 2) the extension to H™ coefficients by passing
to the limit in regularized problems (to which the first step applies).

Step 1) Assume here that u belongs to Z2(R?~! x RT x R;R?") and (9;x —
o,V x) belongs to Z2(R%;RY).

We already know from Theorem 12.4 that v := e~7*0 belongs to L?(R?~! x
RT x R), v),—o belongs to L*(R?), and 1 := e~ X belongs to H'(R?). Our aim
is to prove enough regularity on (v,%) to be allowed to use Theorem 12.2 and
thus obtain HI' estimates on (¥, X) in terms of p. A first idea is to proceed
by induction and use the same method as in the proof of Theorem 9.10. So,
assume that v belongs to H*(R?~! x Rt x R), v|;— belongs to HF®(R?), and
1 belongs to H**1(R?) for 0 < k < m — 1. We want to show that v belongs to
HM (R x RT x R), v),—o belongs to H*™!(R?), and v belongs to H*"2(R%).
In fact, thanks to Proposition 2.3 applied with z instead of ¢, it is sufficient
to show that v belongs to L2(R*; H**1(R%)). We are going to use several
ingredients: the characterization of H**! functions given by Proposition 9.2;
the two-sided inequality provided by Proposition 9.3; the commutators estimates
given by Theorem 9.11; the energy estimate (12.3.38). We introduce a smoothing
operator R. in the (y,t) directions satisfying the requirements of Proposition
9.3 and define ¢. := R.(v) € L2 (RT; HT>®(R%)), . := R.(v)) € Ht>(R9). By
Proposition 2.3 again, . belongs at least to H*(R4~! x RT x R), and therefore
(by Remark 12.4) we can apply the energy estimate (12.3.38) to the pair (¢, 9. ).
This gives for 7 large enough (and in particular v > 1),

VleelZe@axrry + 1(0e)iza=0lZe ey + I1¥eli ey

1
S IL30e 22 ey + 1BA((9e)jwamo, Ye)llZ2ra) -

Now, Theorem 9.11 provides some bounds for the commutators [BY, R.] and
[PY, R], with (as usual) P} = 8, — (A?)~!L}. Since (A9)~! is uniformly
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bounded, this eventually gives

+oo +oo
v [ Mol doa + Toiaamolle + W0 S 2 [ ol dod
0 0
+oo +oo
b [l dea 2 [ ma(En(e) dag
0

0
+nk,9(33(v|zd:oﬂ/))) + ||’U|xd:0||i—1,9 + H‘/’Hi,a-

For ~ large enough the first term in the right-hand side can be absorbed in the
left-hand side. Therefore, applying Propostions 9.2 and 9.3, we get

+oo
gl /O [vll%o dza + [v,=ollEo + [¥lis10 S 5 IIL”vHLz(W HHL(RA))

+ 1B (vjza=0, ¥) I3t ®e) T ||U||L2 R+ HAH1(RA)) T 10]04= 0||Hk(Rd) + 1911741

By assumption (since k < m — 1), the right-hand side is finite, and of course is
independent of , Proposition 9.2 thus shows that v belongs to L?(R*; HkT1(R?))
(hence v belongs to H* ™1 (R?~! x RT x R) by Proposition 2.3), v|,,—¢ belongs to
H*1(R?), and 1 belongs to H*T2(R9). Therefore, the induction process shows
that v belongs to H™(R4~! x Rt x R), V|z,—0 belongs to H™(R), and 1) belongs
to H™*T1(R?). The regularity obtained in this way for (v,) is not sufficient yet
to apply Theorem 12.2 and get " estimates. However, we can construct f €
PR x RT x R) and g5 € Z(R?"" x R) such that fZ goes to f in A" (R4 x
R* x R) and g goes to g in A" (R?=! x R), and by the first step the solution
(v5,x5) of the BVP

Lyvy, = f; for 2>0, Bu(vy,x5) =g, at z=0

is smooth enough to satisfy the %ﬂ ™ estimate (12.3.30): by linearity, this is also

R i/), hence the convergence of (v5):>0 in
A" (R X RT X R), and of ((v5),)e>0 and (x5)eso0 in A" (RY™! x R); the
limit must be (9, x) since it is a solution of the same BVP, and by passing to the
limit in the estimate (12.3.30) applied to (v5, x5) we get the estimate for (v, X).

true for the differences (vS — v<

Step 2): It is a matter of smoothing coefficients and passing once more to the
limit. We omit the details, which are identical to those in the proof of Theorem
9.20 for the standard BVP. O

12.3.4  The IBVP with zero initial data
In this section we fix T' € R and we denote by It the half-line (—oo, 1.
Theorem 12.6 Under the hypotheses (CH), (NC), (N) and (UKL)

of Theorem 12.1, for all Lipschitz-continuous u+ : (y,z,t) € R~ x Rt x
It — ux(y,z,t) € R" and dx: (y,t) € R x Ip — (9ix(y,t), Vyx(y,t)) €
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R x RI=1 with

7

lue = wyllpe@erxri iy < p o and |ldx = (0,0 px@e1xrr) < P,

luslwre@arsxrexry < w  and [[dx|lwie@erxryy < w,
for all f € L>(R¥~! x R* x I;R?™) and all g € L>(R~! x Ip;R™) such that
Jit<o = 0, gjt<0 =0,

there ewists a unique pair (0,%) € L2(R9™1 x RY x Ip;R*™) x HY (R4~ x
I7; R™) such that

L(“adX)U:f7 B(u> dX+M(U,dX) 'i)|z:O =9, and i)|t<0 =0, X\t<0 = 0.

Furthermore, v,—g = 0 belongs to Lz(}Rd_1 x I7;R?™), and there exist vy > 1
and ¢ > 0 depending continuously on w such that for all v > o,

7”8_7%”2L2(Rd IxR+xIr) T ”e_wti’\zzOHQL?(Rd) + He_ﬁf(H%{%(Rd UxI7)

< C( e e as ey + e 922 @a1sryy ) -

(12.3.39)

The proof is analogous to the proof of Theorem 9.18 for the ‘standard’ IBVP
with zero initial data: it relies on Theorem 12.4 and on the following support
theorem.

Theorem 12.7 In the framework of Theorem 12.4, if both f and g vanish for
t <ty then so do ¥ and x.

(To prove this result, proceed as for Theorem 9.13, using the energy estimate
(12.3.35) shown by Theorem 12.4; also see [140], p. 63-64.)

A refined version of Theorem 12.6, with non-zero initial data but for
Friedrichs-symmetrizable systems, is proved by Métivier in [136], Section 3.

For smoother coefficients, we have the following.

Theorem 12.8 In the framework of Theorem 12.6, assume, moreover, that
u — u belongs to H™(R¥™1 x RT x I7;R*™), (u — u)|,—o belongs to H™ (R~ x
I7;R?™) and (Oyx — 0,V x) belongs to H™(RY™! x I7;RY) for some integer m >
(d+1)/241, with (u—u)per =0, (O:x — 0, VyX)jt<r = 0 for some 7 < T,
and

lu = ull g ra-1 xr+ ) < M Um0 = Ullgm@a1xry)y < B

”(atX -0, va)||Hm(Rd*1><IT) < He
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Also assume that f belongs to H™(R?! x I7;R?™) and g belongs H™(RI~! x
Ir; RY), with still

fit<o = 0, gjt<o = 0.

Then © belongs to H™(RY™! x RT x Ip; R?™), d,—¢ belongs to H™(RY! x
I7;R?™), x belongs H™ (R x I7:R?), and they satisfy an estimate

1 <12 . 2 - 2
T ”UHH’"(Rd*lxR‘FX[O,T]) + ||U|z:0HHm(Rd—1x[o,T]) + ||X|z:0HHm+1(Rd*1><[0,T])

2 2
< THf“Hm(Rd*lxR*x[O,T]) + ||9||Hm(Rd—1x[o,T])

for C > 0 depending only on and continously on p.

The proof relies on Theorem 12.5 for the BVP: it is completely analogous to
the proof of Theorem 9.21 (in which the counterpart of Theorem 12.5 is Theorem
9.20) and is therefore omitted.

12.4 Resolution of non-linear IBVP
12.4.1  Planar reference shocks

The local-in-time existence (and uniqueness) of perturbed shocks front solutions
near uniformly stable planar Lax shocks was first shown by Majda [124]. We will
give below a revisited, improved version of Majda’s theorem, which is due to
Métivier and coworkers, as can be found (partially) in [140] (Section 4) and in
Métivier’s lecture notes [136].

Before giving a precise statement, we simplify a little the problem by assuming
the normal speed of the reference, planar shock is o =0 (this just amounts
to making the change of frame x4 — x4 — ot); in other words, we assume the
reference shock location is given by x4 = x(y,t) = 0. Then we use Remark 12.1
on the way of fixing the unknown boundary (which is supposedly close to the
hyperplane {z; = 0}). Hence, instead of (12.1.3) and (12.1.4), we are led to
consider the (slightly more complicated) BVP

d—1
Z Aj(ui)ajui + Ad(ui,d\l’i) d,uy =0, for z > 0, (12.4.40)
7=0

¥
D

(flugp) = fIu))opx = (ffus) = fUuo)) at 2 =0, (12.4.41)

<.
I
o

U (y,2,t) = tkz + p(2) x(y,t), forz>0, (12.4.42)

where ¢ € Z(R) is a cut-off function (equal to one on some interval [0, zo]), and

L A 6obrsn . fa).

Ad(U,fO,gl, e 7§d—1a§d) = é‘d
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Clearly, a solution of (12.4.40)—(12.4.42) with

Il < o= g

Xllz~ < n =

2ll" ||

gives a solution of the original FBP, as formulated in Section 12.1.

To actually solve (12.4.40)—(12.4.42) with given initial data ug = (u®,u%)
and xp, we shall (unsurprisingly) need compatibility conditions, which (unsur-
prisingly) are uglier than for standard IBVP. The principle of their derivation is,
nevertheless, very simple, as we now explain.

On the one hand, thanks to Lemma 12.2, the jump conditions in (12.4.40)
can be rewritten equivalently as

Ox = q(u) q(u)

Vyx=r(u)  with | () | = Flu) = Qu_,us) (f(uy) — f(u-)),

0 =s(u) s(u)
where Q € € (#; GL,(R)), # being a neighbourhood of (u_,u, ). If both x
and u are smooth enough, the first equality (0;x = q(u|.—o)) implies by Fad di
Bruno’s formula,

p
35“)( = Z Z Cit,ooyim (qu © u\z:O) : (azlua ceey 8tzmu)lz:0~

m=1 i1+ +im=p

On the other hand, the interior equations in (12.4.40) can be rewritten in a
more compact way

8tu+ZAJ )Oju + Ag(u,d®) d,u = 0,

with our usual blockwise definitions of A7 for j < d — 1, and a revisited definition
for Ay (which would coincide with the former definition in the special case k = 1
and ¢ = 1), namely

_ (Ag(u_,d¥_) 0
Ad(u, d¥) = ( 0 Ad(u+,d\II+)>
Since A°(u) is invertible, the interior equations are thus equivalent to
d—1 _
Ou = — Z (A°(u)) ™t AT (u) ju — (A%(u)) ! Ag(u,dV) d,u,
§=0

which we may differentiate p times if v and ¥ (or equivalently x) are smooth
enough. This yields

P

oty = Z()Zaf (1, d0)) 9, 07,
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where (to save room and hopefully the reader’s nerves) we have used unified
notations, namely 8y = 0, 94 = 9., B;(u,d¥) = (A%(u)) "' AJ(u) for j <d—1
and By (u,d¥) = (A%(u))~! Ag(u,d¥).

Applying again Fad di Bruno’s formula to the derivatives 9f (B;(u,dV)), w
are led to the following formulation of compatibility conditions up to order s.

(CCy) A pair of initial data (ug, xo) is said to be compatible up to order s if
the functions (up, xp) defined inductively by

d
X1 =qo(u)m0, w1 =— > Bj(u,d¥)d;u,
i=0

Xp+1 = ji: > Chty, (d7q0 (u0)12=0) - (s, - g, ) =0 5

m=141+-+£,,=p

j (UO, d\I’()) 8jup

=
=
|
|

<
Il
—

14
Z Z Cey,....0 d*B/ (uO) : (uél Yo 7u€k) aj Up—1,

=1 =L

M@
HM&

(12.4.43)
with the (obvious) notations
we = (ug, d¥y), Uy = (U, 0)), UF(y,2,t) = £rz + ¢(2) xe(y, 1),
are such that, for all p € {0,...,s},

P
Vyxp = Z Z Ctppet (A™7 0 (U0)j2=0) + (e, - U, ) |2=0 5

m=1£41+-+Lym=p

P
0= Z Z Ctpet (A™50 (U0)j2=0) * (Ut - U, ) |2=0 -

m=1£;+-+Lm=p
(12.4.44)

Theorem 12.9 Under the assumptions of Theorem 12.1 with o = 0, there exists
p >0 so that for allug = (u®,uY) € u+ H™/2(RIT x RT;R?") and all xo €
H™HY2(REY) with m an integer greater than (d+1)/2 + 1, compatible up to
order m — 1, and such that

lul — Uy l[pemaixrsy < poand  [[Vyxolpeme 1y < ps
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there exists T >0 and a solution (u,x) = (u—,uy,x) of (12.4.40)—(12.4.42)
such that

ur = ul and x = xo att =0,

withw € u+ H™ (R x R x [0, T); R?") taking values in % := U_ x U, , with
k = 4|¢ |lz~ lIxollz=, and x € H™(R?~! x [0,T]) taking values in the ball of
radius n = 2||xo]| -

Proof It is very similar to the proof of Theorem 11.1 on the ‘standard’ IBVP. It
starts with the construction of an ‘approximate solution’, and uses an iterative
scheme to solve the IBVP with zero initial data (obtained by subtracting the
approximate solution): thanks to our knowledge of linear IBVP with zero initial
data (here Theorem 12.8), the iterative scheme can be shown to converge on
small enough time intervals.

On the one hand, the interior equations in (12.4.40) merely read

d—1
L(u,dW)u = 0, with L(ud¥) := A%(u) 0 + Y AJ(u)0; + Ag(u,d¥) 9.,
j=1

the matrices A7 and A4 being defined as above. This induces us to consider the
iterative scheme

L(u® +o%, d¥® 4 doF )P = —L(u® + 0%, dv* + ddF)u?, (12.4.45)

where (u®, U*) is an ‘approximate solution’ (to be specified in Lemma 12.4 below)
of the IBVP associated with (12.4.40)—(12.4.42) and the initial data (uo, X0),
On the other hand, the boundary conditions (12.4.40) can be written as

JVx + F(uj;—) = 0, (12.4.46)

with J the constant n x d matrix consisting of the identity I; € M, x,(R) and
a zero block underneath, and F' defined as above (thanks to Lemma 12.2) by
F(u) = Qu_,uy) (f(uy) — fi(u_)) for u € #, a contractible open subset
of % . (In the following we shall assume, up to reducing it, that # is convex,
for example, a ball centered at u.) By linearity of (12.4.46) in x, we are led to
consider the induction formula

TV dF((u® 4 0%) .0)vfi (12.4.47)
= —J VX" + dF((u" 4+ v")=0)vficg — F((u" +0")1220),

with x* = <I>f“Z:O7 X* = @“IZ:O.

Remark 12.5 As pointed out by Métivier [136], it is possible to make a change
of unknowns u — % so that the boundary conditions (12.4.46) become linear
also in u. Indeed, on the manifold

M= {(u_,uyg, ) e W xR?; I€ll < pand JE + F(u—,uy) =0}



372 Persistence of multidimensional shocks

the mapping (u_,u4,&) — (- = Flu_,uy),uy = u+,§:: §) is (for p small
enough) a local diffeomorphism (whose differential at (u_, u4,&) is the mapping
(t_, iy, €) — (—Q(u—,uy) Ag(u—,§) S, iy, €)). So, up to reducing # and p,
we may assume it is a diffeomorphism on .#. Then (12.4.46) is equivalent for

(u—,uq) €W and ||Vx| < p to
JVx + IIu = 0,

with % := (u_,u, ) and IT merely the projection operator I : (u_,u, ) € R*™ —
u_ € R™. This way of rewriting the boundary conditions (12.4.46) would simplify
the iterative scheme (12.4.47) into

IV 4 TP = — T Vx® - T, .

|z

However, we refrain from using this simplification because it is too specific to
Lax shocks.

Before studying the iterative scheme (12.4.45) and (12.4.47) we must specify
the approximate solution (u®, ¥?).

Lemma 12.4 Under the assumptions of Theorem 12.9, choose pg > 0 so that
|lw — wl|gen < po  implies weW CU.

There exists Ty > 0 and u® € u+ H™TH (R x Rt x R), taking values in %,
X® € H™H(RY) with both u® —u and x* vanishing for |t| > 2Ty, such that

(ua)\t:O = Uo, (Xa)\tzo = X0

(9, 2:8) = woly.2) < 20 Ix".8) = oWl < 3
forall (y,z,t) € R x RY x [Ty, To| and additionally, fo := — L(u®,d¥)u?,
with
U = (U2, 0%), Wi(y,2,t) = £hz + o(2) X" (y,1), (12.4.48)
and go == —JVx* — F(ufzzo) are such that

Ffo=0, Fg=0 at t=0 foral pe{0,...,m—1}.

Furthermore, fo belongs to H™(R?™! x Rt x R), go belongs to H™(R?), and
both vanish for |t| > 2T} ).

Proof Similarly as in Lemma 11.1 we can construct u; € H™F1/27{(RI~1 x
R+ x R) and y; € H™+1/274(RY) satisfying (12.4.43) for all i € {1,...,m — 1}.
Then, by trace lifting (see, for instance, [1], pp. 216-217), we find u® € u +
H™(RI7L x RT x R) and x* € H™1(R?) such that

[[u® — Q”HM'*'l(Rd*lx]R*— XR) S lluo — Q”Hm‘*'l/z(Rd*lxR*') )

HXa||Hm+1(Rd) S ”XOHHW+1/2(Rd*1)v



Resolution of non-linear IBVP 373

and
3f(u“)‘t:0 = u;, Bz(xa)‘tzo =x; forall i€{0,...,m—1}.
By Sobolev embeddings we find Ty > 0 so that

Ju(a,t) — wo(@)| < B and x"(5.0) = xoW)l| <

n
2

for |t| < Tp. Furthermore, if ¢p € Z(R) is a cut-off function such that ¢o(t) = 1
for |t] < Ty and po(t) = 0 for || < 2Ty, we may replace u® by (1 — ¢o)u + pou®,
which takes values in the convex set #. Similarly, we may replace x* by wox¢,
and define ¥ by (12.4.48). That fy := — L(u®,d¥%)u® belongs to H™(R4~1 x
R*T x R) follows from Proposition C.11 and Theorem C.12: observe that fo =
—L(u® d¥%)(u® — u) and use that u® — u and d¥® both belong to H™ (R4~ x
RT x R). Similarly, we find that gy := —J Vx* — F(uf,_,) belongs to H™(R?)
because Vx® and Ul,_g — U do so and F'(u) = 0. Finally, the time derivatives
of f* and ¢® vanish at ¢t =0 up to order m — 1 thanks to the compatibility
conditions in (12.4.43) and (12.4.44) with s <m — 1. O

We can now analyse the iterative scheme (12.4.45) and (12.4.47) with the
pair (u®, U?) given by Lemma 12.4. We introduce the following shorcuts:

Vi= (’U, (b) 5 fv = — (]—t>()) L(Ua —+ ’U,d‘lja + d(I))u“,
and g, = (1i>0) (—J Vx* + dF((u® +v)j.=0) - Vjz=0 — F((u® +v)|.=0) )-

Lemma 12.5 Under the assumptions of Lemma 12.4, there exists M >0
(depending on po and n) so that for all T € (0,Tp], denoting by It the half-line
(=00, T), for all v € H™(RY™! x RT x Ir) having a trace vj,—g € H™ (R~ x
I7) and for all ® € H™ (R~ x I7) with

V)t<0 = Oa (I)\t<0 = 07

and |[vllgm@arsxrtx10) SM, |[V=ollgm@arxiy SM, || @ g ma1x )
< M, we have f, € H"(R! x Rt x I7) and g, € H™(R*! x I7) and there
exist continuous functions M — Cy(M), M — Co(M) and T — &(T), the latter
going to zero as T goes to zero, so that

va”HT"'(Rd*lx]R‘*'xIT) < Ci(M) and HQUHH’"(R”*lxlT) < T Co(M) + e(T).

We omit the proof, which is mostly similar to that of Lemma 11.3 (also,
see [140] pp. 94-96). O

From now on, we fix M as in Lemma 12.5 and we show how to complete
the proof of Theorem 12.9. Setting v = 0 and ®° = 0, thanks to (12.4.45)
and (12.4.47), Lemma 12.5 and Theorem 12.8, we can construct by induction a
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sequence (v*, ®*) such that, up to diminishing T,
vh e H™(R4™! x RT x I7), Uf;:o € H™(R¥! x Ir), ®Fe H™ (R~ x I)

Wlth ||vk||Hm(Rd’1><]R+><IT) S M; ||’U|k,:z:0||Hm(Rd’1><IT) S 1\47
1@l rmt1(ra-1x1r) < M, and vf, o =0, @}, =0.

(12.4.49)

Then, thanks to Theorem 12.6, we can show (v¥), (vlkzzo) and (®F) are, for
T small enough, Cauchy sequences in L2(R?~! x Rt x Ir), L2(R?~! x Ir) and
H'(R4=1 x I7), respectively. By standard weak compactness and interpolation
arguments, we conclude that their limits are in the appropriate Sobolev spaces
and solve the original problem. For more details, the reader may refer to Section
11.2.2, which is mostly similar. O

For Friedrichs-symmetrizable systems, Métivier has improved Theorem 12.9
as follows.

Theorem 12.10 In the framework of Theorem 12.9, assume, moreover, that the
operator A°(w) 8, + 2?21 Al (w) ; is Friedrichs symmetrizable for w in neigh-
bourhoods of u . . Then there is a unique solution in CHY x H™TH(R? x [0,T1),
with
CHY = {ve 2'(RI77I xRT x [0,T]); 0Pv e €([0,T]; H" PRI x RT))
p<m},
even for data ug € H™(RI~! x R*;R??), o € H™(RIL).

The proof is based on refined energy estimates, see [136] (Section 4).

12.4.2  Compact shock fronts

To stay as close as possible to earlier notations, we consider now a compact
codimension one surface ¥ in R%, and denote by n the outward unit normal
vector to Xg. We also consider initial data ug being smooth (in a sense to be
specified) outside ¥ and experiencing a jump discontinuity across Yo compatible
(at least at zeroth order) with the Rankine-Hugoniot condition. This means that
for all y € Xy there exists o(y) € R such that

Mg

1 (y) [F (o)l (y) = o (y) [F*(uo)]()-

j=1

Here above,

[f7 (w)(y) = 1%(fj(uO(y+sn(y))) — f(uly —en(y)))).

g
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Our main purpose is to study the persistence of the front of discontinuity
under (short) time evolution, as in Majda’s second memoir [124]. In other words,
we want to find a solution to (FBP) with uj;—q = ug and X;—y = ¥o. This will
indeed be possible under some further (higher-order) compatibility conditions
and the uniform stability of initial discontinuities. The meaning of the latter
should be clear to the reader from the previous sections. However, the statement
of higher-order compatibility conditions requires some more work, and is (as
usual) quite technical.

Fizing the boundary

A preliminary step is (as in Section 12.1.2 ) to make a change of variables to
fix the unknown front. More precisely, as in Remark 12.1, we can make (locally
in time) a change of variables that does not influence the far-field equations
and sends all front locations 3(t) to the fixed (initial) surface Xg. This can be
done explicitly by considering tubular neighbourhoods of ¥y, 2y C 21 C 23
say, such that for all x € 25 there exists a unique (y,6) € ¥y x R such that
x =y + 0n(y), and a cut-off function ¢ that is equal to one on 2, and zero
outside 2. Since X(t) is expected to remain in 25 for ¢ small enough, it may
be described as

X(t) ={zr =y + xy,t)n(y); y € Xo },

for some unknown function (‘the front location’) x. Now for T" small enough, we
can define the mapping

¢ : RYx (-T,T) — R x (=T,T)
(@,t) = (7 =z — pla)x(Y(x),t)n(Y(2), t := 1),
where for x € 23, Y(z) € ¥y is uniquely determined by the requirement that
x — Y (x) be parallel to n(Y (z)), and Y () is extended arbitrarily for  outside
Z5: since p is identically zero near the boundary of 25, ® inherits in the whole
space the regularity of Y in Z5. By construction ® maps every subset of the
form 3(t) x {t} onto ¥ x {t}, up to diminishing 7" so that X(¢) lies in fact in
2o for all t € (=T, T). Furthermore, ® is a global diffeomorphism provided that

sup{ [x(y, ) + dyx(y, D)5 y € X0, t € (=T, T)}

is small enough, which is indeed what we expect for 7" small enough.

Modified bulk equations

The inverse mapping ®~ is of the form (Z,t) +— (z = ¥(Z,t),t = t). (We shall
give more details on v later.)
Therefore, it is a calculus exercise to check that the quasilinear system

d
AC(u) u + Y A (u) dyu = 0
j=1
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is satisfied by u(zx,t) = U(Z,t) outside X(t) if and only if, outside ¥,

d
A@) o + Y A (E,10)0; 1 = 0,
j=1 J

with

~ d

@ tu) = A@) - > cr(@ ) A@) — 0@, 1) A (),
where, for j,k € {1,...,d},

¢ (@,8) = O, (p(2)x(Y (), )0 (Y (2)), 1)

¢jo(@,1) = (p(a) Ox(Y (), )i (Y () p— G 7)-

What is hidden in these formulae is that v, as ® and thus also ®~! depends on
the unknown front x. In fact, we can make this dependence more explicit.
Assume indeed that the tubular neighbourhoods %7, i = 0, 1,2 are given by

Zi={xz=y+0n(y); yeo, b€ (—cic)}
for 0 < eg < €1 < €3 = gg + €1, and that
sup{ [x(y,t)|; y € Xo, t € (-T.,T)} < eo.
With the mapping Y introduced above, and © defined on 25 by
Ox) = (z — Y(x)) - n(Y(2)),

(in such a way that x = Y (z) + ©(z)n(Y(x))), we may define the cut-off p by
p(x) = ¢(©(x)), where p is a € cut-off function R — [0, 1] being equal to one
on (—eg,&0) and equal to zero outside (—e1,e1). For x outside 27, T = x, and
for x € 21, T belongs to 23 and by construction Y (z) = Y (z). Therefore, to
find a representation for the mapping 1), it just remains to look at ©(x) in terms
of Z. By definition, for z € 27,

T =Y(x) + (0(x) — ¢(O(x)) x(Y(x),t) ) n(Y(z)),
hence (using the fact that t = t and Y(z) = Y (Z))

0(z) = O(z) — (6(2)) x(Y(2),1)).

Now, if 9 < 1 and |z| < &g, the function § — 6 — ¢(f) z is an increasing dif-
feomorphism from R to R. Therefore, by the implicit function theorem and
a connectedness argument, there exists a ¥ mapping g : R x (—g,g9) — R
such that, for all (5, 0,z) € R xR x (—eg,&p),

0 —pd)z=0 < 0=g2).
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Consequently, for z € 27,
and therefore

Denoting
%:Rdx(iT,T)—»R B _
@t) = X@ 1) = xY(@)1),
the discussion above shows that the coefficients c; ;. are in fact of the form
¢k = Gu(T, 6 X(E,1),dX(Z, 1))
for some (complicated) non-linear mappings
Cik : RTx (=T,T) x R x (R“) - R

independent of the unknown front x. So finally, if we assume additionally (as
usual) that A°(%) is everywhere non-singular, the bulk equations in the new
variables read,

d
Odt + Y A(F, 1,1, X, dY) o;u=0, (3t)e®RN\S)x(-T,T),

t
j=1
(12.4.50)
with

d
Aj(@,8,0,%,dY) = A°(w) ! (Aj(ﬂ) - Zgj,k(iﬁ)?(ff%di(ff))Ak@)) :
k=0

Before dropping the tildas definitively, we have to write also the jump
conditions in the new variables.

Jump equations

For simplicity, let us rewrite the Rankine-Hugoniot condition (12.1.2) as

No [f°(w)] + NT[f(u)] = 0,

where N1 stands for the row vector of components (N, ..., Ny) and f(u) stands
for the d x n matrix whose column vectors are f!(u),..., f¢(u). By assumption,
this condition is satisfied by u = ug at any point y € X, with Ny = —o(y) and

N = n(y). The N; are of course to be modified when the discontinuity surface
moves along

Y(t) ={z =y + x(w,t)n(y); y €Xo }.
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To be more precise, let us denote by W the Weingarten map on ¥, characterized
by

- %wy(s))).szo

for s — y(s) any curve on Xy such that y(0) = yo and y'(0) = h, and by
Vyx(y,t) the tangential gradient (along Xy) of the mapping y — x(y,t): by
definition, for all y € £y, V,x(y,t) is in the tangent space T),Xo, viewed as a
subspace of R?, such that the linear form dyx(y,t) on Tyxo is given by

dyx(y,t) - h = (Vyx(y,t), h)

for all h € T, xo, where (, ) stands for the standard inner product in R? (which
gives the first fundamental form on Tyxo). Then it is a standard differential
geometry exercise to show (using the symmetry of the Weingarten map with
respect to the first fundamental form) that the normal vector to ¥ = U;X(t) x ¢
at point (y + x(y,t) n(y),t) is parallel to

<n(y) — (1 + x(y,t) W(y))lvyx(y,t))
—0x(y,1) '

Therefore, the Rankine-Hugoniot condition (12.1.2) equivalently reads
_ T
—0x(y, ) LI (w)](y, 1) + (n(y) — (L+x(y, ) W ()~ Vyx(y, 1) [f(w)](y,1) =0

for all (y,t) € ¥ x (=T, T). Noting that by construction, X(Z,t) = x(Z,t) for
T € Yo, we can rewrite this jump condition in the new co-ordinates as

Wi(yo) - h

~ e~ S e T g e ~
(n(@) — (1 + X@, ) W(@))" ' Vyx(@,t)) [f@)@a,t)
(12.4.51)
= ox(@,t) [fP@]@,t),  (@t) €Ty x (-T.,T).
Our original problem is clearly equivalent to finding (w, X) solving (12.4.50)—
(12.4.51) with the initial data @(z,0) = uo(Z), X(Z,0) = 0.
From now on, we drop all tildas.

Higher-order compatibility conditions

Our next task is to find higher-order compatibility conditions between the initial
maps ug and o. We recall that ‘zeroth-order’ compatibility conditions are

—o (f2ug) = fOug)) + n@)" (fluf) = fug)) =0 on .
(12.4.52)

As usual, higher-order compatibility conditions will be obtained by differentiating
successively the bulk equations (12.4.50) and the jump conditions (12.4.51),
and by equating the results on ¥ x {0}. For convenience we rewrite all these
equations without the tilda, omitting a number of obvious independent variables
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but introducing the distinction between u~ the restriction of u to the inside D~
of ¥y and u™ the restriction of u to the outside DT of Xg:

d
u® + ZAj(x,tvui,X,dx)axjui =0, ze Div
J=1 (12.4.53)

(n— 1+ xW) V) [f(w)] = (@) [f°(w)] on o

We shall not write down explicitly all compatibility conditions, which are
quite terrible (see [124], pp. 24-25 for some details). We concentrate on the first-
order ones. Assume that (u®, x) is a solution of (12 4.53) with u* of class € on
D* x [0,T) and x of class C? on R? x [0, T), with ult 0= u? and 9y x|z, x {0} =
satisfying the zeroth-order compatibility condition in (12.4.52). In addition, we
assume that for all y € X, the discontinuity between ug (y) and ug (y) is a 1D-
stable Lax shock (of speed o(y)) in the direction n(y). We are going to exhibit
(n —1) independent equations on ui := Owu and x1 = Oyx|s—o valid on
ZO X {0}

On the one hand, in view of the definition of A;, the first equation in (12.4.53)
imposes that

[t=0

Z(AO uE ()L A (uE (2) — o) nj(:c)) 0y ut(z)  (12.4.54)

j=1

for x € ¥y. On the other hand, differentiating once with respect to ¢ the second
equation in (12.4.53) and evaluating at t = 0, we get

— (O3 x(,0)) (fO(ug (2)) — fO(uf (@)))

(Alug (2),n(2)) — o(2)A°(ud () ) Ot (x,0)

— (Alug (2),n(2)) = o(2)A°(ug () ) dpu (x,0)
= (Vyxa(@,0)" (f(uf (2)) = f(ug (@)

(12.4.55)

for x € ¥y, where we have used our usual notation A(u,n) = 25:1 n; A’ (u).

Now, the 1D-stability of the Lax shock (ug (), ug (z),0(z)) can be used in the
following way: introducing PT(z) the eigenprojector onto the unstable subspace
E*(x) of A(ug (z),n(z)) — o(z)A°(ug (z)) and P~(x) the eigenprojector onto



380 Persistence of multidimensional shocks

the stable subspace E~(z) of A(ug (z),n(z)) — o(z)A°(ug (x)), the mapping

L(z) : Rx ET(z) x E~(z) —» R"
(B.otw7) = =B (fOug (@) = fO(ug (2)))

+ (Alug (@), n(x)) — o(2)A%(ug (2)) ) v*

= (A(ug (), n(2)) — o(2)A%ug (2)) ) v~

is an isomorphism. Therefore, if we denote by B(z), V™ (z), V™ (x) the compo-
nents of the inverse mapping L(z)~!, (12.4.55) equivalently reads

x(x,0) = B(z)(q(x)),
PT(z)(uf (x)) = VT (2)(q(x)), (12.4.56)

P(x)(uy (x)) = V™ (2)(q()),

where
g(x) = (Vyxa(2,0)" (f(ug (z)) — flug (@)
— (A(ug (x),n(z)) — o(x)A%(ug (x))) (I = P*(2))(u] (2))

+ (Alug (), n(2)) = o(2)A%ug (2))) (I = P (2))(uy (2)).

The first equation in (12.4.56) is a ‘bonus’ here (it would serve to define xo if
we were to derive second-order compatibility conditions). The others make the
announced n —p+ p — 1 = n — 1 first-order compatibility conditions.

More generally, the compatibility conditions to order s (as in (CCy)) consist
of

* the definition (by induction) of a sequence (u, xp), p € {1,--- , s}, depend-

ing only on u(“):, o and their derivatives,

e for each p € {1, -, s}, (n — 1) equations on u% and VX, in terms of uzi
and Xe, le {17 o 7p}7 on Y.

Main persistence result

The following is a slight adaptation of Majda’s theorem ([124], p. 8), where the
‘block-structure condition’ has been replaced by the more explicit constant hyper-
bolicity assumption: indeed, as shown by Métivier [134], constant hyperbolicity
and Friedrichs symmetrizability together imply the block structure condition of
Majda. The Sobolev index m is supposed to be a large enough integer: Majda
assumed it to be at least equal to 2[d/2] + 7; the work of Métivier suggests that
m > (d+1)/2 + 1 is sufficient. Finally, the initial data is assumed for simplicity
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to vanish at infinity, but any data asymptotically constant at infinity would also
work (as stated by Majda in [124]).

Theorem 12.11 (Majda) Structural assumptions are the following.

(CH) There exist open subsets of R", say %- and %4 >0 such that for all
w € Uy the matriv A°(w) is non-singular, and the operator A°(w)d; +
2?21 A’ (w) 9; is constantly hyperbolic in the t-direction;

(S) The operator A°(w) 9, + Z?:1 AJ(w) 9; is Friedrichs symmetrizable in %y .

We assume that ¥q is € compact manifold in R™ and denote by D~ its inside
and D% its outside. We consider ugt € H™TY(D%), taking values in %+, and
o € H™H(Xy) satisfying

e all compatibility conditions up to order m — 1, including (12.4.52),

* for all v € Xo, the planar discontinuity between ug (x) and u%.(z), of speed
o(x) in the direction n(x), is a uniformly stable Lax shock in the sense of
the Kreiss—Lopatinskii condition.

Then there exists T > 0, C > 0, and a solution (u™,u™,x) of (12.4.53) such that
ur = ul and x =0, OiX|zy = 0 att =0,
and vt € H™(D* x [0,T)), x € H™TY(R? x [0,T7]).

The proof is most technical, but the ideas are basically the same as for
Theorem 12.9:

e derivation of an ‘approximate’ solution;

® convergence of an iterative scheme, thanks to the analysis of linear IBVP
with zero initial data.

Here, the linear IBVP (as we can guess from the form of (12.4.50)) involve
coefficients depending on (z,t) in a > manner as well as on (u”*(z,t), x*(z, 1)),
(an element of the iterative scheme) of limited regularity. For simplicity in this
book, we have not dealt with IBVP (nor even Cauchy problems) with coefficients
of the form A(z,t,v(z,t)) say, but only either of the form A(z,t) or of the
form A(v(z,t)). However, coefficients of the form A(z,t,v(x,t)) do not conceal
any additional, fundamental difficulty. Another difference between Theorem 12.9
and Theorem 12.11 is that in the latter we have to deal with IBVP in a (fixed)
compact domain instead of a half-space: as seen in Chapter 9 for standard IBVP,
this is mainly a matter of co-ordinate charts.

Anyway, we shall not produce the complete proof of Theorem 12.11 here.
The reader may refer to [124] (which relies on [125] for the analysis of linearized
problems). In [124] (p. 26-28), Majda also shows, interestingly, how to construct
a large class of compatible initial data. This relies on an important observation
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on the structure of compatibility conditions: as we can see in (12.4.54),

d +
; 0
(uli)mo = — Z(Ao(ug)_l Al (uF,n) — J) % + tangential derivatives,
n
j=1
and a similar (though more intricate) fact is true for all the u;,t, p > 2 (which we
did not define here, see [124], p. 24).

Remark 12.6 A similar observation on the structure of (CCy) is used by
Métivier in [136] (Proposition 4.2.4) to prove that the existence result in Theorem
12.9 is valid with slightly less regular initial data, namely with ug —u € H™
instead of H™+1/2,
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13

THE EULER EQUATIONS FOR REAL FLUIDS

The mathematical theory of gas dynamics is often ‘limited’ to polytropic ideal
gases (see, for instance, [50,55,117], etc). Here, we are interested in more general
compressible fluids, which can be gases (e.g. non-polytropic ideal gases) but also
liquids or even liquid—vapour mixtures (e.g. van der Waals fluids). We call them
real because of their possible complex thermodynamical behaviour. (This was
initially motivated by the PhD thesis of Jaouen [90].) Still, we are aware that they
are not that real, as long as dissipation due to viscosity and/or heat conduction is
neglected: except for the discussion on the admissibility of shock waves (in Section
13.4), our subsequent analysis does not take into account dissipation phenomena,
to stay within the theory of hyperbolic PDEs. Our aim is to investigate, for
inviscid and non-heat-conducting fluids, the Initial Boundary Value Problem and
the stability of shock waves, by means of the methods described in the previous
parts of the book.

The present chapter is devoted to generalities on the thermodynamics and
the equations of motion for real compressible fluids (in the zero viscosity/heat
conduction limit), and to basic results regarding smooth solutions and (planar)
shock waves. Some material is most classical and some is inspired from an
important but not so well-known paper by Menikoff and Plohr [130]. Boundary
conditions and stability of shocks will be addressed in separate chapters (Chapter
14 and Chapter 15, respectively).

13.1 Thermodynamics

We consider a fluid whose specific internal energy e is everywhere uniquely (and
smoothly) determined by its specific volume v and its specific entropy s. This
amounts to assuming the fluid is endowed with what we call (after Menikoff and
Plohr [130]) a complete equation of state e = e(v, s).

The fundamental thermodynamics relation is

de = —pdv + T'ds, (13.1.1)

where p is the pressure and 7' the temperature. To avoid confusion when per-
forming changes of thermodynamic variables we adopt a physicists’ convention:
throughout the chapter, we shall specify after a vertical bar the variable main-
tained constant in partial derivatives with respect to thermodynamic variables.
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Using this convention, we may rewrite (13.1.1) as

Oe Ode

= - — = — . 13.1.2
p a0, 75|, ( )
We shall use four thermodynamic non-dimensional quantities.
e The first one is the adiabatic exponent, defined by
v Op
= ——= = . 13.1.3
gl ) ( )

We have adopted here the same convention as in [130]. Except in the case
of polytropic gases, this coefficient ~ differs from the widely used ratio of
heat capacities.

¢ Another important one is called the Griineisen coefficient, defined by

r.._vor

13.1.4
T Ov (13.14)

S

e By (13.1.2), v and T" are related to the Hessian of e through the equalities

D 0%e T 0%e
- = — — = - . 13.1.5
T o2’ v 0s0v ( )
The last relevant quantity regarding D2e is
pv OT pv 0%
0 == —| == —. 13.1.6
T2 0s|, T2 0s? ( )
It is related to the heat capacity at constant volume
T de
e 13.1.7
¢ d%e oT|, ( )
ds% |,
through the simple formula
pv
L0 = . 13.1.8
cd = 2 (13.18)
e Finally, a ‘higher-order’ coefficient will be of interest. Following [130], we
denote
e
1 o
= — = = 13.1.9
g 2" 0%e ( )
ov? |,

Standard thermodynamics requires that v be positive and e be a convex
function of (v, s), which amounts to asking v§ — I'> > 0. The positivity of ~
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means that p is increasing with the density p := 1/v, thus allowing the definition

of sound speed ¢ by
Ip p
ci= /= =4/7=. 13.1.10
Vol = (13.1.10)

Using ¢ and p, we may rewrite G as

(13.1.11)

We shall see that the sign of G plays a crucial role in both the non-linearity of
the acoustic fields and in the admissibility of shock waves.

The following definition refers to independent works of Bethe [16] and Weyl
[218] in the 1940s (also see [69]).

Definition 13.1 We call a Bethe—Weyl fluid any fluid endowed with a complete
equation of state, with e bounded by below, such that the pressure and temperature
defined in (13.1.2) are positive, and the associated coefficients v, T', § and G
(defined in (13.1.3), (13.1.4), (13.1.6) and (13.1.9), respectively) satisfy

¥y>0, v6>T?, T'>0, G>0 (13.1.12)
and
lim p(p,s) = . (13.1.13)
P—Pmax

As mentioned above, the first two requirements in (13.1.12) come from standard
thermodynamics. The condition I" > 0 is not imposed by thermodynamics, but
it often holds true (even though there are simple counterexamples, like water
near 0°C, as pointed out by Bethe). It ensures in particular that the isentropes
do not cross each other in the (v, p)-plane. And the condition G > 0 means that
these isentropes are strictly convex. If this is not the case, the fluid may exhibit
weird features, as was pointed out by Thompson and Lambrakis [209] (we warn
the reader that G is denoted I" in that paper). Note that when I" > 0, i.e. when
p is increasing with entropy at constant volume, the fact that ¢ is positive is
equivalent to

oT

—_— . 13.1.14
3pv>0 (13 )

This condition is at least consistent with everyday experience (with air, water,
ete.).
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Refined conditions were later introduced by Smith [197], in connection with
the resolution of the Riemann problem'. We retain here the weakest of Smith’
conditions.

Definition 13.2 We call a Smith fluid a Bethe—Weyl fluid satisfying the addi-
tional condition

I < 2~. (13.1.15)

Example

Ideal gas The ideal gas law is known to be
pv = RT, (13.1.16)

where R is a constant. (If v stands for the molar volume instead of the specific
volume, R is universal and equals approximately 8.3144 J-K~! ~m01_1.) We
readily see that (13.1.14) is satisfied for v > 0. Then it is easy to check that
(13.1.16) is compatible with the fundamental relation (13.1.1), or equivalently
(13.1.2), provided that

e = e (v exp(s)),
where € is any (smooth) function that is bounded by below on (0, +00). With a
complete equation of state of this form, an easy calculation shows that
vy=IT+1 and § =T.

Therefore, the first three inequalities in (13.1.12) are altogether equivalent to
v > 1. Note that in view of (13.1.8) we have

R

=6 =—.

Co
Thus (13.1.15) is trivially satisfied. Regarding G, there is no simple expression
for general functions €. The next example concerns power functions ¢, for which

quite a nice expression of G is available.

Polytropic gas Polytropic gases are merely ideal gases for which ¢, is constant
and ¢ is the power function

e(u) = ul/e.
In this case, I, v and ¢ are all constant and we have
e=¢T and p=(y—1)pe.

The latter equality is the most famous example of an incomplete equation of state,
giving p in terms of p and e. Incomplete equations of state, or simply pressure

IThe Riemann problem for a one-dimensional hyperbolic system of conservation laws is a special
Cauchy problem, in which the initial data are step functions. Its resolution is crucial both for
theoretical and numerical purposes.
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laws, are sufficient for the closure of the Euler equations (which by definition
encode the conservation of mass, momentum and total energy, see Section 13.2
below). The present pressure law, widely used in the mathematical theory of
gas dynamics, is often termed the y-law for an obvious reason. Note that it is
only for polytropic gases that our 7 coincides with the ratio of heat capacities
(see [130], p. 79b for further discussion on this topic). In addition, we find that
for polytropic gases

which is obviously positive: isentropes are indeed convex for polytropic gases. As
to the asymptotic condition (13.1.13), it holds true with pyax = + 0o, thanks to
the positivity of R/c,.

Van der Waals fluid The van der Waals law is a modification of (13.1.16) that
takes into account the finite size of molecules by imposing a positive minimum
value — the so-called covolume b > 0 — for the specific (or the molar) volume,
and also some intermolecular forces through an additional term depending on a
parameter a > 0. (See, for instance, [168] for more details.) The van der Waals
law reads

p = - = (13.1.17)

which obviously satisfies (13.1.14) for v > b. Furthermore, (13.1.17) is compatible
with (13.1.1) and (13.1.7) with

e = ((v—=0)"F exp(s) )/ — %,
provided that ¢, is constant. Even though the constancy of the heat capacity ¢, is
notoriously false (see [168], p. 263) near critical temperature (below which liquid
and vapour phases can coexist, and whose theoretical value is T, = 8a/(27bR),
¢, may reasonably be considered as constant far away from the critical point.
In this case, we easily see that (13.1.13) holds true with pmax = 1/b, and an
equivalent way of writing e is,

e =c, 1T — 2.
v
Some algebra then shows that
=B v s _p_ v
cy v—0> e+ a/v

R v R v a/v?
= (— 1 — 1 -2
7 (cv+ )v—b+<(cv+ )v—b )
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and
1 R R v?
o= 3G VG
R R v? a/v?
GG g o) U

The sets {y = 0} (critical points of the isentropes) and {G = 0} (inflexion points
of the isentropes) in the (v,p)-plane are depicted in Fig. 13.1, together with
three kinds of isentropes (a convex one, a non-convex monotone one and a non-
monotone one), for parameters a, b and ¢, corresponding (roughly) to water (for
which the van der Waals law is widely used, in particular in nuclear engineering,
even though it is known to be a poor approximation of reality: the adequation
coefficient, defined as the ratio of the theoretical compression factor p.v./(RT.) =
3/8 and the real one, is only about 60%!).

Note The van der Waals law (13.1.17) in the special case a =0 does not
support phase boundaries. For this reason, fluids endowed with such a law are
usually referred to as van der Waals gases. We point out that dusty gases (as

Water isentropes

12

1}

10

Pressure (decabars)

0 100 200 300 400 500 600
Volume (cm3/mol)

Figure 13.1: Water isentropes (thick solid lines) with the van der Waals law (a,
b taken from [216], and ¢,/R = 3.1).
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in [91], for instance) follow a similar law: the Mie-Griineisen-type pressure law
used in [91] is indeed of the form (13.1.17) with a = 0.

13.2 The Euler equations
13.2.1  Derivation and comments

The motion of a compressible, inviscid and non-heat-conducting, fluid is gov-
erned by the Euler equations, consisting of the mass, momentum and energy
conservation laws (see, for instance, [47]),

Op +V-(pu) =0,
O (pu) + V-(pu®u) + Vp =0, (13.2.18)
9 (p Glul* +€)) + V- ((p (Iul* + ) + p)u) = 0.

This system of (d + 2) equations contains (d + 3) unknowns, the density p € R,
the velocity u € R, the internal energy e € R and the pressure p € R. This
obviously makes too few equations for too many unknowns. The system (13.2.18)
has to be closed by adding a suitable equation of state, for example an incomplete
equation of state, or pressure law, (p,e) — p(p,e).

Simplified models are obtained by retaining only the mass and momentum
conservation laws, assuming that the motion is either isentropic or isothermal.
In this case, the pressure law reduces to p — p(p). If a complete equation of
state is available, the isentropic pressure law is given by

__ 0e
p= ov

b
S

and the isothermal pressure law is given by

__9f
p= v,
where f := = e — T's is the specific free energy.

We observe that an incomplete equation of state is sufficient to give sense to
the quantities 7, I" and G originally defined in (13.1.3), (13.1.4) and (13.1.9). As
a matter of fact, if (13.1.1) holds then (v, s) — (v,e) is a local diffeomorphism
provided that T > 0, and the partial derivatives in the old variables are given in
terms of the new variables by

9
ov

_ 9
T v

S

0

p
Oe|,

0

b
Os|,

0

13.2.1
96 (13.2.19)

€ v
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Therefore, alternative formulae are
v [ Op op I Op
= — — —_— — —_— 5 = UV — s
i p \Ov|, P Be . Oe|,
Oy

1 v [ Oy
g_Q{A/""]- ; (81}3 p@ev)}, (13221)

which also make sense if it is just an incomplete equation of state that is given.

Equation (13.2.21) may seem less obvious to the reader than (13.2.20). It is
merely obtained by rewriting

(13.2.20)

13.2.2  Hyperbolicity

A classical and elementary manipulation shows that, for smooth solutions,
(13.2.18) is equivalent to

Op+u-Vp+ pV-u=0,

dhu + (u-Vyu+ptVp=0, (13.2.22)

Oe+u-Ve+ p 'pV-u

0.

Therefore, the hyperbolicity of (13.2.18) is equivalent to the uniform real diago-
nalizability of the matrix

u-n pnT

0
A(Usn) .= | p7'p,n (u-n)ly p~'p.n
0 p~tpnT  u-n

for all U = (p,u,e) and n € R4\ {0}. We have denoted for simplicity

/ Op ; Op
Pp

¢ de

ap

b
€

p
If (p,0,¢)" is an eigenvector of A(U;n) associated with an eigenvalue
A(Uj;n), then
(u-n — AX(U;n))p + pn-u = 0,
p'p,pmn+ (u-n — A(Usn))u + p~'plén = 0,

pipn-u+ (u-n — A\Usn))é = 0.
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We thus see that A(U;n) = u-n is an eigenvalue of A(U;n), with a d-
dimensional eigenspace given by

{(pa,&)" s n-a=0,p,p+p.é=0}
For eigenvectors associated with other eigenvalues, we must have
pp = peé
as we see from the first and last equations above. Taking the inner product by n

of the intermediate equation, and eliminating n - & by means of the first equation,
we get

/ 2 2 o / 2.
(ppn|” = (u-n = X)) p + p[n|"é = 0.
This yields the dispersion relation
(u-n — A(U;n))* = [0 (p), + pp./p?), (13.2.23)
of which the solutions A(U;n) are real if and only if
P, + pp./p* > 0.

Recalling the definition of 4 in (13.2.20), this amounts to requiring v > 0. If
~ > 0 then the solutions of (13.2.23) are distinct,

A(U;n) = u-n =+ ¢|n|,

where c¢ is the sound speed defined as in (13.1.10) by

p
c= /D, +pp./p* = ,/7;-

Each of the eigenvalues u - n £ ¢|n| of A(U,n) has a one-dimensional eigenspace,
which is spanned by

(p, £en/n|, p/p)".

These very standard results are stated for later use in the following.

Proposition 13.1 The system (13.2.18), endowed with a positive pressure law
such that
P
7= (Bt pp./p*) >0,

is constantly hyperbolic, and strictly hyperbolic in dimension d = 1. Its eigenval-
ues in the direction n are

AM(U;n) :==u-n —c¢n|, X(U;n):=u-n, A(U;n):=u-n+ cin|,
(13.2.24)
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where ¢ = \/yp/p, with associated eigenvectors

P —ap),
n
r1(U;n) := —Cm , ro(Usn) = u with 1-n = 0,
p/p ap)
(13.2.25)
p
n
r3(Usn) = | ¢ H
p/p

In addition, the characteristic field (Ay,r2) is linearly degenerate, that is, dAs -
ro = 0 (where d stands for differentiation with respect to U), and the fields
(M1,71) and (A3,73) (also called acoustic fields) are genuinely non-linear, that is,
dAi13-r13 # 0, if and only if

Cc

1(8 p 0

G:i= - ({9p+p2(c)e>(pc)7é0.

Proof It just remains to check the nature of characteristic fields. On the one
hand, it is clear that dAs - 7o = 0. On the other hand, we easily compute that

d)\1’3'7’1’3 = pC;, + c + %Cé = Cg.

(We have set here |n| = 1 to simplify the writing.) Of course the present
definition of G is consistent with (13.1.11) and (13.2.19). O

13.2.3  Symmetrizability

There are several ways to symmetrize the Euler equations (13.2.18).

Handmade symmetrization in non-conservative variables The most
elementary way is the following, which makes sense if a complete equation of
state is given that satisfies (13.1.1), and if

9

0.
8ps>
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In this case, (p, u, s) are independent variables and we may rewrite the quasilinear
system (13.2.22) in those new variables. We find
Op +u-Vp+ pc?V-u =0,
du + (u-Vyu+ p~'Vp =0, (13.2.26)
s +u-Vs =0,

where ¢ denotes as usual the sound speed (see (13.1.10)). The characteristic
matrix of this system reads

u-n pcnt 0
ptn (u-m)l; O ,
0 0 u-n

1

)

which is ‘almost’ symmetric, up to the diagonal symmetrizer diag((pc?)~
Py 5 Ps 1)

Special symmetrization for polytropic gases A special symmetrization
procedure was found by Makino et al. [128] for polytropic gases. Their motivation
was to deal with compactly supported solutions, and their symmetrizer supported
vacuum regions (unlike the one hereabove). To explain this in more detail, we

consider again the Euler equations in the variables (p,u, s), as in (13.2.26). For
polytropic gases, we may rewrite the pressure law as

p=(y—1)p" exp(s/cy),
which implies p = 0 for p = 0 as soon as v > 0. For v > 1, the sound speed ¢ =

\/p/p is also well-defined up to p = 0. Furthermore, the apparently singular
term in the velocity equation can be rewritten as

=1/~
p P Vp = yexp(s/(ve,)) V ((L) ) ,

and the quantity

o D (v=1)/~
: 7’7 —

is well-defined up to p = 0. In view of the equation on p in (13.2.26), we have

or+u-Vo+ (y—1)7V-u=0.
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The characteristic matrix of the system made of the equations on 7, u and s
is

u-n (y=1)7xn™ 0
ye/red . (u-n)ly 0 ,

0 0 u-n

which is again ‘almost’ symmetric. But as in the previous general situation, the
obvious diagonal symmetrizer blows up at vacuum, since it involves 1/7. The
trick of Makino et al. consists in replacing 7 by a suitable power of 7. For any
a€(0,1), T := m* is well-defined up to 0, and

1 1. ~
Vr = —xl7eV(n®) = —gll-¥/eyx
a a

also makes sense. Furthermore, 7 satisfies the equation
Tt +u-Vi+a(y—-1)7V-u=0.

We see that the power of 7 in front of V - u is 1, which is the same as in front of
V7 in the velocity equation only if o = 1/2. With this choice, the characteristic
matrix for the equations on 7, u and s is

u-n i(y=17n" 0
2ye/(e) T n (u-n)ly 0 ,
0 0 u-n

which admits the diagonal symmetrizer

diag L ie—é‘/(vcv) ie—s/('ycv) 1
Y= 17 2"y ’ 27 ’ ’

independently of 7.

Entropy symmetrization in conservative variables A more sophisticated
way makes use of a mathematical entropy, as suggested by the general theory of
hyperbolic systems of conservation laws (see [184], p. 83-84). The mathematical
entropy to be used is S := p s, the physical entropy per unit volume. As regards
its convexity properties, we have the following characterization.

Proposition 13.2 If e is a convex function of (v,s) satisfying (13.1.1) with p
and T positive, then S := ps is a concave mathematical entropy of (13.2.18).

Proof The fact that .S is a mathematical entropy follows from the last equation
in (13.2.26) and the mass continuity equation: indeed, S is easily found to be a
conserved quantity for smooth solutions of (13.2.18) (endowed with a complete
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equation of state), that is, (13.1.1) implies for smooth solutions of (13.2.18),
S + V-(Su) =0. (13.2.27)
The concavity of S is more delicate to obtain, since it has to hold true in the
(complicated) conservative variables
1 2
W= (p, pu, 5plul” + pe).

A very simplifying remark is based on the following fact. Any concave function
can be viewed as the infimum of a family of affine functions. This shows that S
is a concave function of W for p € (0,+00) if and only if s = v S is a concave
function of

1
(U7 u, 5 ”uH2 + 6).
The last component of these variables,
1 2
e =5l + e,

is obviously a convex function of (v,u,s). We claim that, together with the
monotonicity of e with respect to s (since T' > 0), this implies that s is a concave
function of (v, u, ). (This generalizes the result that the reciprocal of an increas-
ing convex function is concave.) As a matter of fact, (v,u,s) — (v, u, e(v,u,s))
is a local diffeomorphism and we have

ds = T7' (pdv — udu + de).

(In this equality and similar ones below, u should be viewed as a row vector.) A
short computation then shows that

D2s(v,u,¢) - (0, 11,6)2 = —% (af? + DPe(v,s) - (6.4 )
with
§ =T (po—u-u+é).
Hence the Hessian of s as a function of (v, u,¢) is clearly negative. O
Once we know that S is a concave function of (p, m := pu, £ := pe), we

may consider its Legendre transform S*. By (13.1.1), we have

TdS = dFE — gdp,

where E = pe denotes the internal energy per unit volume and g := e — sT + pv
denotes the chemical potential. Rewriting
1
E=¢&~—|m|?

2p
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we arrive at
1
TdS = (5 Jul|> = ¢)dp — udm + d€.

Therefore, by definition of the Legendre transform,

L[l N _
st = 2 { Gl = g)p - wmgl - s

After some simplifications, it appears that

S = —

Nl

In addition, we have
dS* = pdg + mdn + rdé€,

where

1 1
(gomer) = 5 (Gl =g w1

denote the dual variables of (p, m, £). Then it is easy to check that (13.2.18)

also reads
05* 0(S*u) B
at<8q>+v'< dq )O’

o, (%‘i) +V- (6(2?)) =0, (13.2.28)

0S* 0(S*u)
0 V- =0.
t ( or ) " ( or )
Viewed in the variables (¢, n, r), the equations in (13.2.28) form a typical

Friedrichs-symmetric system: it admits a straightforward energy estimate and it
fits with Definition 2.1 when rewritten, in conservative variables, as

p d p
o |m |+ > D*(S*u)D?’Sd, | m | =0, (13.2.29)
5 a=1 5

where D?(S*u) denotes the Hessian of (S*u) as a function of (¢, n, r), and
D2S the Hessian of S as a function of (p, m, &£ ). These matrices are symmetric
by the Schwarz Lemma. Hence — D?S is a symmetrizer of (13.2.29) in the sense
of Definition 2.1. And the system (13.2.29) is simply the quasilinear form of the
Euler equations (13.2.18) in conservative variables.
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13.3 The Cauchy problem

The Friedrichs symmetrizers described in Section 13.2 allow us, in principle, to
apply the general theory of Chapter 10 for the local existence of H* solutions,
k > d/2 + 1. One has to be careful with vacuum though, because it is not allowed
in the general symmetrization procedure, and supposedly H* solutions should of
course vanish at infinity.

For polytropic gases, Chemin proved the existence of smooth solutions involv-
ing vacuum outside a compact set by using the procedure of Makino et al. [128];
see [32] for a detailed analysis.

For more general materials, it is possible to prove the existence of smooth
solutions away from vacuum by modifying slightly Theorem 10.1. We may impose
non-zero conditions at infinity, as already mentioned in Chapter 10, and look for
solutions in the affine space Wy + H”. (By a change of frame, the velocity at
infinity, up, may be taken equal to 0.)

Theorem 13.1 Considering the Euler equations (13.2.18) endowed with a
complete equation of state e = e(v, s) such that, in some open domain

% C {(v,u,s) € (0,+00) x RTx R},

0% dp
o = ol Y

we assume that
g S VO + Hk(Rd)a VO = (1)07110780) € %7

with k > 1+ d/2 and g is valued in & CC % . Then there exists T >0 and a
unique classical solution V € €1(R% x [0,T]) of the Cauchy problem associated
with (13.2.18) and the initial data u(0) = g. Furthermore, V.— Vy belongs to
([0, T); H*) N €10, T); HF).

There is a wide literature on the continuation of smooth solutions, mostly for
polytropic gases though. In some cases, global smooth solutions arise [74,183].
On the other hand, there are numerous blow-up results [5,32,194].

Still, the understanding of the Cauchy problem for (multidimensional) Euler
equations (with general pressure laws) is a wide open question. This makes the
study of special, piecewise smooth, solutions, like curved shocks as in Chapter
15 interesting. In the next section, we review some basic facts on (planar) shock
waves in gas dynamics.

13.4 Shock waves
13.4.1  The Rankine—Hugoniot condition

A function U = (p,u,e) of class €' outside a moving interface ¥ is a weak
solution of (13.2.18) if and only if it satisfies (13.2.18) outside ¥ and if the
Rankine-Hugoniot jump conditions hold across ¥. If n € R? denotes a (unit)
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normal vector to ¥ and ¢ the normal speed of propagation of ¥, the Rankine—
Hugoniot condition associated with (13.2.18) reads

[p(u-n—0)] =0,
[p(u-n —c)u+pn] =0, (13.4.30)
[p(u-n—o)(5lul* +e)+pu-n] =0,

where the brackets [] stand as usual for jumps across . The first equation in
(13.4.30) implies

J = pl(ul'n_(j):pr(ur'n_g)» (13'4'31)

where by convention, the subscripts [ and r are such that the vector n points to
the state indexed by 7, and j thus corresponds to the mass-transfer fluz from
the state indexed by ! to the state indexed by r.

We may distinguish between two kinds of discontinuities, depending on the
value of j. The first kind corresponds to discontinuities moving accordingly with
the fluid, also called contact discontinuities, for which the mass-transfer flux
j is in fact equal to zero. Their normal speed of propagation is ¢ = u,; - n.
When their tangential velocity does experience a jump across 3, which causes a
singularity of the vorticity V x u, they are called vortex sheets.

The second kind of discontinuity corresponds to j # 0. We call them dynam-
ical discontinuities. The fact that j is non-zero implies the tangential velocity
must be continuous and only the normal velocity u-n =: u experiences a jump
across Y. Furthermore, some manipulations of the Rankine-Hugoniot equations
(13.4.30) yield the relation

le] + (p)[v] =0, (13.4.32)

where (p) denotes the arithmetic mean value of pressures on both sides. We recall
the derivation of (13.4.32) for completeness. First, we observe that (13.4.31)
implies

[u] = jv]. (13.4.33)
Then, substituting in the momentum jump condition j [u] 4+ [p] = 0, we get
[p] = —j%[v]. (13.4.34)

So that a necessary condition for such a discontinuity to exist is [p][v] < 0.
Additionally, the energy jump condition can be rewritten as

J{u)[u] + jle] + [pu] = 0.
Using (13.4.33) and (13.4.34), we see that

J{w [ul + [pul = jp)v].



Shock waves 401

Therefore, we have

which proves (13.4.32) since j # 0.

Two different states are thus connected by a dynamical discontinuity if and
only if there exists j € R\{0} so that (13.4.32), (13.4.33) and (13.4.34) hold.
Observe that (13.4.32) and (13.4.34) are purely thermodynamic. We call the set
of all possible states connected to a reference state by a dynamical discontinuity
a Hugoniot locus.

13.4.2  The Hugoniot adiabats

The structure of Hugoniot loci is of great importance in the theory of shock waves,
and relies heavily on the so-called Hugoniot adiabats, characterized by (13.4.32).
Given a reference specific volume vy, the corresponding density po = 1/vg, and
a reference energy eg, we define py := p(po,e0) and consider the set of states
(v=1/p,e) such that

1 1

e — o 4 PO FP0 ( - ) - 0. (13.4.35)
2 P Po

This set is called a Hugoniot adiabat. By the implicit function theorem, it is

locally a smooth curve, parametrized by p, in the (p, e)-plane. Its global behaviour

is crucial in the resolution of Riemann problems.

Examples

e For a Bethe-Weyl fluid, using the fact that v — p(v, s) is a global diffeo-
morphism, Hugoniot adiabats are equivalently defined in the (p, s)-plane
by the zero set of the function

ho(p,s) == e(v(p,s),s) — ey + p-l-Tpo (v(p,s) — vg). (13.4.36)

This will be used below in the discussion of admissibility criteria.

¢ In the case of polytropic gases with v > 1, the Hugoniot adiabats are merely
hyperboles in the (p, p)-plane, given by

) (Y+1)po + (v—=1)p
"G+ 1)p+ (v—Dpo

13.4.3  Admissibility criteria

For real compressible fluids, the admissibility of shocks is still a controversial
topic. The purpose of this section is to compare several admissibility criteria
under various assumptions on the equation of state.

We start with a most elementary observation on the variations of thermo-
dynamic quantities across dynamical discontinuities: because of (13.4.32) and
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(13.4.34) we have indeed

sign [p] = sign [p] = sign [e].

This allows us to speak about compressive discontinuities without ambiguity, in
that both the density and the pressure should increase along particle paths. On
the contrary, density and pressure decrease along particle paths for ezpansive (or
rarefaction) discontinuities.

Entropy criterion

A first admissibility criterion comes from the second principle of thermody-
namics, or equivalently from the Lax entropy criterion associated with the
mathematical entropy S = ps, which is concave (see Proposition 13.2) if e is
a convex function of (v,s), a ‘minimal’ thermodynamical stability assumption
that we make from now on. The entropy criterion requires that

Jjls] = 0. (13.4.37)

(Observe that the inequality (13.4.37) is trivially satisfied (and is an equality)
for static discontinuites.) It is shown below that for dynamical discontinuities in
Smith fluids, the entropy criterion (13.4.37) is equivalent to compressivity.

Proposition 13.3 (Henderson—Menikoff) For a Smith fluid, we have
sign [p] = sign [s]

on Hugoniot loci, which means that the function hg defined in (13.4.36) does not
vanish for (p,s) such that (p — po) (s — so) < 0.

Proof By (13.1.2) and (13.1.5), we have

vdp = —ypdv + I'T'ds. (13.4.38)
So, substituting dv into
dho = de + L= qp 4 PEPO gy — pae 4 L0 g, 4 PPy,
(13.4.39)
we obtain

- 1
dhy = (1 4 Fpop)Tds + = (v—vo + U(p—po)) dp.  (13.4.40)
2yp 2 TP

Therefore, because of Smith’s condition in (13.1.15), hg is increasing with s at
constant p. We thus have

(ho(p,s) — ho(p,s0)) (s — so) > 0.
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Now, if we look at hgg := ho(+, o), preferably in the v variable, we see that it
has an inflexion point at v = vy, and its second derivative reduces to

1 0%p
2 —
awhoo = 5 (U — ’UO) W

By the convexity of p, this shows that
(hoo(v) = hoo(vo) ) (v — vo) > 0,
or equivalently

(ho(p,s0) = ho(po,so0)) (p — po) < 0.
To conclude, assume that (p —po) (s — sp) < 0. Then

ho(p,s) = (ho(p,s) — ho(p,s0)) + (ho(p,s0) — ho(po, s0))

is the sum of two terms of the same sign as (s — sg), which cannot vanish unless
s = §p- ]

Internal structure of shocks

Another, physically relevant, admissibility criterion is based on dissipative effects
due to viscosity and/or heat conductivity. Indeed, dynamical ‘discontinuities’ in
fluids are not exactly sharp: because of dissipative phenomena they have an
internal structure, also called a shock layer. Mathematically, a shock layer is a
smooth solution of the full equations of motion — the (compressible) Navier—
Stokes—Fourier equations, consisting of the Euler equations supplemented with
viscous terms in the stress tensor and with a heat-flux term in the energy
equation — which is ‘almost’ a solution of the Euler equations outside a thin
region of high gradients. A more precise definition is delicate to formulate, and
it is a tough task to actually show the existence of arbitrarily curved shock
layers (see the recent series of papers by Gues et al. [77-79]). But for planar
discontinuities, the search for a layer is a much simpler, ODE problem, which
was addressed a long time ago by Gilbarg [69]. Planar shock layers are indeed to
be sought as heteroclinic travelling wave solutions of the Navier—-Stokes—Fourier
equations

dp + V-(pu) =0,
9 (pu) + V-(pu®u) + Vp = V(AV-u) + V- (¢ (Vu + {(Vu))),

8, (p (Sl + ) + V- ((p Gl +¢) + p)u) = V- (xVT)

+V ((AV-u+ p(Vu+ (Vu)h))u).
(13.4.41)

Here, A\ and p are viscosity coefficients and x is heat conductivity, and these
three coefficients may depend (in a smooth way) on p.
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Theorem 13.2 (Gilbarg) For Bethe-Weyl fluids, all planar compressive dis-
continuities admit shock layers for any X\, u, k such that A\ +2p > 0 and k > 0.

We do not reproduce the proof here, which is rather long but very clear in [69].
The interested reader will easily check that our definition of Bethe—Weyl fluids
fits with the assumptions I,Ia., IT, III, IV ( [69] p. 271) of Gilbarg. To recast our
problem in Gilbarg’s framework, which is purely one-dimensional, we first write
the ODE system governing travelling waves of speed ¢ in a given direction n.
Decomposing the velocity field u into its normal component u := u-n and its
tangential component 0, we get the equations

(p(u—0)) =0,

(plu—o)u) = (pa'),
(13.4.42)
(p(u—o)u) +p = ((A+2u)u'),

!
(plu—o)(e+ zlul®) + (pu) = (sT" + A +2p)un’),
where ’/ denotes the derivative with respect to £ := x-n — ot. For solutions of
(13.4.42), we have
pu—o) = const. =: j, (13.4.43)

consistently with the notation previously introduced (see (13.4.31)). Regarding
the tangential velocity, we have

p() — ju = const.

Thus for non-zero mass-tranfer flux 7, we must have

u(—00) = u(+o00) =:
which is again consistent with the Rankine-Hugoniot condition (13.4.30). Fur-
thermore, the only homoclinic orbit of the ODE

p(@) = j(a—a>)

is its fixed point istself, that is, we must have 1 = u*°. Taking this into account,
as well as (13.4.43), the last equation in (13.4.42) equivalently reads

(pu —o)(e+ 3u*) + (pu) — KT — (A +2p)uu/ = const.

Additionally, by change of frame, we can assume without loss of generality that
o = 0. In this way, we have exactly recovered the equations solved by Gilbarg
(namely, (1), (2) and (3) p. 257 in [69)]).

In view of Proposition 13.3 and Theorem 13.2, for Smith fluids the entropy
criterion (13.4.37) is equivalent to compressivity and ensures the existence of a
planar shock layer.



Shock waves 405

More generally, what can we say for Bethe-Weyl fluids (of which Smith fluids
are special cases) about the relationship between compressivity, the entropy
criterion (13.4.37) and the existence of a planar shock layer? An easy result
is the following.

Proposition 13.4 For Bethe-Weyl fluids, dissipative shock layers converging
fast enough to their endstates, that is, heteroclinic orbits between hyperbolic fired
points of (13.4.42) with kK > 0 and A+ 2u > 0, satisfy the entropy criterion in
(13.4.37).

Proof For simplicity we denote by D the diffusion tensor
D := AV -u)l; + p(Vu + {(Vu)).

Along smooth solutions of (13.4.41), because of (13.1.1) the entropy per unit
volume S satisfies

95 + V- (Su) = %(V-(nVT)JrD:Vu), (13.4.44)

which is reminiscent from (13.2.27), with additional terms due to dissipation.
Looking at travelling-wave solutions of (13.4.44) for which p(u— o) = j and
u = u°, we find that

JTs = (kT + (A +2p) (v')? (13.4.45)

along heteroclinic orbits of (13.4.42). (This equation can of course be obtained
directly from (13.4.42), using (13.1.1) in the form T's’ = ¢’ + pv’.) Integrating
(13.4.45) then yields, if the orbit converges sufficiently fast towards its endstates,

+oo 7\ 2
jls] = [ </€ (?) + %(A+2u) (u’)2> d¢, (13.4.46)

oo

which is obviously non-negative. O

So, for Bethe-Weyl fluids a reasonable admissibility criterion is the existence
of a shock layer, and under the additional condition (13.1.15), it is equivalent to
compressivity.

For other kinds of fluids, like van der Waals fluids below a critical temper-
ature, for instance, alternate admissibility criteria are needed. As a matter of
fact, on the one hand, it is well-known that dynamical phase transitions can
be compressive (condensation) but also expansive (vapourization). On the other
hand, layers for dynamical phase transitions, also called diffuse interfaces, cannot
be obtained from the purely dissipative system (13.4.41). Some dispersion has
to be added in connection with capillarity effects. This approach was proposed
independently by Slemrod [196] and Truskinovsky [214] in the 1980s and led to
the so-called viscosity—capillarity criterion. We shall not enter into more detail
here (see [10]).
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The Liu criterion

Even with monotone isentropes, the admissibility of shocks is a tough problem
in lack of convexity (that is, without the assumption G > 0). It was investi-
gated in the 1970s by Tai Ping Liu [119] and independently by Ling Hsiao
and coworkers [224]. This led them to introduce what is now called the Liu
criterion and is a generalization of the Oleinik criterion — originally introduced
for scalar conservation laws — formulated in terms of shock speeds along Hugoniot
loci.

Definition 13.3 (Liu) A discontinuity between W and W.,., of speed o, satisfies
the Liu criterion if

e for all W € (W ; W,.), the part of the Hugoniot locus issued from W
and arriving at W,., the corresponding speed o (W ; W) satisfies

c=0(W;W,) < o(W; W),

e for all W € (W ,; W), the part of the Hugoniot locus issued from W,
and arriving at Wy, the corresponding speed (W ,; W) satisfies

o(W,; W) < o(W,; W,) =o0.

Using this criterion, we have the following result, analogous to Theorem 13.2
without the restriction G > 0.

Theorem 13.3 (Liu—Pego) For fluids with positive pressure and temperature
satisfying

>0, 6d>0, I'>0,

all discontinuities satisfying Liu’s criterion admit purely viscous shock layers,
that is, with identically zero heat conductivity . If, additionally,

I >4,

this is true for arbitrary heat conductivity: discontinuities satisfying Liu’s crite-
rion admit general shock layers.

We refer to the original papers [119,157] for the proof. The first part was
proved by Liu [119], and the second one by Pego [157]. To help the reader with
the way those authors stated their assumptions, we just point out the following
equivalences, where the right-hand inequalities are precisely the ones required by
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Liu and Pego. For positive pressure and temperature

7>0<:>@ < 0,
ov|,
Oe

(5>0<:>87TU>07
Ip

1“ _

1) >0<:>8TU>O,

1“>6<:>% >0.
v |

The latter inequality is in fact an equality for ideal gases, and a strict inequality
for van der Waals fluids.

Interestingly, the Liu criterion allows ezpansive discontinuities. Taking
v; < v, on the same adiabat and such that the graph of p is above its
chord on the interval [v;, v.], and w;, u, compatible with (13.4.33) and j :=
VvV —(pr —p1)/(vr —v;) > 0, we obtain an expansive discontinuity of speed

Pr — D1
0 = Uy — VU r — .
Vyr — U1
And so for intermediate states W,
O'(Wl;W)Z’LLl—'Ul —p_pl 2 g,
v — 7
while
(W W) ==u, —v,)/- 22 < g,
v — U

This means that the discontinuity meets the Liu criterion, though being expan-
sive.

However, expansive discontinuities may lack internal structure: for instance,
as was pointed out by Pego [157], when heat conductivity dominates viscosity
and the condition I' > ¢ fails, there are expansive discontinuities having no layer,
though meeting Liu’s criterion.

The Lax shock criterion
As a byproduct of the Liu criterion, we obtain the celebrated (weak) Lax shock
inequalities

Ai(Wpin) < o(Wi; W,) < X\(Wisn),
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either for ¢ = 1 or for ¢ = 3. This is a standard result in the theory of hyperbolic
conservation laws, relying on the fact that shock speeds tend to characteristic
speeds as the amplitudes of shocks go to 0. It can be checked in a most direct way
for fluids. As a matter of fact, two states Wy and W connected by a dynamical
discontinuity of speed ¢ are such that

_b1—Po _ b1 —Do

UZ’LLO:E’UO .
V1 — Vg U1 — Yo

Assume for instance that & here above is a +. Then by a connectedness argument

we have
o(Wo; W) = ug + Vo 4/
vV — Vg

along 7 (Wo; W1), and

c(Wi; W) = uy + vy

_P—Po
PN
vV — U1
along 7 (W1; Wy). And from (13.4.38) and (13.4.39) we have
1 1
(U+§F(U—Uo))dpz(ir(p—po)—ﬂ?)dv (13.4.47)
along {hg = 0}, which contains ¢ (Wg; W1). Therefore,

H(Wo; W)
_—

S _)70@ when W
vV — 1 Vo

WOa

and so

c(Wo; W) — up + /Yopovo = uo + co = A3(Wo;n).
For the same reason,

oWy W) — uy + /mpivr = up + ¢ = A3(Wi;n)
when

W S (W1;Wo)

W;.
More precisely, i-Lax shock inequalities read
A(Wen) < o < Mi(Win), ANoi(Wpn) < o < A1 (Wysn).
or equivalently, for i =1,
U —Cp < 0 < u — ¢, 0 < U, (13.4.48)

and for i = 3,

U + ¢ <o <u +c¢, o>u. (13.4.49)



Shock waves 409

A discontinuity satisfying either one of these sets of inequalities is called a Lax
shock. More precisely, in one space dimension, a discontinuity satisfying the i-
Lax shock inequalities is usually called an i-shock. However, in several space
dimensions this distinction is irrelevant, because the choice of left and right is
arbitrary, and exchanging W; and W,. amounts to changing n into —n, hence the
1-Lax shock inequalities into the 3-ones. (Recall that the notation w stands for
u - n, and that o is a normal speed and therefore depends also on the direction of
n.) Still, it is possible to distinguish between the two states of a Lax shock from
an intrinsic point of view, and more precisely, we may speak of the state behind
the shock and the state ahead of the shock. Indeed, the motion of the shock with
respect of the fluid flow on either side of the shock goes from the state indexed
by r to the state indexed by [ if we have (13.4.48) whereas it goes from [ to r if
we have (13.4.49). In other words, the state behind the shock is indexed by r in
the first case and by [ in the second one. In both cases, the Lax shock inequalities
imply that the state behind the shock is subsonic, and the other one, supersonic,
according to whether the Mach number

o |ul,r - U|

M, : (13.4.50)

Cl,r

is less than or greater than one. Indeed, (13.4.48) implies M, < 1 < M; and
(13.4.49) implies M; < 1 < M,. To summarize, Lax shocks are characterized
by

® a non-zero mass-transfer flux across the discontinuity,

® a subsonic state behind the discontinuity, and a supersonic state ahead of
the discontinuity.

Now, what is the relationship between the Lax shock criterion and the other
criteria? For concave S, a standard Taylor expansion shows that weak shocks
satisfying the entropy criterion (13.4.37) are necessarily Lax shocks. (See [109].)
What can we say for shocks of arbitrary strength? The answer is not easy. One
difficulty is that Mach numbers involve slopes of isentropes, since by (13.4.31)
and the definition of sound speed,

i
_op|
ov|,

M? = (13.4.51)

and isentropes are different from shock curves. However, it is possible to reformu-
late the Lax shock criterion in terms of the slopes of Hugoniot adiabats, thanks
to the following result, which is in fact the continuation of Proposition 13.3.

Proposition 13.5 For a Smith fluid, the Hugoniot adiabat, {ho(p,s) = 0},
issued from (po, so) (where hg is defined as in (13.4.36)), is a curve parametrized
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by p in the (v, p)-plane. The non-dimensional quantity

R PZRo Ovp (13.4.52)
v—1vy Op ho
achieves the value 1 on that curve if and only if
w2 = _poa)l/)(“ — o) (13.4.53)
ol,

does so at the same point.

(Observe that, thanks to (13.4.34), the equality in (13.4.53) is equivalent to
(13.4.51).)

Proof It relies on (13.4.47), valid along {ho = 0}. Under the assumption
(13.1.15), the coefficient of dv in (13.4.47) is always non-zero, which proves the
first claim and yields the formula
p_ PP vt 3T(-w)

v—=vo 5T (p—po) — 7P

Hence, R =1 if and only if

P—pPo _ 7P
v — Vg v
Since
_ap _ %
v ov |,
by (13.1.10), we get the conclusion. O

Of course the equalities R = 1 and M? = 1 occur simultaneously at py. But
we also know (by Taylor expansion) that M? is less than 1 on the compression
branch {p > pp} of the Hugoniot locus close to the reference state. So by
Proposition 13.5 this property persists as long as R does not achieve 1 along the
corresponding branch of the Hugoniot adiabat. Similarly, M? is greater than 1 on
the expansion branch. More precisely, using the fact that (p — po) (v — vg) < 0
along the Hugoniot locus, we can see that (M? — 1) (R — 1) > 0, with equality
only at (pg,vo).

Corollary 13.1 For a Smith fluid, Lax shocks are characterized by R < 1
behind the discontinuity and R > 1 ahead.
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BOUNDARY CONDITIONS FOR EULER EQUATIONS

We now turn to the Initial Boundary Value Problem (IBVP) for Euler equations.
We provide below a classification of IBVPs according to various physical situ-
ations, and discuss possible boundary conditions ensuring well-posedness. (For
similar discussions in the case of wiscous compressible fluids, the reader may
refer in particular to [152, 159, 201]; also see the review paper by Higdon [84].)
We shall also give an explicit and elementary construction of Kreiss symmetrizers
for uniformly stable Boundary Value Problems.

14.1 Classification of fluids IBVPs

As far as smooth domains are concerned, a crucial issue is the well-posedness
of IBVPs in half-spaces (obtained using co-ordinate charts). To fix ideas, we
consider IBVPs in the half-space { z4 > 0} (without loss of generality, the Euler
equations being invariant by rotations).

We recall from Section 13.2 (Proposition 13.1) that the characteristic speeds
of the Euler equations (13.2.18) in the direction n = (0,...,0,1)" are

AM=u—c¢c, X=u, AX3=u-+c,

where u := u-n is the last component of u and c¢ is the sound speed. When
the boundary is a wall, u is clearly zero. Otherwise, if u # 0, we can distinguish
between incoming flows, for which w > 0, and outgoing flows, for which u < 0.
Another distinction to be made concerns the Mach number
M = M
c
The flow is said to be subsonic if M < 1 and supersonic if M > 1.
This yields the following classification, when ¢ is non-zero.

Non-characteristic problems

Out-Supersonic (u < 0 and M > 1, hence A1, A2, A3 < 0). There is no
incoming characteristic. No boundary condition should be prescribed.

Out-Subsonic (v < 0 and M < 1, hence A\, Ay < 0, A3 > 0). There is one
incoming characteristic. One and only one boundary condition should be
prescribed.
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In-Subsonic (v > 0 and M < 1, hence A\ < 0, Ay, Az > 0). There are
(d + 1) incoming characteristics, counting with multiplicity. This means that
(d + 1) independent boundary conditions are needed.

In-Supersonic (u > 0 and M > 1, hence A1, A2, A3 > 0). All characteristics
are incoming. This means that all components of the unknown W should be
prescribed on the boundary.

Characteristic problems

Slip walls (u = 0, hence A\ < 0, A2 = 0, A3 > 0). One and only one boundary
condition b(W) should be prescribed. For the IBVP to be normal, the 2-
eigenfield should be tangent to the level set of b.

Out-Sonic (u = —¢, hence \1, Ao < 0, A3 = 0). No boundary condition should
be prescribed.

In-Sonic (v = ¢, hence A\ = 0, Ao, A3 > 0). A set of (d + 1) boundary condi-
tions by (W), ...bg+1 (W) should be prescribed, and the 1-eigenfield should be
tangent to the level sets of by, ...b441.

14.2 Dissipative initial boundary value problems

In this section, we look for dissipative boundary conditions. This notion depends
on the symmetrization used. For concreteness, we use the simplest symmetriza-
tion, in (p,u, s) variables, given in Section 13.2.3. We recall indeed that, away
from vacuum, the Euler equations can be rewritten as

p
S(p,u,s) (0 + A(p,u,s;V)) [ u | =0,
s
where S(p,u, s) is symmetric positive-definite and
un nT 0
pc?
S(p,u,s) A(p,u,s;n) = n p(u-n)ly 0
0 0 u-n

In what follows we take n = (0,...,0, 1)T. According to Definition 9.2, dissi-
pativeness of a set of boundary conditions encoded by a non-linear mapping
b: (p,u,s) — b(p,u, s) requires that —SA¢ be non-negative on the tangent bun-
dle of the manifold = {b(p,u,s) = b}, while strict dissipativeness requires
that —SA? be coercive on the same bundle.
A straightforward computation shows that for U = (p, 1,1, S)T7
1 v?

(SAU,U) = pu (uQ(uu +vp)? — (- M p* + 4] + v$2>

(14.2.1)
ifu # 0.
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We can now review the different cases.

Supersonic outflow (u < 0 and M > 1). We see that —SA? is coercive on
the whole space. So this case is harmless.

Subsonic outflow (u < 0 and M < 1). The restriction of —SA? to the hyper-
plane {p = 0} is obviously coercive. Thus a strictly dissipative condition is
obtained by prescribing the pressure p at the boundary. Another possible,
simple, choice is to prescribe the normal velocity u, since —SA? is also coercive
when restricted to the hyperplane {4 = 0}.

Subsonic inflow (v > 0 and M < 1). This is the most complicated case.
Prescribing the pressure among the boundary conditions would obviously be
a bad idea, for the same reason as it is a good one for subsonic outflows.
On the other hand, the easiest way to cancel some bad terms is to prescribe
the tangential velocity t1 and the entropy s, which leaves only one boundary
condition to be determined in such a way that udu + vdp = 0 on the tangent
bundle of A. Recalling that, by (13.1.1), the specific enthalpy h = e + pv is
such that

dh = T'ds + vdp,

we see that the above requirement is achieved by %u2 + h along isentropes.
Hence a strictly dissipative set of boundary conditions is

1
(zu® + h,1a,s).

2
Other boundary conditions may be exhibited that are more relevant from a
physical point of view — for instance using concepts of total pressure and total
temperature, see [11].

Supersonic inflow (u > 0 and M > 1). We see that SA? (instead of —SA9)
is coercive. But the tangent spaces are reduced to {0}. So this case is also
harmless.

Slip walls (u = 0). The kernel of A? is the d-dimensional subspace { (0,1,0, $)},
which is part of the tangent subspace {u = 0} associated with the natural
boundary condition on u — as required by the normality criterion. The matrix
SA%is null on {4 = 0}, which means that the boundary condition is dissipa-
tive but of course not strictly dissipative.

Out-Sonic (u = —¢). The matrix —SA? is non-negative but has isotropic
vectors (defined by ut + vp = 0,4 = 0, 5 = 0).

In-Sonic (u = ¢). The only possible choice of dissipative boundary conditions
is the one described for subsonic inflows, which cancels all remaining terms in
(SA?U,U) (since — (1 — M?)p? is zero). The normality criterion is met by
those boundary conditions because

Ker SA? = {(p,1,8); ut + vp = 0, au=20,§= 0}.
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We now turn to a more systematic testing of boundary conditions, which is
known (and will be shown) to be less restrictive.

14.3 Normal modes analysis

Our purpose is to discuss boundary conditions from the Kreiss—Lopatinskii point
of view, for general fluids equipped with a complete equation of state. To get
simpler computations, we choose the specific volume v and the specific entropy
s as thermodynamic variables, and rewrite the Euler equations as

Ov +u-Vo —ovV-u=0,
ou + (u-V)u +ovp, Vo +vp,Vs =0, (14.3.2)

0is +u-Vs =0,
with the short notations

/_817

/ dp =2
s Os

pv:%

3 .
S v

Later, we shall make the connection with the non-dimensional coefficients v and
T', in that

D
v, = 7T ps_Fv'
Alternatively, we recall that

2
b, = — w2
where c is the sound speed defined in (13.1.10). Our minimal assumption is that
¢ is real (positive). Furthermore, we have seen in Section 14.1 that boundary
conditions for supersonic flows are either trivial or absent. A normal modes
analysis is irrelevant in those cases. And sonic IBVP are so degenerate that a
normal modes analysis is also useless. So from now on we concentrate on the
subsonic case, assuming that

0 < Jul < c. (14.3.3)
14.3.1  The stable subspace of interior equations
Linearizing (14.3.2) about a reference state (v,u = (1, u), s), we get

(0, + -V +ud,)o —ovV-u=0,

(O +0-V+ud,)a+ovp, Vo +vp,Vs =0, (14.3.4)

(0, + -V +ud,)é =0,
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where z stands for the co-ordinate x4, normal to the boundary, and V is
the gradient operator along the boundary. The tangential co-ordinates will be
denoted by y € R%~!. By definition, for Re 7 > 0 and n € R%~!, the sought stable
subspace, E_(7,m) is the space spanned by vectors (v, 0, s) such that there exists
a mode w of positive real part for which

exp(7t) exp(in-y) exp(—wz)(d,u,s)
solves (14.3.4). We are thus led to the system
(T +in-0 —uw)d —v(in-a) +vwi =0,

uw)a + vplion +vplisn =0,

(=8
I

(tr+in-
(14.3.5)

=18
|

(r+in- uw)lt —vp,wd —vpiws =0,

(T+in-0—uw)s =0,

where we have used the obvious (although ugly) notation @ = (1, %). To simplify
the writing we introduce

T:=7T+1in-u.
(Observe that Re 7 = Re 7.) The only non-trivial modes are thus obtained
e for w = 7/u and
w(in-u) — 74 =0 and p o+ p.é=0, (14.3.6)
¢ for w solution of the dispersion relation
(7 —uw)® + 0?p, (W = [Inl*) =0,
and
(7 —uw)t +vpion =0,
(T —uw)u —vp,wd =0 (14.3.7)

5=0.
We see that the dispersion equation, which also reads
(7 —uw)? = ¢ (w? — |In]*) (14.3.8)

has no purely imaginary root when Re 7 > 0. Looking at the easier case n =0
and using our usual continuity argument, we find that because of the subsonicity
condition (14.3.3), (14.3.8) has exactly one root of positive real part, which we
denote by wy, and one root of negative real part, w_. By definition, the stable
subspace E_(7,n) involved in the Kreiss-Lopatinskii condition is made of normal
modes with Re w > 0 for Re 7 > 0. (Recall that — with our notation — decaying
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modes at z = 400 are obtained for Re w > 0.) So the root w_ does not con-
tribute to E_(7,n), and we only need to consider wy and, if u > 0, wy := T/u.
To simplify again the writing, we simply denote w; by w when no confusion is
possible. (We shall come back to the notations wy in Section 14.4.)

If u < 0 (outflow case), E_(,m) is a line, spanned by the solution e(r,n) =

(0,11,4,8)" of (14.3.7) defined by
v(T — uw)

e(r,n) = sen . (14.3.9)

If w > 0 (inflow case), E_(7,m) is a hyperplane. For convenience, we intro-
duce the additional notation

a:=ut +w(c® —u?). (14.3.10)
An elementary manipulation of (14.3.8) then shows that
a(T —uw) =& (Tw — ulnl?).

Using this relation and combining (14.3.6) and (14.3.7) together, we get the very
simple description

E_(r,m) = {(r,n)*,
Ur,m) == (a, —ivun®, v7, ap,/p)).

(Observe that £ is homogeneous degree 1 in (7,7), like a.) This description has
the advantage of unifying the treatment of regular points and Jordan points
7 = u||n|| — where w coincides with wg. In the particular ‘one-dimensional’ case,
i.e. with m§ = 0, one easily checks that

T

= = d ¢(r,0) := 0 " Ipl) .
w nr e a=Tc an (1,0) 7 (¢, 0,0, cp./p,)

Omitting the null coefficient, we recover in the latter a left eigenvector associated
with the incoming eigenvalue A\; = u — ¢ of the one-dimensional Euler equations

0 + w0, — vozu = 0,
Ou + udyu + vpl, dpv + vp,0ys = 0,
Os + udys = 0.

14.3.2  Derivation of the Lopatinskii determinant

Once we have the description of E_(7,n) we easily arrive at the Lopatinskil
condition. We consider the two cases separately.
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Outflow case If u < 0, one boundary condition b(v,u,s) is required. The
existence of non-trivial normal modes in the line E_(7,n) is thus equivalent to

A(r,m) == db-e(r,m) # 0.

We see in particular that this condition does not depend on 9b/ds. By definition
of e,
ob ob
Alr,n) = v(T —uw)— + ictdgb-n — Pw—.
(rm) = 0(F — uw) o0 + i dabon — Fw o
We thus recover (as pointed out in Section 14.2) that prescribing the pressure
ensures the uniform Lopatinskii condition, since for b(v,u,s) = p(v, s) we have

A(r,m) =v(T —uw)p, #0 for Rer >0, (r,m) # (0,0).

This is less obvious with the alternative boundary condition b(v,u,s) = wu,
because in this case

A(r,m) = Pw,

and it demands a little effort to check that w does not vanish. For clarity, we
state this point in the following.

Proposition 14.1 For0 > u > —c¢, the root wy of (14.3.8) that is of positive
real part for Re T > 0 has a continuous extension to Re 7 = 0 that does not
vanish for (t,m) # (0,0).

Proof The only points where it could happen that w, vanishes are such that
72 = —?|n||*. In particular, w; = 0 implies 7 € iR, and also — 72 > (¢ —
u?)||m||?> — otherwise, w, is of positive real part — in which case both roots of
(14.3.8) are purely imaginary. To determine which one is w, , we use the Cauchy—
Riemann equations, which imply that

O(Im wy)
O(Im 7)

Using this selection criterion, it is not difficult to see that

—uT + icsign(Im 7) /=72 — (2 — u2) [|n]]?

we = E (14.3.11)
(The same formulae hold for u > 0.) For 72 = — 2 ||n||?, this gives (using the
fact that u is negative)
—2uT
w_ =0 and Wy = m,
the latter being non-zero unless (7,m) = (0,0). O

More generally, we can find alternative boundary conditions that satisfy
the uniform Lopatinskii condition without being dissipative. For instance,
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take a € (0,1) and

b(v,u,s) = %u2 + h(p(v,s),s),

where h = e + pw is the specific enthalpy. We find that
Ar,m) = =2 (7 - (1 — a)uw) #0 for ReT >0, (1,n) # (0,0).

This means that the uniform Lopatinskii condition is satisfied. Nevertheless, the
quadratic form defined in (14.2.1) may be non-definite on the tangent hyperplane
{aud + vp + T s = 0}. More specifically, this happens for

o €

Inflow case Ifu < 0, (d+ 1) boundary conditions by (v, u, s), ..., bat+1(v,u, s)
are needed. The existence of non-trivial normal modes in the hyperplane E_(7,7n7)
is thus equivalent to

dby
A(r,m) = det : # 0.
dbgi1
((r,m)
We may consider, for example, as the first d conditions
by = 01,...,bg—1 = 041, by =Ss.

Then, up to a minus sign,

B ~ Obgq Obay1
A(r,m) = —vT 5 +a Sy

In particular, for

a
bar1(v,u,s) = §u2 + h(p(v,s),s),

we have
A(r,m) = (02 + au2)77+ auw(02 — u2) #0 for Rer>0,(r,m) # (0,0),

provided that a > 0. For a large enough, this gives again an example of
boundary conditions satisfying the uniform Lopatinskii condition without being
dissipative.
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14.4 Construction of a Kreiss symmetrizer

The system (14.3.5) can be put into the abstract form

(A(T7’I”[)+w.[d+2)U=0, UZ

e S e S

We do not really need the explicit form of the (d + 2) x (d + 2) matrix A(7,n).
We already know the eigenmodes of A(7,7n) from the calculation in Section
14.3.1. Its eigenvalues are —wy, of geometric multiplicity d, —w_ and —w,., with
associated eigenvectors defined by (14.3.9), i.e.

v(T — uwy)
ic’n
—C2wi
0

e+ (T7 7]) =

The construction of a Kreiss’ symmetrizer in the neighbourhood of points (7, 7)
such that Re 7 > 0 follows the general line described in Chapter 5, basically
using the Lyapunov matrix theorem. It is more interesting to look at the con-
struction about points with Re 7 = 0, or equivalently Re 7 = 0. It will appear
to be much more elementary than for general abstract systems.

We recall that a local construction amounts to finding local coordinates, i.e.
locally invertible matrices T'(7,n), and Hermitian matrices R(7, n), such that in
those co-ordinates the new matrix A = T-1 AT enjoys a local estimate

Re(ﬁj) Z2~I, v=Rer, (14.4.12)
and the boundary matrix B = BT satisfies
R+ CB*B > 31 (14.4.13)

for g and C' > 0. For this construction, we of course assume that the Lopatinskii
condition holds at the point (79,7m,) considered, which means that we have an
algebraic estimate

1P UIP S (I = P)UIP + | BUIP, VU eC*?,

where Py denotes a projector onto E_ (79, n,). If P is a smoothly defined projector
in the neighbourhood of (79, n,) such that Py = P(79,7,), this also implies the
locally uniform estimate

|PU|I? < (I = P)U|? + |BU|?, VU e C2. (14.4.14)

This will be our working assumption, with a projector P to be specified.
We also assume (14.3.3). For Re 7 = 0, we always have Re wg = 0, and we
have locally uniform bounds on Re w1 depending on the location of (,77) with
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respect to glancing points, where
P = (@ - A |l s = e
o If =72 < (¢ — u?) |Inl%,

Rew_ < -1 and Rewy 21,

2

e whereas, if —7% > (¢ — u?)||n||?, we only have

Rew_ < —v and Rewy 2 7. (14.4.15)
Both w_ and w; remain bounded away from wy though.

Of course the weaker estimates (14.4.15) are satisfied in the first case. So we
can address the two open cases simultaneously. The glancing points will be dealt
with separately. Away from glancing points, wg, w4 and w_ are separated, so we
can choose a smooth basis of and consider the diagonal matrix similar to A,

~ Wt
A= —wold
—W_

The construction of a matrix R satisfying (14.4.12) and (14.4.13) thus depends
on the sign of Re wy. We shall use the spectral projectors Il according to w4 .

Outflow (u < 0 hence Re wg < —+) E_ is one-dimensional and spanned by
the first vector in the new basis, and the basic estimate deriving from the
Lopatinskii condition is (14.4.14) with P = II,, i.e.

d+2 B
o ? S > 1517 + 1BU %
j=2
Then, taking
B -1
R = /J,Id

i
with u large enough ensures (14.4.12) and (14.4.13).

Inflow (u > 0 hence Re wy 2 ) E_ is the hyperplane spanned by the first
(d + 1) vectors of the new basis, and the estimate deriving from the Lopatinskil
condition is (14.4.14) with P = I — TI_, i.e.

d+1 _
Yo NUP S Wasel® + 1 BU .
j=1
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Then, taking

_ -1
R = Sy
I

with p large enough ensures (14.4.12) and (14.4.13).

The construction of a symmetrizer about glancing points is, in general, a
hard piece of algebra/algebraic geometry. Here, it will be greatly simplified by
the special structure of our system, and more specifically the nice form of the
eigenvectors e, which depend linearly on w. . There is a very simple way to get a
Jordan basis at glancing points and extend it smoothly in their neighbourhoods.
It merely consists in considering

e + e_

e :=1—— and ey =
2 wy — W

e,y —e_

instead of e, and e_. Both e; and ey are well-defined and independent of each
other in the neighbourhood of glancing points, e, is even constant

—vu

and e; does belong to F_ at glancing points. (The interest of the factor ¢ in e;
will appear afterwards.) It is not difficult to find the reduced 2 x 2 matrix a of
A on the invariant plane spanned by e; and e3. To do the calculation even more
easily, we may use the standard notations

e; + e_

<w> - 9 ) <e> = 92 9 etc.,
W] =wy —w_ , [e] = ey —e_, etc.
On the one hand, we have
Ale] = —[we]
and thus, by standard manipulation,
_ [e]
Ale] =~ e} = o] ) 5
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Therefore,

_ —(w) i
a‘(ﬂ@ﬁ—@ﬂ)—@»’
Recalling from (13.2.23) that

2~ ~2_|_2 2
oot =~ 2T wpw = -+l
u

. : (14.4.16)

2 — 2

the matrix a is explicitly given by

uT ,
62 _ U2 ¢
a =
P @)l uF
(2 —u2)2 2 _ 2

(Note that, at glancing points, a/i is exactly a 2 x 2 Jordan block: we have
performed here an explicit calculation of the reduction pointed out by Ralston
[160] in an abstract framework.) Completing { e1 , €2} into a whole basis of C4+2
by means of independent eigenvectors of A associated with —wg, we get the
reduced — block-diagonal — matrix in that basis

. —wo lg
— NE

Then we look for a local symmetrizer R that has the same structure as A. We
shall use here the projectors II; o onto the co-ordinate axes spanned by e .

Outflow (u < 0 hence Re wy < — ) From the Lopatinskii condition we have
(14.4.14) with P = TII, i.e.

d
Uaral® S D0 NUP + [Uaszll® + 1 BUIP.
j=1

- ()
r

Re (ra) > v, and r > <_01 2) : (14.4.17)

So we look for

with

Inflow (v > 0 hence Re wy 2 v.) From the Lopatinskii condition we have
(14.4.14) with P = I — Iy, i.e.

d+1
Z 111> S 1Uasall® + 1 BU |,
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and we look for
5 (Id ),
r

We now perform the construction of r in the two cases simultaneously. We first
expand a, writing as before 7 = v 4+ 7. Denoting for simplicity
u 2¢? 2 02— (¢ —u?)|m|?

a = m #07 b .= m >O7 and ¢ := ¢ (627/”2)2 5

with again (14.4.17).

we have

a=ap + a + ag,

. fad 1 _ a 0 _ bt 5 (0 0
a =1 o g5) TV b5 o) 22T 27 \bv o)

The matrix a; only contributes to higher-order terms in . Noting that the
lower-left corner of a; /7,

bs ~ b/ —? ]

is non-zero, we consider a matrix r of the form

1 .
o | g 55 Tivag |

5 iyag h
with g, h some real numbers to be specified. Then

a

1 boh + —

Re (ra) = v a b | + O(?).
bdh + s a(g + h)

So by the Cauchy—Schwarz inequality, the first requirement in (14.4.17) will
hold for small enough ~, provided that g is chosen of the same sign as a, with
|g] > h? > h. Observing that, at the glancing point,

' (1/(01)5) 1/(hb5)) ’

the second requirement in (14.4.17) will hold with p of the same order as h
(large), in a small enough neighbourhood of the glancing point.
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SHOCK STABILITY IN GAS DYNAMICS

The general theory (Chapter 12) has shown that the stability of shocks requires
that the number of outgoing characteristics (counting with multiplicity) be equal
to the number of jump conditions minus one: recall indeed that there is one degree
of freedom for the unknown front. With Rankine-Hugoniot jump conditions, a
necessary condition to have this equality is the Lax shock criterion.

In this chapter, we deal with the stability of Lax shocks for the full Euler
equations, as was done by Majda [126] (and independently by Blokhin [18]). For
the stability analysis of undercompressive shocks (submitted to generalized jump
conditions), and in particular of subsonic liquid—vapour phase boundaries, the
reader may refer to the series of papers [10,12,39-41] (also see [215]). Otherwise,
we recommend the very nice review paper by Barmin and Egorushkin [8] (in
which the reader will find, if not afraid of the cyrillic alphabet, numerous
interesting references to the Soviet literature), addressing also the stability of
viscous (Lax) shocks.

15.1 Normal modes analysis

Regarding the stability of shocks in gas dynamics, normal modes analysis
dates back to the 1940s (and the atomic bomb research): stability conditions
were derived in particular by Bethe [16], Erpenbeck [53], and independently
by Dfyakov [52], Iordanskil [89], Kontorovich [101], etc. It was completed by
Majda and coworkers, who paid attention to neutral modes. However, they did
not publish the complete analysis for the full Euler equations (Majda referring
in [126] to unpublished computations by Oliger and Sundstrém), but only for
the isentropic Euler equations. We provide below this analysis, from a mostly
algebraic point of view, in which the isentropic case shows up as a special, easier
case — corresponding to a section of the algebraic manifold considered. (For a
more analytical point of view, see [92].)

With the full Euler equations in space dimension d, the number of outgoing
characteristics for Lax shocks is d + 1. Furthermore, it is easy to check that
outgoing characteristics correspond to the state behind (according to the termi-
nology introduced in Chapter 13) the shock only: depending on the choice of the
normal vector, pointing to the region where states are indexed by r, outgoing
characteristics would be denoted A5 and A, or A} and A,. Or equivalently, the
stable subspace to be considered in the normal modes analysis only involves
modes associated with the state behind the shock. We shall (arbitrarily) use the
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subscript [ for the state past the shock, and the subscript r for the state behind,
the latter being most often omitted for simplicity.

From now on, we consider a reference subsonic state W = W,., and a super-
sonic state W on the corresponding Hugoniot locus such that the mass-transfer
flux j is positive (consistently with the Lax shock inequalities in (13.4.48)). By
a change of frame, we can assume without loss of generality that the normal
propagation speed of the shock o is zero, and that the tangential velocity of the
fluid 1w is zero (recall that the tangential velocity is continuous across the shock
front.) In this way, we merely have

j=pu=pu >0 and O<M:%<1. (15.1.1)

15.1.1  The stable subspace for interior equations

The story is the same as for Initial Boundary Value Problems, since we only need
to consider the equations behind the shock. This simplification always occurs for
extreme shocks. (It does not occur for the phase transitions studied in [9, 10, 12]
for instance, but the method is analogous.)

We briefly recall the derivation of the stable subspace associated with interior
equations, for readers who would have skipped Section 14.3. There is one addi-
tional simplification here, due to the null tangential velocity 1, which amounts
to replacing 7 by 7. Linearizing the Euler equations written in the variables
(v,u,s), (14.3.2), about our constant reference state (v,u = (0,u), s), we get

(O + ud,)v —ovV-u=0,
(O +ud,)a +vp, Vo +vp,Vs =0, (15.1.2)

(0, +ud,)s =0,

where z denotes the co-ordinate normal to the shock front. By definition,
for Re 7> 0 and i € R9™!, the sought stable subspace, E_(7,n) is the space
spanned by vectors (v, 1, s) such that there exists a mode w of positive real part
for which

exp(7t) exp(in-y) exp(—wz)(v,1,s)

solves (15.1.2). Here, we have denoted y := (1,...,24—1). We are thus led to
the system

(T —uw)do —v(in-a) + vwi = 0,
(1 —uw)a +vp,ivn +ovplisn =0,

(7T —uw)d —vp,wd —vplws =0,

(1 —uw)s =0,
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where 1 = (i1, %). Because of (15.1.1), the only non-trivial solutions with Re w >
0 correspond to either w = 7/u or the only root of positive real part of the
dispersion equation

(1 —uw)? =2 (W? = nl?). (15.1.3)
And the corresponding invariant subspace admits the simple characterization

E_(r.m) = Ur.n)*,
(15.1.4)
5(7'777) = (aa —iUUnT7 vT, aplé/pi}) )

where

a:=ut +w(c® —u?), (15.1.5)

15.1.2  The linearized jump conditions
With

o and n =

B 0 X 1 (—?X)
V14 VX2 Ji+wxpe Vol

the first (d + 1) equations in the Rankine-Hugoniot conditions (13.4.30) may be

rewritten as
(4 —u-VX 1
“:l - |::| 8tX’
v

u—u-Vle1 —[p]ﬁXzatX []’
v v
—1-VX ]
v-f ul + [p] = X [E} .
v | v

As to the last equation in (13.4.30), it may equivalently be replaced by the
purely thermodynamical equation (13.4.32).

Again, we emphasize that we need not perturb the state past the shock, which
simplifies the linearized jump conditions below. This is because we ultimately
look for solutions of the linearized jump conditions that belong to the stable
subspace E_(1,n), which does not depend on the state past the shock, (v, uy, s;).
This simplification is specific to extreme Lax shocks. However, the method is
similar for other kinds of shocks.

Linearizing all jump conditions about v, = v, u, =0, u, = u, s, = s (with
v, Wy = 0, ug, s; kept fixed) and X = 0, and looking for front modes of the form
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exp(7t) exp(imn-y), we obtain the equations
U, 1. .
2t + U= [p] T X,

=il Xn,
(15.1.6)

(P, — u2/v) 0 + 250+ plé =0,
v

3 (P[] = [p) o + (T + 5pL[v])$ =0,

where the jumps now stand for jumps between the reference states. The last
equation has been obtained by linearizing (13.4.32), using the fundamental
relation (13.1.1). Note that the Rankine-Hugoniot condition applied to the
reference states implies

[p] = —— [v]. (15.1.7)

02
u2
(This is (13.4.34) with j = u/v.) So we shall substitute — — [v] for [p] in the

02
system (15.1.6).

15.1.3  The Lopatinskii determinant

The existence of non-trivial vectors belonging to the space E_(7,n) defined in
(15.1.4) and satisfying the system (15.1.6) is clearly equivalent to the existence
of non-trivial solutions of a linear, purely algebraic, system. To simplify the
computation, we can first eliminate @ by means of the second equation in (15.1.6),
which allows us to substitute u? [v] |[7]|? X for iuvn - in the equation £(7,7) -

(0,1,1,5) = 0 (defining E_(7,n)). Using again the relation ¢*> = —v?p/,, we
readily obtain the linear system
S p
u z _
v pIT —b/v? 0
2 2 u ' .
L =) 0 T+ 3pih] 0 . 0
V2 X 0
—av? vt —apy 5 —u?[]]n]*

(15.1.8)
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The existence of non-trivial solutions of (15.1.8) is then equivalent to the
vanishing of its determinant, which we denote by A(r,n).

‘One-dimensional’ case The expansion of A(7,0) is straightforward. Using
the fact that a = 7 ¢ for n = 0, we have

u
2+ u? 25 A

A(1,0) = sof]lp]™® |2 —u2 0 P, + %

—cw 1 —plou/e

=2Tle(c+u) (1+ M+ M%)

v

(Recall that M = wu/c denotes the Mach number.) Rewriting p}, /T = I'/v, the
one-dimensional stability condition thus reads

1+M+1“M2M £0. (15.1.9)
v
This condition holds true at least for weak shocks, as expected from the
general theory, or can be checked directly. For, the Mach number M admits the
finite limit 1 and thus

1+ M+ T M? bl > 0 (15.1.10)
v
for |[v]| small enough. The condition (15.1.9) might break down for large shocks

though. It depends of course on the equation of state.
An easy consequence of the previous argument is the following.

Proposition 15.1 Lax shocks of arbitrary strength are stable in one space
dimension, provided that v > T' > 0 (at least at the endstates).

Proof Surprisingly enough, the inequality (15.1.10) trivially holds true for an
expansive shock, that is, if [v] > 0. But more ‘standard’ shocks are compressive.
And if [v] < 0, we need an upper bound for I' M? /v to prove that (15.1.10) holds
true. This bound can be found by noting that

2 =~ypv>Tpu
by assumption. Therefore,
v I'v u? 1. P
FMZ% = cﬁvfg[v] 2 5]2[7}] = []j
because of the Rankine-Hugoniot condition in (13.4.34). And consequently,

IRV AN VE 3 Gl S VI Y
v P
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Observe that ideal gases trivially satisfy v+ > T" > 0 (provided that ¢, > 0).
For van der Waals gases, a short computation shows that v > T' if and only if

R v—> v?

— >2 — RT.

Co b a(v—1">)
This is obviously true for large enough temperatures, a rough bound being the
critical temperature T, := ;—?R, but false for ‘small’ temperatures.

In view of (13.2.20), an equivalent statement of the strict inequalities
v>T >0is

Op Op
%€<O and e > 0.

v

It is notable that this is precisely the assumptions that enabled Liu [118] to show
the unique solvability of the Riemann problem (using his admissibility criterion
for shocks).

Multidimensional case Assuming that n # 0, we may introduce
a

P— T Pp—
il il

to simplify the writing. In fact, it will be clearer to handle only quantities
homogeneous to velocities. This is why we set

A=cW.

and

Recalling the definition of a, (14.3.10), where w is the root of positive real part
of (13.2.23), we find that W has the simple representation

W2 =V? - (> —v?), ImW <0 when ImV < 0, (15.1.11)

which extends analytically to {V € R; V2 < ¢ — v?}. By a standard argu-
ment, using Cauchy-Riemann equations, we also find that W has a continuous
extension to {V € R; V2 > ¢2 — w?}, given by

W = sign (V) V2 = (2 — u?).

Using these notations, the genuinely multidimensional Lopatinskii determi-
nant reads

v
A(r,m) = —n? :
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that is,
1
U — 0 —
v v
S |2y w0
Alrm) = = [l* 2

A —-u 0 p’s—l—% 0

The expansion of A(7,n) results in
A(r,m) = — anIIQT[%cQu2 {(2 + MYy (Viu + W/e) Ve (15.1.12)
1

— (1= M?) ((V/u)? + w/v)},

where we have substituted T'T'/v for p’, as in the 1D-case.

From the expression of the Lopatinskii determinant in (15.1.12), we see
that multidimensional stability conditions must involve the two non-dimensional
quantities

7’:=ﬂ and k:zZ—FFMQM.
v v

It is to be noted that k is related in a simple way to the ratio R defined in
Proposition 13.5,
] v+ 3T

= [] 3T[p] —vp’

Indeed, using (15.1.7), we find that

Rzl—%(l—MQ).

15.2 Stability conditions
15.2.1 General result

Thanks to the preliminary work of the previous section, we can derive a complete
hierarchy of stability conditions. As expected from the theory in [186], the one-
dimensional stability threshold in (15.1.9) turns out to be a transition point
from strong multidimensional instability to weak stability of WR type. Attentive
readers will also note that the transition from neutral to uniform stability occurs
at a glancing point — in that the neutral mode found for k =1+ M?2(r — 1)
corresponds to w = 7/u (see Chapter 13 for a more detailed discussion of
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glancing points). (This kind of transition was pointed out in an abstract setting
in [13].) To summarize, we have the following.

Theorem 15.1 (Majda) The stability of a Lazx shock depends on the Mach
number behind the shock
lu-n — o

M = € (0,1)

c

and on the volumes behind and past the shock, respectively denoted by v and vy,
through the quantities

Vo vV — 1

ri=— and k:=2+T M —2. (15.2.13)
v v
® One-dimensional stability is equivalent to
k#1—-M. (15.2.14)

e Weak (non-uniform) multidimensional stability is equivalent to
1-M<k<1+M(r-1). (15.2.15)
o Uniform multidimensional stability is equivalent to
1+ M (r—1)<k. (15.2.16)

Remark 15.1 If the lower inequality in (15.2.15) is violated, and more precisely
if

k<l1-—-M,

the shock is violently unstable with respect to multidimensional perturbations,
even though it is stable to one-dimensional perturbations. As mentioned by
Majda in [125], this striking result was known since the work of Erpenbeck [53]
(also see the earlier work of D'yakov [52]).

Proof The one-dimensional stability condition has already been obtained
above, in the equivalent form (15.1.9).

It will turn out that multidimensional stability conditions can be infered
from the properties of a second-order algebraic curve. We strongly advocate this
mostly algebraic, and elementary point of view, which is a convenient alternative
to the analytical approach of Jenssen and Lyng [92], for instance. Of course, all
methods require some care and are a little lengthy.

The expression in (15.1.12) of the Lopatinskii determinant in terms of W,
defined in (15.1.11), shows that multidimensional stability is encoded by the
zeroes of the function

f(2) = k(z+9g()z — (1 — M*) (2% +7r), (15.2.17)
where

g(2)? = M?22 — (1 — M?), Tmg(z) <0 (15.2.18)
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on the lower half-plane {Im z < 0}. On the real axis, g (and thus also f) is
extended by continuity, which implies that

zg(z) >0 forall zeR; 2% > (1 - M?*)/M>. (15.2.19)

Of course, g is analytic up to z € R if 22 < (1 — M?)/M?. And on that part of
the real axis, g is purely imaginary. So it is clear that f cannot vanish for z € R
and 22 < (1 — M?)/M?. Besides (15.2.19), it will also be useful to have in mind
that

zg(z) <0 foral zeiR™. (15.2.20)

We shall obtain stability conditions mainly by algebraic arguments, using
the following observation. If z is a zero of f, then = 2% must be a zero of the
polynomial p(-, k) defined by

pla k) = ((k— (1= M*))ae — (1 — M*)r)? — KPa(M?z — (1 — M?)).
(15.2.21)

For simplicity, we have stressed here only the dependence of p upon the parameter
k., even though it is also obviously a polynomial in » and M?2. This simplifies the
writing and is confusionless since r and M? are kept fixed in the discussion below.
Readers gifted in algebra will have checked that p is the resultant with respect
to y of two polynomials F(z,y) and G(z,y),

F(z,y) = k(z +y) — (1 = M*)(z + ), (15.2.22)
which is obtained by replacing 22 by z and z g(2) by y in f(2), and
G(z,y) = y* — a(M?z — (1 — M?)), (15.2.23)

which vanishes simultaneously with y? — 22 g(2)2.
Conversely, if z is a zero of p(-, k) and 2% = x then, either

(k= (1 = M*))z> = (1 — M*)r = —kzg(2),
which means that f(z) = 0, or
(k— (1 = M*))2> — (1 = M*)r = +kzg(2)

and z is not a zero of f (unless z g(z) = 0). If z is real, the inequalities (15.2.19)
and (15.2.20) will enable us to decide which is the case. This discussion can be
summarized as follows, where for convenience we denote
(1 — M?)r
Tp = ——————— .
E—(1—- M?)
e If x is a negative real root of p(-,k) and 22 =z, 2 € iR~ is a zero of f if
and only if

(k— (1 - M?*))(x —x09) >0.
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e If x is a positive real root of p(-,k) and 2?2 =z > x, = (1 — M?)/M?,
z € R is a zero of f if and only if

(k— (1 = M?*))(z —1x0) <0.
Therefore, the conclusion will depend on
> the sign of k — (1 — M?)

and on the position of xo(k) with respect to the real roots of p(-, k). From
the definition (15.2.21) of p(-, k), we see that

p(xo(k), k) = — k> xo(k) (M? zo(k) — (1 — M?))
(1 — M?*)?2r
(k= (1—-M?))>

= —k? (M?*r —k +1— M?),

and we easily compute that the dominant coefficient of p(-, k) is
ag = (1 —-M>)(k—-1—-M)(k—1+M).

Consequently, the position of xo(k) with respect to the real roots of p(-, k) is
determined by

> thesignof (k — 1 — M)(k—1+ M)(M?*r —k+1— M?).
Since M € (0,1) we obviously have
1-M<1-M*<1+M.

So there will be a priori only two cases to consider, depending on the position of
1 + M with respect to M%7 + 1 — M?2.

Casel rM < 1+ M, hence
1-M<1-M<M*r+1—-M?><1+4+M,
Case2 rM > 1+ M, hence
1-M<1-M<1+M<M7r+1-M.
Regarding the other coefficients of p(-, k), at the zeroth order we have
ap = (1 — M*?r% > 0,
and
ai(k) = (1 — M*) (K* = 27 (k — (1 — M?)).
Thus it is only
sign ag(k) = sign {(k -1 - M)(k—-1+ M)}

that determines the sign of the product of the roots of p(+, k). The sign of a; is
important at singular points of as, in order to localize the infinite branches of
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the algebraic curve & := {(z,k); p(x,k) = 0}. In fact, we have
a(l = M)=01—- M1 -M)(1~-M+2rM) >0,
but the sign of
a(l+M)=(1~-M)1+ M1+ M-2rM)
depends on r. This leads us to split Case 1 into
Case la rM < (1 + M)/2, hence a1(1 + M) > 0,
Caselb (1 + M)/2 <rM < 1+ M, hence a;(1 + M) < 0.

We now have all the ingredients to infer the needed qualitative features of Z2.
There is always a parabolic branch with vertical asymptotes z = —1 and = = 0.
Another remark is that xzo(k) is a root of p(-, k) only at k = 0, where zy = —r,
andat k = M?r + 1 — M? where xg = x, = (1 — M?)/M?. (The latter will
appear to be a transition point from neutral stability to uniform stability.)

We shall consider successively Cases la, 1b, and 2, and arrive at the conclusion
that

e anecessary and sufficient condition for f to have only real roots is (15.2.15);
e a necessary and sufficient condition for f to have no root at all is (15.2.16).

The reader may refer to the corresponding figures (Figs. 15.1-15.3) in order to
visualize the tedious but elementary arguments involved in the discussion below.

Case 1a

e for k < 1 — M, we have as(k) > 0 and as(k) p(zo(k), k) < 0. Therefore,
p(+, k) has two real roots of the same sign and zo(k) < 0 is in between.
Consequently, the smallest root, z of p satisfies

(k—(1—-M*))(z—29) >0
and thus yields a root z € tR™ of f. This root corresponds to a strongly
unstable mode. When k goes to 1 — M, z goes to —sign (ajag) 0o = —oo.
eforl — M <k <1— M2 we have ay(k) < 0 and aa(k) p(zo(k), k) > 0.
Therefore, p(-, k) has two real roots of opposite signs (one going to +oo

when k goes to 1 — M) and xo(k) is smaller than both of them. The
negative root of p, still denoted z for simplicity, now satisfies

(k — (1 —M?*))(z —x0) <0,

which shows it does not give rise to a root of f. The positive one satisfies
the same inequality, and thus its square root (and the opposite) is a real
zero of f. This zero corresponds to a neutral mode.

efor 1 - M? <k< M?r+1— M? we still have as(k) <0 and
az(k) p(xo(k), k) > 0 and thus two real roots of opposite signs for p(-, k).
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The algebraic curve p=0 and the graph of x0
6 T T T T

0 1 1 ‘E i 1 1
-15 -10 -5 0 5 10 15

Figure 15.1: The curve & (thick solid line) in an example of Case la (M = 0.5,
r=1.15).

The algebraic curve p=0 and the graph of x0
6 T T H I T T

Figure 15.2: The curve & (thick solid line) in an example of Case 1b (M = 0.5,
r = 4); the upper branch is out of range.
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The algebraic curve p=0 and the graph of x0

6 T T T

0 1 1 1 1
-15 -10 -5 0 5 10 15

Figure 15.3: The curve & (thick solid line) in an example of Case 2 (M = 0.5,
r = 2.15); the upper branch is out of range.

But xg(k) is now greater than both of them. Therefore, we are in the same
situation as before. The positive root of p yields a real root of f.

for M?r+1—M?<k<1+4M, we have az(k) < 0 and az(k) p(zo(k), k) < 0.
Therefore, p(-, k) has two real roots of opposite signs and zg(k) is in
between. The negative one is such that

(k= (1-M*))(z—20) <0,

and it is the contrary for the positive one. Thus, none of them yields a
root of f. The positive root goes to —sign (ajaz) 0o = 400 when k goes to
1+ M.

for 1 + M < k, we have az(k) > 0 and ag(k) p(xo(k), k) > 0. Therefore,
p(+, k) has either two reals roots of the same sign or two conjugated complex
roots. And p(-, k) has one real root going to —sign (ajas) co = —oo when
k goes to 1 + M. Therefore, there exists € > 0 such that for 1 + M <
k <14+ M + ¢, p(-, k) has two negative real roots, and xq(k) is greater
than both of them. (This is also the case for large enough k& due to the
parabolic branch mentioned above.) As before, none of them yields a root
of f. In general, p has conjugated complex roots on some interval [K, L]
with K > 1 + M + . But these cannot give rise to any complex zero of
f, by Rouché’s theorem and a connectedness argument.
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Case 1b

o for k < M?r + 1 — M?, the situation is exactly as in Case la.

e for M2r +1 — M? <k <1+ M, as in Case la, p(-, k) has two real
roots of opposite signs, z(k) is in between, and none of them yields a root
of f. The only difference is that it is the negative root that goes to infinity
when k goes to 1 + M.

e for 1 + M < k, as in Case la, p(-, k) has either two reals roots of the
same sign or two conjugated complex roots. This time p(-, k) has one real
root going to —sign (ajas) oo = +o0o when k goes to 1 + M. Therefore,
there exists € > O such that for 1 + M < k < 1 + M + ¢, p(+, k) has two
positive real roots, and z(k) is less than both of them. As before, none of
them yields a root of f. For larger k, the conclusion that f keeps having
no roots follows in the same way as in Case la.

Case 2

e for k<14 M, the situation is similar as in Case 1 when k< M?r4+1—M?2.

eforl +M < k< M?*r+1— M?, ax(k) > 0and as(k) p(zo(k), k) < 0.
Therefore, p(-, k) has positive real roots and z((k) is in between. Only the
smallest one yields a (real) root of f, because

(k= (1—=M?*))(z—x) <0.

The greatest one goes to —sign (ajas) 00 = 400 when k goes to 1 + M.
e for M?r + 1 — M? < k, as in Case 1b, p(-, k) has two positive real roots,

and xo(k) is less than both of them, as long as k is not too large. None of

them yields a root of f. The conclusion is the same as in other cases.

O

15.2.2  Notable cases
The uniform stability condition (15.2.16) may equivalently be rewritten as

2 Vo — VU

T+1)M < 1.

(%

It is obviously satisfied if vy < v, which characterizes expansive shocks, as soon
as ' > —1. Using that M? = v? j2/c? and the jump relation (13.4.34), another
statement of the uniform stability condition is

(F+1)vp;2p° < 1.

Ideal gases Since for ideal gases,

’UC2

F+1:7:77
b
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the uniform stability condition here above is obviously always satisfied. There-
fore, we have the following.

Theorem 15.2 All Lax shocks are uniformly stable in ideal gases.

This result has been well-known since Majda’s work [125]. It was, nevertheless,
questioned, wrongly, very recently (see [42] for more details).

Weak shocks As noted by Métivier in [133], the uniform stability condition
(15.2.16) is satisfied for shocks of small enough amplitude. As a matter of fact,
k tends to 2 and r tends to 1 when the amplitude of the shock goes to 0.

Isentropic case We claim that stability conditions for isentropic gas dynamics
are a byproduct of stability conditions for complete gas dynamics, because isen-
tropic stability conditions are merely obtained by suppressing the penultimate
row and column of A. This just amounts to setting I" = 0, or equivalently
k = 2, in the complete stability conditions. Therefore, we see from (15.2.14) that
the one-dimensional condition reduces to 1 + M # 0, which is always satisfied.
Accordingly, the first inequality in the weak multidimensional stability condi-
tion (15.2.15) is trivially satisfied. And the uniform multidimensional stability
condition reduces to

M?*(r —1) <1, (15.2.24)

or equivalently
P —Po
—vp,

< 1.
This condition holds true in particular for the y-law p = cstv™" with v > 1.

15.2.3  Kreiss symmetrizers

The explicit construction of Kreiss’ symmetrizers given in Chapter 14 for regular
Initial Boundary Value problems is easily generalized to the shock stability
problem.

To stay close to the notations of Chapter 12, we denote here U = (v, u,s)
the set of thermodynamic and kinematic dependent variables, and

U: R xRt x R — R¥2 x R+2 x R x R4-1
(y,z,t) = (U—<yaz7t)vU+(yvzat)78tX(yvt)7va(yat))

the sought shock solution, where x is the unknown front and Ux = (v, uy,s+)
correspond to the unknown states on either side (both defined on R¥~! x Rt x R
after a suitable change of variables, see Chapter 12). For X = (y,z,t,n,7) €
RI=1 x R x R4~! x C, we denote by Ay (X) the 2(d + 2) x 2(d + 2) matrix
obtained, as in the abstract framework of Chapter 12, through the following
successive transformations of the Euler equations on both sides of the unknown
front:
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i) fixing of the free boundary,
i1) linearization about U,
iii) freezing of coefficients at point (y, z,t),
iv) Fourier-Laplace transform, which amounts to replacing 0; by its symbol
7 and 0y, by its symbol in; for j € {1,...,d —1}.

There is no need to write the matrix Ay (X) explicitly, for we know it is block-

diagonal,
Ao = (M)

and we know from Section 14.4 reduced forms of the blocks A; . (X). Indeed,
if we denote by U; = U_(y, z,t) the supersonic state and by U, = U, (y, z,t)
the subsonic state of the fluid with respect to the shock front, for Re 7 > 0 the
dispersion equation

(1 —ww)? = cf (w = [In*)

has two roots of positive real parts, which we denote by w! and w!, while the
analogous dispersion equation for the subsonic state

2= cw = )

has one root of positive real part, which we denote by w’ , and one of negative

(T — urw)

real part, which we denote by w” . Denoting also wé’r = 7/uy», we have that
A;(X) is similar to
" w(l) Id
AZ(X) = wll >0,
wh

while A, (X) is similar to
A (X) = (_”0 La ) :
a

where the 2 x 2 block a is either diag(—w,, —w’ ) if W}, and w” are distinct (i.e.
if 72 + (2 — u2)||n||?) # 0) or a Jordan block. Therefore, we can find a Kreiss
symmetrizer of the form

Ro0 = (M )

where the block R,.(X) is of the same form as the Kreiss symmetrizer constructed
in Section 14.4 for the standard, subsonic inflow IBVP. More precisely, R, (X) is
locally similar (in the same basis as A, (X)) to

R0 = (7).
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where r is merely diag(—1, ¢) if W’ and w” are distinct. Here above, of course,
the parameter p has to be chosen large enough to absorb ‘bad’ terms.

This construction completes the proof of Lemma 12.1 in the case of gas
dynamics.

15.2.4  Weak stability

In the case of weak multidimensional stability (i.e. with (15.2.15)), it is still
possible to derive energy estimates, but of course with a loss of derivatives. This
question was investigated in detail by Coulombel [38,39]. Here we just want to
address the order of vanishing of the Lopatinskii determinant, which is crucially
related to those weak energy estimates.

The order of vanishing of the Lopatinskii determinant is indeed tightly related
to the order of the corresponding root x of the polynomial p defined in (15.2.21).

Proposition 15.2 If z is a double root of the function f defined by (15.2.17)
and (15.2.18), with r # 0 and M? < 1, then 22 is a double root of the polynomial
p(-, k) defined in (15.2.21).

Proof We first note that z = 0 is not possible since r # 0. A little algebra then
shows that f(z) = f/(z) = 0 implies
a1 (k)

as(k) 22 + 5 = 0,

where a,,(k) denotes as before the coefficient of order m of p(-, k). Hence 2
can only be a double root of the second-order polynomial p(-, k). Beyond this
elementary proof, a cleverer one makes use of the fact that p is a resultant.
We recall indeed that p is the resultant with respect to the y variable of the
polynomials F' and G defined in (15.2.22) and (15.2.23). A basic property of
resultants says there exist polynomials R(x,y) and Q(z,y) (in fact, Q(x) since
F is of degree 1 in y) such that

p(z) = F(z,y) R(z,y) + G(z,y) Q(z).
In particular, this implies the identity
p(z*) = f(z) R(2*, z9(2) ).
Differentiating once, we obtain that
229'(2%) = f'(z) R(2*, zg(2))

= 0, and thus p’(2?) = 0if f/(2) is also zero (recall that z # 0 whenever
0). O

2

if f(2)
flz) =
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BASIC CALCULUS RESULTS

The celebrated Gronwall Lemma is used repeatedly in this book. We state our
most useful versions of it for convenience.

Lemma A.1 (Basic Gronwall Lemma) If u and f are smooth functions of
t € [0,T) such that

t
ut) < Co+ o [ (ulr) + fr)dr Ve 0.1,
0
with Co € R and C; > 0 then
t
u(t) < e (Co + G / f(7) d7> vt e [0,77].
0

Proof The only trick in the proof is to show the final estimate for the right-
hand side

t
ot) = Co+ Cr [ (ulr) + £7))ar
of the original one. Since
v'(t) = Cr(ut) + f(t) < Cr(o(t) + (1))
we easily get the inequality
o) 00) + 0 [ O ),
0

of which the claimed estimate is only a rougher version. O
A slightly more elaborate version that we often use is the following.

Lemma A.2 (Gronwall Lemma) Ifu and f are smooth functions of t € [0,T
such that

t
u(t) < Coelt + Oy / O (u(r) + f(r))dr Vit [0,T]
0
with Cy € R and C1; > 0 then

t
u(t) < Coel@r Mt 4 ¢y / OV f(rydr Yt e [0,T).
0
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Lemma A.3 (‘Multidimensional’ Gronwall Lemma) Assume £ C R4t is a
lens foliated by hypersurfaces Hy and denote

Ly= |J H- c L
e€[0,6]

for 6 € [0,1]. If u is a smooth function in the neighbourhood of L such that

/Heu|<0</ﬂolu+/£eu|) Vo € [0,1]

then there exists C' depending only on C and L such that

[ w<e [ .
H1 Ho

Proof The proof relies on the same trick as before but requires a little multi-
dimensional calculus. Introducing parametric equations © = X (y,0), t = T'(y, 0)
(y € Q C RY) for Hy we have

[l = [ .00 7001 /14, X + 14,7,
Ho Q

0
d, X 0pX
u = u(X(y,e), T(y,e))||J(y,e)| dy de, J =Y .
Lo [ ] e, 1wl ey

Hence

a0 . = 1.0, T )l )l dy

< max 7] / lu .
ax[0,1] \/[dy X2 + [d,T]? Jr,

Then we easily get the wanted estimate with

C'= max exp [ C /1 .
0x[0,1] VIdy X2 + [d, T2

O

Lemma A.4 (Discrete Gronwall Lemma) If a is a non-negative continuous
function of s € [0,t] and b is a non-decreasing function of s € [0,t] such that

a(s+¢e) —als)
€
for all (g,s) with 0 < e <eg € (0,t), s € [0,t — €], then

a(t) < eC*(a(0) + b(t)).

< C(e+b(s)+a(s+¢e))
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Proof The proof is fully elementary. Take D > C' and consider n € N such
that ¢, = %_H satisfies
e Pen <1 - Ceg,.

For all s € [0,t — &,], we have

1 Ce,
a(s+ep) <

< m‘l(s) t i e (en + b(s))-

Therefore,
e Plta(t) — a(0) = Z e PV (k4 1)e,) —e Preng(ke,)
k=0

n —De,

_Dke e
< Ze Dkey, (1_0%_1) a(key)
k=0

+
3
® |
>}
S
+
=
m
3
Q
L)
3
—~
)
3
+
S
—~
e
™
3
~
N

We get the final estimate by letting n go to oo and then D go to C. O
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FOURIER AND LAPLACE ANALYSIS

B.1 Fourier transform

There are several possible conventions for the definition of a Fourier transform,
depending on where the number 27 shows up.

We adopt the following one. For all v € L' (R?) its Fourier transform #v = 0
is the continuous and bounded function defined by

Fu(n) =9(n) = /Rd e Ty (x) da

for all n € R
For any d-uple @ = (v, -+ ,q) € N%, we adopt the shortcut

8% = 9, ... 9y

for differential operators of order |a| := Zzzl ay, either in the original variables
(x) or in the frequency variables (7).
For convenience, we state the following standard results.

Theorem B.1

e The Fourier transform F restricted to the Schwartz class .7 (RY) is an
automorphism.

® By duality, it can be also defined on .#'(R?), where it is still an automor-
phism.

e For allv € Z(R?) and all d-uple o, we have

F10%0(n) = (in)* v(n)

for all n € RY. And this formula extends to .#'(R?) in the sense that for
v e S (RY), the distribution F[0%] is U times the polynomial function
n — in*.

e (Plancherel’s identity) For all v € .7 (R%),

9] L2(ray = (27T)d/2||”HL2(Rd)~

® By density, .7 extends to an automorphism of L?(R®), which still satisfies
Plancherel’s identity.
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¢ (Inversion formula) If both v and U are integrable, one recovers v from
v through the inversion formula

v(z) = (277)*‘1/ e TH(€)deE .
R4
Another useful result is the following, of which the easy part is the direct one.
Theorem B.2 (Paley-Wiener) If v € Z(RY) then ¥ extends to an analytic

function V on C*. Furthermore, if K = Suppwv, for all p € N, there exists C), >
0 so that

C

exp (glea%(x - Im ())

for all ¢ € C2. Conversely, if V is an analytic function on C? satisfying the above
estimate for some conver compact set K, there exists v € Z(RY) with support
included in K such that v = V|ga.

The ‘dual’ result also holds true.

Theorem B.3 (Paley-Wiener—Schwartz) If v is a compactly supported distrib-
ution then U extends to an analytic function V on C¢ through the formula

V(¢) = (v, e "),
Furthermore, if K = Suppwv, there exist p € N and C}, > 0 so that

V(O < Cp(1+ ) exp(max(z-Im ()

for all ¢ € C. Conwersely, if V is an analytic function on C¢ satisfying the above
estimate for some convex compact set K, there exists v € £'(RY) with support
included in K such that o = V|ga.

B.2 Laplace transform
The Laplace transform applies to functions of one variable ¢ € (0, +00).
Definition B.1 If f is a measurable function of t € (0,+00) and if there exists

a € R so that t — et f(t) is square-integrable, the Laplace transform of f is
the function L[f], holomorphic in the half-plane { 7; Re 7 > a}, defined by

+oo
clfl(r) = / fHe Tt dt

The Laplace transform may be interpreted in terms of a Fourier transform.
Indeed, for all v > a and 6 € R,

—

LIfl(y +id) = (gf) &),
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where g(t) = 1g+(t) e~ 7' Therefore, the theorem of Paley-Wiener has a coun-
terpart in Laplace transforms theory. This is the main result we need regarding
Laplace transforms in this book.

Theorem B.4 (Paley-Wiener) If F is an holomorphic function in the right
half-plane {7; Re 7 > a}, which is square-integrable on each vertical line
{7; Rem =~}, v > a, and if there exists C > 0 so that

+oo

sup/ |F(y +id)?ds < C,
Y>a J—oco

then there exists f € L*(RT{e=%tdt}) (meaning that t — e~ %t f(t) is square-

integrable) such that F = L[f]. If, additionally, F is integrable on the vertical

line{7; ReT = v}, v > a, we recover [ through the inversion formula

1
t) = — F Ttds.
0 =507 | FOtas

B.3 Fourier—Laplace transform

Fourier and Laplace transformations can be extended to vector-valued functions
— in fact functions with values in Banach spaces. From a practical point of view,
this amounts to saying that for functions of several variables one may perform
Fourier or Laplace transformations in some variables only and keep the same
regularity /decay properties in the other variables.

More precisely, let u be a function of (z,t) € R? x RT that belongs to

L*(RY x RT{e” ' dtdx}).

For almost all ¢ € R, the function u(t) : z € R? ~ wu(x,t) is square-integrable
and thus admits a Fourier transform wu(t) € L2(R%) such that the function
(&,t) — u(t)(€) belongs to

L*(RY x RT{e” 2t dtde}).

Therefore, for almost all ¢ € R?, the function ¢t € RY + e~ 2t u(t)(€) is square-
integrable and thus the Laplace transform

—

Lt = u(t)(E)]
is well-defined and holomorphic on the half-plane { 7; Re 7 > a }. The function

—

(& 7) = L[t = u(®)(©)](r)

is what we call the Fourier-Laplace transform of w.
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PSEUDO-/PARA-DIFFERENTIAL CALCULUS

The aim of this appendix is to facilitate the reading of the book for those who
are not familiar with para-differential or even pseudo-differential calculus. Just
a basic background on distributions theory and Fourier analysis is assumed.
As many textbooks deal with pseudo-differential calculus (see for instance
[7,31,87,205]), we recall here only basic definitions and useful results for our
concern, mostly without proof. Para-differential calculus is much less widespread.
Originally developed by Bony [20] and Meyer [138], it has been used since then in
various contexts, in particular by Gérard and Rauch [68] for non-linear hyperbolic
equations and more recently by Métivier and coworkers for hyperbolic initial
boundary value problems — see in particular the lectures notes [136]. Other
helpful references on para-differential calculus are [33,88,206]. We detail in this
appendix the most accessible part of the theory of para-differential operators,
among which we find para-products. Some useful results are gathered together
with their complete (and most often elementary) proof, using the Littlewood—
Paley decomposition. The rest of the theory is presented heuristically, together
with a collection of results used elsewhere in the book. Additionally, we borrow
from [31] and [136] versions of pseudo-differential and para-differential calculus
with a parameter, which are needed for initial boundary value problems.

We use standard notations from differential calculus. To any d-uple a =

(a1, ,aq) € N4 we associate the differential operator of order |a| := 22:1 ay
olel
9y = G TR
:El .. Id

When no confusion can occur this operator is simply denoted by 0%. This
notation should not be mixed up with the one used throughout the book

0
Oq = —
Oz,
for a € {1,---,d}. To avoid confusion, the indices lying in {1,--- ,d} are here

preferably denoted by roman letters (typically 7).
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C.1 Pseudo-differential calculus
C.1.1  Symbols and approximate symbols

Pseudo-differential operators are defined through their symbol, which is a function
depending on z € R and on the ‘dual’ variable, or frequency, ¢ € R%. This
function is not polynomial in &, except for (standard) differential operators —
for instance the symbol of 9¢ is

(@)lle™ = (i&)™ - (i)™

In the classical theory, symbols are scalar-valued (in C). As far as we are con-
cerned, matrix-valued symbols are also of interest. This extension costs nothing,
but some little care in Lemma C.1 below and in the handling of commutators.

From now on, we fix some integers d and N that will be omitted in the
notations if no confusion can occur.

Definition C.1 For any real number m, we define the set 8™ of functions
a € € (R? x RYG CN*N) such that for all d-uples o and 3 there exists Cy 5 > 0
so that

102 02 a(x,€) || < Cayp (1 + [l€]l)™ 191 (C.1.1)

Symbols belonging to S™ are said to be of order m. The set of symbols of all
orders is

S™ = mSm.
Basic examples

Differential symbols. Functions of the form

a(w, &) = 3 aale) ()",

laf <m

where all the coefficients a,, are ¥>° and bounded, as well as all their derivatives,
belong to S™.

‘Homogeneous’ functions. A function a € ¥>°(R? x R¥\{0}) that is
bounded as well as all its derivatives in z and homogeneous degree m in £ is
‘almost’ a symbol of order m. This means that it becomes a symbol provided
that we remove the singularity at £ = 0. As a matter of fact, considering a ¢
function y vanishing in a neighbourhood of 0 and such that x(§) = 1 for ||£]| > 1,
we have the result that

Zi(a:,g) = X(E) a(ac,f)

belongs to S™. Any other symbol constructed in this way differs from a by a
symbol in ST°. For convenience we shall denote S™ the set of such functions a.
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Sobolev symbols Some special symbols are extensively used in the theory,
which we refer to as Sobolev symbols since they are naturally involved in Sobolev
norms. Denoting

AS(€) = (1 + [i€)*)*?

it is easily seen that A® is a symbol of order s. The important point is that the
Sobolev space H® can be equipped with the norm

lullms = [IA°@l|L2 -

Additionally, the following result will be of interest in the proof of Theorem
C.4.

Lemma C.1 For all a € S°, respectively a € SO, such that a(x, &) is Hermitian
and uniformly positive-definite for (x,£) € R* x R, respectively, for (x,&) €
R? x RA\{0}, there exists b € S, respectively b € S°, such that b(x,&)* b(z,£) =
a(,€).

Proof The proof proceeds in the same way in both cases (a € S° or a € S9).
By assumption, a(z, £) lies in a bounded subset of the cone of Hermitian positive-
definite matrices and thus the set of eigenvalues of a(x, £) is included in some real
interval [, 8] C (0, +00). In particular, there exists a positively oriented contour
I lying in C\(—o0, 0] that is symmetric with respect to the real axis and contains
[a, ] in its interior. Therefore, considering the holomorphic complex square root
/ in C\(—o00,0], the Dunford-Taylor integral

bz, €) - /fz—a(xﬁ))

227T

answers the question. As a matter of fact, by the symmetry of T', b(x,&) is
obviously Hermitian, and

-1
b*b = — / VeV (z —a) (2 — a) tdzdd
4772 T Jrv

for another contour I enjoying the same properties as I' and containing it in its
interior. By the well-known resolvent equation, we thus have

iy L G - (F e
bb_(2m)2/FF/\f\f dzdz’.

zl -z

On the one hand, for z’ € I, the function z — /z/(2’ — z) is holomorphic in the
interior of I' and thus
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On the other hand, by Cauchy’s formula we have

1 N

\/E = — 7 dZ/
2im Jp 2 — 2
for z € I'. This eventually proves that
1
b*b = — 2(z —a)tdz = a.
2 Jr

In view of the smoothness of the mapping (z,a) — (z — a)~1, it is clear by the
chain rule and Lebesgue’s theorem that b is as smooth as a. It is also easily shown
by induction that b satisfies the estimate (C.1.1) with m = 0, if a belongs to S°.
If a belongs to SO instead, it is obvious that b is also homogeneous degree 0 in
£. O

C.1.2  Definition of pseudo-differential operators

The introduction of pseudo-differential operators is based on the following obser-
vation. If @ € S™ is polynomial in &, like in the first basic example given above,
it is naturally associated with the differential operator

Op(a) = Z aq(x) 0¢

la| <m
in the sense that
(Op(a)u)(x) = F (a(z, ) @)

for all v €. and x € R? But this formula can be used to define operators
associated with more general symbols. This is the purpose of the following.

Proposition C.1 Let a be a symbol of order m. Then there exists a continuous
linear operator on #, denoted by Op(a), such that

- e a(x, €)U
Op(ap)(@) = g [ @€ ae(e)ae (©12)

for all w € . Furthermore, the mapping a — Op(a) is one-to-one.

Observe that for ‘constant-coefficient symbols’; that is, symbols independent
of z, (C.1.2) reduces to the same formula as for differential operators

Op(a)u = F a).
In short, for symbols a depending only on £, we have by definition
Op(a) = F a7 .
Definition C.2 The set of pseudo-differential operators of order m is

OPS™ := {Op(a); a € S™} C B(Y).
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For a € S™, the operator Op(a) is called a pseudo-differential operator of order
m and symbol a.

It is more subtle to show that pseudo-differential operators extend to oper-
ators on /. By a standard duality argument, this amounts to showing the
following.

Theorem C.1 The adjoint of a pseudo-differential operator of order m is a
pseudo-differential operator of order m. Furthermore, the symbol of the adjoint

operator Op(a)* differs from a* (where a*(x,&) = a(x,&)* merely in the sense
of matrices) by a symbol of order m — 1, which means that
(Op(a))* — Op(a*) € OPS™* (C.1.3)

for alla € S™.
The proof of this theorem is a very fine piece of analysis. The interested reader

may refer to [7,87,205].

C.1.3  Basic properties of pseudo-differential operators

The first important property of pseudo-differential operators is the following.

Theorem C.2 Let P be a pseudo-differential operator of order m, extended to
" by the formula

(Pu, ¢) = (u, P*¢)
for allu e " and ¢ € 7. Then, for all s € R, P belongs to B(H®; H*~™).

A straightforward example. For all s € R, let A® denote the pseudo-
differential operator of symbol \* as defined in Section C.1.1. Then for all real
numbers s we have

lullge = [[A%ul| g2 .
Therefore, we have for all m € R
IA™ wl|gs-m = [[A°"" A" ul|p2 = [|[A° ||z = ||ullgs -

In fact, using the operators A® and A=, all cases of Theorem C.2 can be
deduced from the case m = s = 0 and the other following basic result.

Theorem C.3 If P and Q are pseudo-differential operators of order m and n,
respectively, then

i) the composed operator PQ is a pseudo-differential operator of order m + n,
and its symbol differs from the product of symbols by a lower-order term,
which means that

Op(a) Op(b) — Op(ab) € OPS™ "1 (C.1.4)
forallae S™ and b€ S™.
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it) if one of the operators is scalar-valued, the commutator

[P.Q] == PQ - QP

is of order m + n — 1 (and its symbol differs from the Poisson bracket of
symbols

Z da 0Ob da Ob

{CL, b} = 8£j 8:0]- 8$j 857

J
by a lower-order term).

The proofs of Theorems C.2 and C.3, as well as more complete results, can
be found in the textbooks quoted above [7,31,87,205]. Note that apart from the
bracketed statement, 4i) is a trivial consequence 4%).

Finally, other important results are the Garding inequality, which relates
the positivity of an operator (up to a lower-order error) to the positivity of
its symbol, and the sharp form of Garding’s inequality, which applies to non-
negative symbols. We begin with the standard form of Garding’s inequality (for
matrix-valued symbols) and its elementary proof.

Theorem C.4 (Garding inequality) If A is a pseudo-differential operator of
symbol a € S™, or A is associated with a € S™ by a low-frequency cut-off, such
that for some positive o

a(z,§) +a(z,§)" = aA™(§) In

(in the sense of Hermitian matrices) for all x € R? and ||€|| large, then there
exists C' so that

o
Re (Au, u) > 1 [l Fmre = Cllullzmz s (C.1.5)

for all w e H™/2.

Proof Replacing A by A~™/2 AA~™/2 we can suppose without loss of gener-
ality that m = 0.

e We have Re (Au, u) = Re (3 (A+ A*)u, u), and by (C.1.3) we know
that

(A+ A*) — Op(a+a*) € OPS™!.
Therefore, there exists ¢ > 0 so that
((A+A%u, u) > (Op(a+a”)u, u) — cllul|g- [lul|L

o 4c?
Sl = =l

Y

(Op(a+a*)u, u) —
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Thus the result will be proved if we show that

Yo 9 9
(Op(a+au, u) > S llullze = Cllullfg-
In some sense this reduces the problem to Hermitian symbols.
e By assumption, the Hermitian symbol @ := a +a* — o Iy, with o/ =

3ar/4, is positive-definite. By Lemma C.1, there exists b € S° such that b*b = a.
Denoting B = Op(b) and A = Op(a + a* — &'Iy), we know from Theorems C.1
and C.3 i) that

B*B — A ¢ OPS™'.

Consequently, there exists ¢ > 0 so that
~ * ~ 2 o 2 & 2
(Au, u) = (B"Bu, u) = ellull g lull 2 = | Bullzs — - llullze = —lullg-,

which implies that

3o 2
(Op(a+a”u, u) =2 — ullZ2 — o [

e Finally, we have the inequality in (C.1.5) with C = (4¢? + 3¢%)/(2a). O

We complete this section by stating without proof the sharp Garding inequal-
ity, which amounts to allowing o = 0 in the standard one. In other words, it
shows that non-negative symbols imply a gain of derivatives: an operator of order
s with non-negative symbol satisfies a lower bound as though it were of order
s — 1. The sharp Garding inequality was originally proved by Hérmander [86] for
scalar operators and by Lax and Nirenberg [112] for matrix-valued symbols. The
proof was later simplified by several authors; it can be found in [88,205, 210].

Theorem C.5 (Sharp Garding inequality) If A is a pseudo-differential opera-
tor of symbol a € S™, or A is associated with a € S™ by a low frequency cut-off,
such that for some positive o

a(z, &) +a(z,8)* >0

(in the sense of Hermitian matrices) for all x € R? and ||€| large, then there
exists C' so that

Re (Au,u) > —C|[ull}on 12 (C.1.6)
for all uw e H™/2.

C.2 Pseudo-differential calculus with a parameter

The introduction of a parameter 7 is intended to deal with weighted-in-time
estimates, typically in L?(R,e~7!dt).

We shall consider symbols that depend uniformly on a parameter vy € [1, +00).
To avoid overcomplicated notations, we shall use, as far as possible, the same
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notations as in standard pseudo-differential calculus. The main difference is that
A now stands for the rescaled weight

X&) = (P + JElP)2.

Alternatively, we shall sometimes denote A7 = A*(-,v). Associated with A®?
is an equivalent norm on H®, namely || A®7 @ ||zz. To avoid confusion with the
standard norm, we shall denote

wllzs = TN @lLe.
One may also observe that
lullzs < llullay < 9 [lulla
vy

for s >0 (and the converse for s < 0). Another useful remark about these
weighted norms is that

lullgs <™ ullan
for s < m.

Remark C.1 For m € N, there exist ¢,,, > 0 and C,,, > 0 so that

Cm Z Vz(mf\al) ||5socu||2L2 < ||u||%{:{n <C, Z ,y?(mf\al) ||aauH2L2

la|<m || <m
forall v >1and u € H™.

Definition C.3 For any real number m, we define the set S™ of functions
a € € R x R? x [1,4+o00[; CN*N) such that for all d-uples o and (3 there exists
Ca,g > 0 so that

102 0 a(x,€,7) | < Cas A" 71Pl(E, ). (C.2.7)

(One may relax the smoothness with respect to v assumption, which is of no use
actually.)

Basic examples. Of course the first example is given by functions A® them-
selves. Clearly, A\ belongs to S™. More generally, if (£,7) — a(,7) is €
on (R?x R*)\{(0,0)} and homogeneous degree m, then its restriction to
R? x [1,400) belongs to S™. (Compared to the usual symbols, the singularity
at the origin is eliminated by taking v > 1.)

Needless to say, Lemma C.1 extends to this setting in a straightforward way.
Also, Proposition C.1 and Theorem C.1 enable us to define Op”(a) in such a way
that

T(a)u)(x) = e a(x u 2.
OP (@) = Gy [ el (©28)
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for all u € .. And Theorem C.2 applies to the operator Op” for all v > 1.
However, one may wish to keep track of the dependence on v in the estimates.
This leads to the following.

Definition C.4 A family of pseudo-differential operators {P7},>1 is said to
be of order m if PY belongs to OPS™ for all v > 1 and for all s there exists a
constant C, independent of ~y, so that

[P ullgsm < Cllullgs -
The basic example of a family of order m is precisely

{A™ 7}z

where A™7 is by definition the pseudo-differential operator of symbol \"™7. As
a matter of fact, the little calculation made in Section C.1.3 just becomes

[A™ T ull ggom = [[AT"TA™ V|2 = [[AT ullL2 = [lullas -

More generally, it can be shown that {Op”(a)},>1 is a family of order m for
any a € S™. We actually have a collection of results of this kind — extending
Theorems C.1 and C.3 — that we summarize in the following.

Theorem C.6 Ifa and b belong to S™ and S™, respectively, then

i) {Op”(a)}y>1 is a family of order m,
ii) {(Op™(a))* — (Op™(a*)) }y>1 is a family of order m — 1,
iii) {Op”(a) o Op”(b) — Op”(ab)}y>1 is a family of order m+mn —1,
iv) {[Op”(a), Op”(b)] — Op”([a,b]) }y>1 is a family of order m+mn — 1.

The proof of course relies on the fact that the estimates in (C.2.7) are
independent of 7. Let us sketch the proof of i). We need a bound for Op”(a)
in #(H3; H5~™) that is uniform in . So we go back to the usual estimation
of Op”(a), and pay attention to the dependence on ~. The case m = s =0 is
rather easy, because the norm of Op”(a) as an operator on L? only depends on
bounds on derivatives of a (even though this fact is not so easy to prove, it is
well-known), which are independent of v by assumption. For arbitrary m and s,
the proof amounts to playing with commutators involving A®Y and A™™7, thus
reducing the problem to the case m = s = 0. So it is closely related to the proof
of i17). The details are left to the reader.

Remark C.2 Since
fullas < 7P lullge
for s < p, a family {P"},>1 of order m satisfies

[P ullgsm < Cy° 7" lull gz
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for s < p. In particular, for a family of negative order, we can take p = s —m
and obtain

[P ullgz < Cy™ [lull gz -
We complete this section by parameter versions of Garding’s inequality.

Theorem C.7 (Garding inequality with parameter) Ifa € S™ is such that for
some positive o,

a(xv&’)/) +a($7£’7)* >« Am(faV) In

(in the sense of Hermitian matrices) for all (x,&,7) € R x R? x [1,+00), then
there exists vo > 1 so that for all v > vy and v € H™/?,

(0%
Re (Op™(a)u, u) 2 + IIUIIZT/m (C.2.9)

Compated to the standard Garding’s inequality in (C.1.5), the inequality (C.2.9)
does not contain any remainder term. This is made possible by absorbing the
errors in the main term for v large enough.

Proof The proof parallels that of Theorem C.4.
e By Theorem C.6 ii) and the Cauchy—Schwarz inequality, there exists ¢ > 0
so that

((Op”(a) + Op™(a)")u, u) = (Op™(a+a")u, u) — clluf gzmam [Juf .

e The symbol @ := a+a* — &/ A*" Iy, with o/ < a, is positive-definite.
By Lemma C.1, there exists b € S™ such that b*b = a. Then, denoting AV =
Op”(a+a* — o’ X\>™Iy), by Theorem C.6 iii) ii) and the Cauchy-Schwarz
inequality there exists ¢ > 0 so that

(A, u) > (Op”(b)" Op"(b)u, u) = lull o [fu] e
which implies that
(Op”(a+a")u, u) > o [ullfm — €llullgrr ulmy

e Therefore, by Young’s inequality,

/

((Op?(a) +Op™ (@) )u, u) 2 — lullfrn = = (c+2)* ull o -

o
The conclusion just follows from the fact that

O/ 2m 2 2 y2(m—1 O/ 2m
5/\ ,v_g(c+a 22 ),723/\ Y

for v large enough. O

A sharpened version of Theorem C.7 is the following.
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Theorem C.8 (Sharp Garding inequality with parameter) If a € S™ satisfies

a(x,&,7y) +a(z, &) >0

(in the sense of Hermitian matrices) for all (z,£,7) € RY x RY x [1,+00), then
there exist v9 > 1 and C > 0 so that for all v > o and allu € H™/?,

Re (Op”(a)u, u) > —C ||uHiI§m,1)/2 . (C.2.10)

The proof is sketched in [125] (pp. 82-84, in the case m = 1), by adapting
the approach of Nagase [146].

C.3 Littlewood—Paley decomposition
C.3.1 Introduction

Littlewood—Paley decomposition is a well-known tool in modern analysis, of
which various versions are available [57,211,212]. Here we adopt the presentation
of Meyer [137], and also Gérard and Rauch [68]. For a recent, PDE oriented
presentation, see also [33].

We consider a reference cut-off function ¢ € 2(R?), monotonically decaying
along rays and so that

¥(E) =1 it ¢l < 1/2,
0< () <1if 1/2< ¢l <1, (C.3.11)
¥() =0 if gl = 1.

This function is associated with the other cut-off function ¢ € 2(R?) defined by

P(§) = P(§/2) — (&)

The monotonicity property of ¢ implies that ¢(§) is everywhere non-negative.
The other main feature of ¢ is that it is supported by the set {1/2 < ||£]| < 2}.
Now we consider the functions ¢, defined by

¢q(§) = #(277€)
for all ¢ € N. By construction we have
Suppg, C {2771 < ¢l < 2771}
Then it is elementary to show the following.
Proposition C.2  For the functions ¥ and ¢, defined as above, we have
Ppdg =0 if |p—ql 22, (C.3.12)

b+ b =1, (C.3.13)

q=0
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<Y+ ) ¢ <1 (C.3.14)

q>0

Observe that because of (C.3.12) the sums in (C.3.13) and (C.3.14) are locally
finite. Indeed for all £ € R there are at most two indices ¢ such that ¢,(&) # 0.

For convenience we also denote ¢p_1 := 1.

All functions ¢4 for ¢ > —1 can be viewed as constant-coeflicient symbols
in ST° and thus associated with pseudo-differential operators, denoted by A,.
Equivalently, A, is defined on .&’ by

Ay = F 19, F, (C.3.15)

N =

where % denotes the Fourier transform on ..
The interest of these operators is that, for all u € .¥’, we have because of

(C.3.13)
u = Z Agu,

q>—1

where the convergence of the series holds true in .#”, and the terms Aju are >
functions (since the ¢, are compactly supported).
We introduce the notation for partial sums

q—1
Sgi= Y A,

p=-1

By convention, we put A, =0 for p < -2 and S; =0 for ¢ < —1.
By definition we have for all u € .%’

F(Agu) = ¢pqu and F(Squ) = P, u (C.3.16)
with the rescaled functions 1), being defined similarly as the ¢, by
Pe(§) = P(277¢)

for ¢ > 0.

A first interesting property of the operators A, is that the L norms of Aju,
Squ and their derivatives are all controlled by the L* norm of u. The cost of
one derivative is found to be 29.

Proposition C.3 (Bernstein) For all m € N, there exists C,, > 0 so that for
all w € L, for all d-uple o, |a] < m, for all ¢ > —1,

18 (Aqu) [z~ < Cr 27 iz~ and [0 (Squ) [z~ < Con 2710 [lu 1 .
(C.3.17)

Proof By (C.3.16) we have

Agu = 971% *u and Squ = ﬁflwq * U,
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All functions .Z !¢, are integrable because of the regularity of ¢,, with the
additional invariance property

17 gl = | F I
for all ¢ > 0. We also easily compute that

10 (F 7 g) 1 = 2721 0° (F719) || 1a -

The same is of course true for 1,. Then a basic convolution inequality yields the
conclusion with

C = max ([|0°(F 7)1, 0% (F719) [|1).

le|<

C.3.2  Basic estimates concerning Sobolev spaces
All results displayed in this section but the very last are concerned with the most
classical Sobolev spaces H® on the whole space R%.

First, we note that if u belongs to H® the equality ©v = ) Agu holds true
not only in .’ but also in H®. As a matter of fact, we have
F(Squ—u) =—=0 and [N(€)F (Squ—u)(©)* < (L4 [$ll7-) [\ (©)a(E).

Thus by Lebesgue’s theorem we have

lim ||S,u—ullgs = 0.
q—0o0

Furthermore, the operators A, appear to give rise to equivalent norms on the
Sobolev spaces.

Proposition C.4 For all s € R, there exist Cs > 1 such that for all uw € H?®

1
roR Y 2 Agulge < Jlulfe < Co Yo 22 || Agul.. (C.3.18)

S g>-1 q>—1

Proof We begin with the case s = 0. We claim that the estimate in (C.3.18)
works with Cy = 2. One may remark that the equality, that is (C.3.18) with
Co =1, could be true if the A, were pairwise orthogonal. But we only have, in
view of (C.3.12),

(Apu, Aqu) = 0 provided that [p—g| > 2. (C.3.19)

The inequalities in (C.3.18) can be viewed as measuring the default of orthogo-
nality. Their proof is almost straightforward. As a matter of fact, the inequalities
in (C.3.14) imply that

Yo 10Qu@) P < la@) PP <2 Y [oe(&)u)

q>—1 g>—1
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for all uw € L? and almost all £ € R%. Integrating in ¢ we get, in view of the
definition (C.3.15) of A,

Yo IAullze < @l <2 ) [Agulie

g=>—1 g=>—1

and we just conclude by Plancherel’s theorem.
The general case is not much more difficult. The inequalities in (C.3.14) imply
that

Yo IXOOUO P < INEUEP <2 Y 1N d(©)u®) P

q=—1 g=—1
Assume, for instance, that s is positive. Then for ¢ > 0 and for

geSuppg, C {2771 < ||¢| < 277}

we have
97259205 < \25(g) = (1 + ||¢||?)° < 2% 2%,
while for
§€Suppo_1 C {[I¢]] < 1}
we have

22s 2—23 =1 S )\28(6) S 925 — 233 2—23_

Therefore, the inequalities in (C.3.14) holds true with Cs = 23**1. When s is
negative the estimates on A\?* are reversed and thus (C.3.14) holds true with
Cs _ 2—33-&-1.

O
In particular, this proposition shows that for all w € H* and all ¢ > —1
Agullre < VCs27% ||u| g - (C.3.20)

Of course the constant 1/Cs becomes 1 if we replace the usual H® norm by
the equivalent norm

1/2
lulls = | > 22| Aqullz> | (C.3.21)

q>—1

As regards the operation of A, on L? we actually have much more infor-
mation than that obtained by setting s = 0 in the inequality (C.3.20). We have
similar estimates as in Proposition C.3.



Littlewood—Paley decomposition 463

Proposition C.5 For all m € N, there exists C,, > 0 so that for all u € L?,
for all d-uple a, |a| < m, for all ¢ > —1,

10% (Aqu) [z < Cn 29 |z and || 0% (Squ) ||z < Con 270 [0 2 .
(C.3.22)

In other words, we have a kind of ‘symmetric’ counterpart of (C.3.20). For
all positive integers s, there exists C' > 0 so that for all ¢ > —1 and u € L?

IAqulle < €29 |lullz and  ||Syullgs < €27 JulL: . (C.3.23)

(Note that the constant C' here depends on s. It is strictly increasing with s.)
The proof of Proposition C.5 is exactly the same as that of Proposition C.3,
replacing the L' — L® convolution estimates by L' — L? convolution estimates.
Another noteworthy remark is that the L> norms of Aju and S,u can be
controlled even for unbounded u (to which Proposition C.3 does not apply),
provided that u belongs to some H?® (which is not embedded in L for s < d/2!),
as shown in the following.

Proposition C.6 For all s € R, there exists C > 0 so that for all u € H*(R?)
and all ¢ > —1,

[Agu e < C2742 ullye and ||Squllus < C279 D |lu g .
(C.3.24)

Proof The proof is somewhat analogous to that of Proposition C.3. Since both
Agu and S,u are supported by the ball { ||¢]| < 2971} we have, for instance,

Agu = Pgp2 Agqu,
and similarly for ,S/',;L. Therefore,
Aju = F 1 hgra x Agu.

Now, to get the correct estimate we just have to pay attention to the fact that
the L2 norm is not invariant by the rescaling. We have indeed

gl = 27972 |9 12

and thus Plancherel’s theorem and a basic convolution inequality yield
IAGullx < 20292 g 2 || Agul| 2

Together with (C.3.20) this gives (C.3.24) for Aju with C' = 24 ||¢|| 2 /Cs. The
same computation shows the inequality for Sju. 0

A straightforward consequence of this proposition is, of course, the well-known
Sobolev embedding H*(R?) — L> for s > d/2. For, the inequality in (C.3.24)
shows the series > A,u is normally convergent in L°° if u belongs to H*®(R?)
and s > d/2, and its sum must be u (by uniqueness of limits in the space of
distributions).
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Remark C.3 By a similar calculation as in the proof of Proposition C.6, we
have L? estimates of Aju for u € L'. Namely, there exists C > 0 so that

IAgullre < €292 up
for allu € L'(R?) and ¢ > —1. Indeed, by definition of A,u, Plancherel’s theorem
shows that
[Aqullrz = | ¢qullLs < [ @ llz2 @l

for ¢ > 0 (for ¢ = —1 just replace ¢4 by ?) and

I6qllze = 2942 1g|Lz ,

while, of course, ||@||L~ < ||u||z:. As a consequence of these estimates and
Proposition C.4 we find the embedding L*(R?) — H~*(R?) for s > 4.

To complete this section, we prove an additional result in the same spirit as
Proposition C.6, which gives an estimate of || Aju ||~ in terms of || Agu |lywm.
(instead of || Agu||z2 in the proof of Proposition C.6).

Proposition C.7 For all m € N, there exists C,, > 0 so that for all u € L™,
and all ¢ > 0,

[Agulpx < Cr2™™ > [[0%(Aqu) ||~ (C.3.25)
la]=m

Proof There is nothing to prove for m = 0. Let us assume m > 1. We consider
some function Y € 2(R?) vanishing near 0 and being equal to 1 on the support
of ¢ (for instance take x(§) = ¥(£/4) — ¥(2£)), so that ¢ = x ¢ . With obvious
notations we also have

¢q = Xgq ¢q

for all ¢ > 0. Since x vanishes near 0 we can define for all d-uples « of length m
a function x* € 2(R%) by

By construction we have

and
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with still the obvious notation xg(§) = x*(279€). This easily implies that
Agu =277 N " F Iy % 0%(Aqu).
|a]=m

The result follows again from a convolution inequality and the identities

177X e = 117 X e
We find that

IAgullz~ < 279" max |77 (e Y 1|9 (Agu) |~ -
|a]=m
lee|=m
O

The proof here above would obviously fail for ¢ = —1, because A_ju does
involve small frequencies. However, by Proposition C.3,

1Ayl < Collullx < Co2"|lullz

for all k € N. Therefore, using the commutation property 0% A, = A,0%, a
consequence of Proposition C.7 is the following.

Corollary C.1 For all k € N, there exists Cy, > 0 so that for all u € Wk,

Wk — {u; |05 u||p= < o0 Vo € N?, la] <k},
Vg>—1, [|Agullre < Cp27% [|ulpyrs. (C.3.26)

C.3.3 Para-products

The operators A, are also convenient tools to define para-products. The para-
product by (a not necessarily smooth) function u is intended to operate on
Sobolev spaces (and on Holder spaces) when the standard product does not. Para-
products were originally introduced by Bony [20]. He actually defined two kinds
of para-products, one based on the dyadic Littlewood—Paley decomposition, as
presented below, and one based on a continuous spectral decomposition, and
showed that they essentially enjoy the same properties.

To motivate the definition, let us consider two tempered distributions u and
v, and formally write

uv = Z ApuAgv

p,q>—1

p—3 q—3
— Z Ayu Z Agv + Z Z ApuAgv + Z ApuAgv.

p>2 q=-1 q>2 p=-1 [p—ql <2
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There is some arbitrariness in this decomposition. The idea is to separate

terms involving frequencies of the same order (last sum) from terms where the

frequencies of v dominate those of v (first sum) or vice versa (middle sum).
Denoting as before by S, the truncated sums

qg—1
S, = Z A,

p=—1

for ¢ > 0 and setting by convention S; = 0 for ¢ < —1, we introduce the para-
product of v by u as

Ty = Z Sq—ou Agv = Z Sq—2u Agu. (C.3.27)
qg> -1 q>2

This definition is still formal for arbitrary distributions. However, observing that

q—3
Supp F (Sg—ou Aqv) C Supp Y ¢ * dg C {|[€] <2972} + {2071 < [|¢]| < 27F}
p=—1
and hence
1
Supp F (Sg—2u Agv) C { 1 27 < ¢l < Z?q} , (C.3.28)

it will be easy to give sense to (C.3.27) for a wide range of v and v.

Remark C.4 In the special, apparently trivial case when w is constant, the
para-product T, v is not exactly the usual product wv, but differs from it by a
¢ function. Indeed, ¥ = u ¢ and thus A_ju = u while Aju = 0 for ¢ > 0.
Therefore, Tyv = u -, -, Aqv and

uv — Tyv = u E Agv.
lgl <1

This means that the operator (u — Ty,) is infinitely smoothing when w is constant.
We shall see in Theorem C.13 that for any Lipschitz function w the operator
(u — Ty) is still smoothing, to a limited extent though.

In general, we formally have the symmetric decomposition

uv = Tyu + Tyv + R(u,v), (C.3.29)
where the remainder term is
R(u,v) := Z Apu Agv, (C.3.30)
[p—ql <2

and will appear to be the smoothest term when it is well-defined.
As regards the para-product T, it does operate on H? for all s provided that
u belongs to L*°, as shown in Proposition C.8 below. The para-product by v is
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a typical example of a para-differential operator (of order 0). See [20] for more
details, or Section C.4 for a sketch.

Proposition C.8 For all s there exists C' > 0 so that for all w € L™ and all
ve H?

ITuvlle < Cllullo~ ol - (C.3.31)

Proof We begin with a remark on the meaning of the definition in (C.3.27)
for u € L*° and v € H®. By (C.3.17) and (C.3.20) we have

1Sg—2u Agvflz < Clluflzx 27 [[o] a -

Thus if s > 0 the series in (C.3.27) is normally convergent in L?. However, the
following computations justify a posteriori the definition of T, v for all s, since
they show that the series in (C.3.27) is convergent (though not normally, in
general) in H*.

Using the equivalent norm (C.3.21) from Proposition C.4, the estimate
(C.3.31) equivalently reads

Yo 2P ATz < CFllullie D 2|0
p=—1 p=—1
To prove this, it is to be noted that
A, (Sy—2uAv) =0 for|p—gq| > 4. (C.3.32)

Equation (C.3.32) is easy to check, since by (C.3.28) the support of
F(Sy—2u Agv) is clearly disjoint from {2P~1 < ||£]| < 2PF1} for |[p —g| > 4.

Therefore, and this is the crucial point in the proof, only a finite number of
terms from the sum in (C.3.27) are to persist under the operation of A,. We
have

p+3
ATy = Z A, (Sg—2u Agv),

q=p—3
which implies by the Cauchy—Schwarz inequality that

p+3
27 || A Tyoll72 < 7x 2500 N T 220 (A, (Sgou Agv)|Za -
q=p—3

Now all terms in this sum are easily estimated. By (C.3.22) we have
[Ap (Sg—2u Agu)|[r2 < C[|Sq—2u Agul| L2
and by (C.3.17)

1S4-2u Agollzz < Cllullz~ 1Ag0]l L2



468 Pseudo-/para-differential calculus

Collecting and summing these successive inequalities, we arrive at the aimed
result

S 2% A L) < T x 20Ot ulfe Y 220 ||A )3
p>—1 q>—1

O

Actually, this proof can be refined and extended to a more general framework.
Let r be a rational integer. If » > 2 then we can find k£ € N so that we have
similarly as in (C.3.32)

Ay (Sy—ruAw) =0 forlp—gq| > k+1.
This is elementary by looking at
Supp Z (Sg—ru Agv) C {Jl]] < 2977} + {2971 < i¢] < 27}

But we point out that for r < 1, the support of Z (Sy—,u A4v) is not bounded
away from 0 and thus we only have A, (S;_,u Aqv) = 0 for large p. More
precisely, there exists £ € N so that

A, (Sy—ruApw) =0 forp—qg > k+1. (C.3.33)

However, these properties are sufficient to prove the analogous Proposition C.8,
under some restriction on s though.

Proposition C.9 Forallr € Z and s > 0 there exists C > 0 so that for u € L™
and v € H?

> Spu gl < Cllull o] g (C.3.34)
g=>-—1 Hs
Proof The proof is very similar to that of Proposition C.8, except that we
must make use of a finer Cauchy-Schwarz inequality (in ¢? instead of R7!) and
thus require s > 0. To facilitate the reading, we denote

S(u,v) = Z Sq—rtt Agu.
g2 -1

Because of (C.3.33) we have

+oo
ApS(u,v) = > Ay (Sg_ruAgv),
q=p—k

which implies by the Cauchy—Schwarz inequality that

+oo +oo
18, Suv)lfz < | D 27 Do 27 Ay (Sg—ru Ago)ll7a
qg=p—k q=p—k
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The first factor is clearly bounded by ¢, 27P° with cop =D s 4 2-ls for
positive s. And we know from (C.3.22) and (C.3.17) that -

185 (Sq—ru Agv)llzz < C* [lullz= [Agullze -
Therefore, we find that
Do 2P A, S(u )7 < e O ulle Do Y 2P0 |Agu]7a
p=—1 p2—1 q=p—k

The conclusion then follows from the observation that

> > 2 AT = | D0 2| 3 2 A

p>—1 q>p—k I>—k qg=—1

(The constant C' in (C.3.34) is thus ¢, ; C? with our present notations.) O

As a consequence of this proposition, we get in particular an error estimate
for T,,u, provided that both uw and v belong to L>* N H*, s > 0.

Proposition C.10 For all s > 0, there exists C' > 0 such that for all w and v
in L= N H?, we have

[uv — Toulms < Cllull=[[v]lms .

Proof The assumption s > 0 ensures that for u,v € H® the series ) A,u and
> Ayv are normally convergent in L? (because of (C.3.20)). This justifies the
formula

uv = E Apu Ay,
p,g>—1

and thus by definition of T u:

uv — Tyu = Z Sq3u Agv.

q>—1
Consequently, Proposition C.9 applied to r = —3 yields the result. O

This in turn leads to a very simple proof of the following.

Proposition C.11 For all s > 0 there exists C' > 0 such that for all u and v
in L N H?, the product uwv also belongs to H® and

fuvlae < C ([luflex lvllas + [0l ullms) -

Proof Just sum the estimate of T,,u obtained in Proposition C.8 with the error
estimate in Proposition C.10. O

An alternative form of Proposition C.11 is the following.
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Proposition C.12 For each integer s > 0 there exists C' > 0 such that for all
u and v in L N H?® and all d-uples o, § with |a| + |B| = s we have

1(0%u) (9%0)llz2 < C (llullz lollas + ol [lullm) - (C.3.35)

This proposition can actually be proved in a more classical way, by using the
Holder inequality together with the Gagliardo—Nirenberg inequality [64,148]. The
latter holds indeed for each positive integer s, and gives a constant C' > 0 so that
foru e L*°NH® and |a| < s

o 1— s s
10%u || 20y < C flull XV ullf51° (C.3.36)

An easy consequence of Proposition C.12 is the following commutator esti-
mate.

Proposition C.13 If s > 1 and « is a d-uple of length |a| < s, there exists
C > 0 such that for all w and a in H® with Vu and Va in L

[10%, aV]u 2 < C (IValr~ lullgs + [Vul~[lallms) -

Proof We first note that the assumptions on a and w imply by Proposition
C.11 that aVu belongs to H*~! and so

[0%, aV]u = 0%(aVu) — aV(0®u) € H!

for |a| < s. Our purpose is to show that in fact [0%, a V] u belongs to L? (which
is in general the best one can expect since for a € €°° the commutator [0, a V]
is a differential operator of order |a|).

We consider an index j € {1,---,d} and want to estimate the L? norm of
[0%, a8;]u. By the Leibniz rule there exist coefficients c¢2 with ¢2 =1 so that

0% (adju) = Z B (8%a) (0°7Poju).
18I1<]al
Consequently, we have
[0%, ad;]u = Z B (9%a) (0°7P0;u).
1<|BI< e
In the latter sum, all terms are of the form
(0% 9ya) (0°7P9; u)

for some index k € {1,--- ,d} and d-uple By of length |8x| = |5] — 1. Both dxa
and J;u belong to L* N H lo1=1 and thus meet the assumptions of Proposition
C.12 with s = |a| — 1. This yields the estimate

1(0%0ra) (0°~P05u) 2 < C (I0kallL=[105ull gors + 105wl L~ 1Ol grier-r)

where the right-hand side is clearly bounded by ||Va| = ||u| g + [|Vu| L= ||al g
for |a| < s. Hence, by summing on 3 and k we get the desired estimate. O



Littlewood—Paley decomposition 471

To illustrate the power of para-products, let us just show the following result
on the remainder R, where we see that the regularity of R(u,v) is ‘almost’ the
one of u plus the one of v.

Theorem C.9 For all s and t with s+t > 0, there exists C > 0 so that for all
u € H® and allv € H', R(u,v) is well-defined by (C.3.30) and meets the estimate

ol e - (C.3.37)

1w, )| presi-ar2 < Clull s

Proof e At first, we check that the assumption s+ ¢ > 0 ensures that R is
well-defined and

q+2
R(u,v) = Z Ry(u,v) with Ry( = Z AyuAgu.
g>—1 r=q—2
As a matter of fact, we have
q+2 q+2
[Ry(uw, ) < Y [1Awullzz [Agulle < C Y 277 [fullms 277 [[v]| e
r=q—2 r=q—2

by (C.3.20), hence
1R (w,v)l[1 < 5 x 2250 Clfuf e fJol| e 27940,

which shows that the series Y R,(u,v) is normally convergent in L!.

e To prove the estimate in (C.3.37) we must evaluate the L? norm of
A, R(u, v). Similarly as in the proof of Proposition C.9, we note that A, R(u, v)
only involves some terms A, R,(u,v). This is due to the fact (already used in
(C.3.33)) that there is an integer k such that

Ay (AvuAgw) =0 forp—g > k+1 and|r—g| <2. (C.3.38)
Therefore, we have

A, R(u,v) = Z A, Ry(u,v).

q=p—k
For all p > —1 we have
q+2
Ay R = Y Tl x (AuAgw)
r=q—2

and thus a standard convolution inequality and Plancherel’s theorem show that

q+2
1Ay Ry(u,0) [l < I 6pllz D> [ Avu Ago g

r=q—2

Since for p > 0 we have

Iplize = 272 ||g]| 2
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the latter inequality implies that for all p > —1

q+2
18 Ry(u,v) [[z2 < e 27923 || Al e Ao |2

r=q—2

with ¢ := max(||¢|| .2, 292 ||9] 2).
Like in Proposition C.9 we can apply the Cauchy—Schwarz inequality to
obtain

1Ay R(w,0)[[72 < crpop 27700 N7 2008 A, Ry (u,0)]72

q>p—k
with ¢ipsp = f:oik 2-l(t+s)  Consequently, we have
q+2
1Ay R(w, v)lZe < 2770070 37 21059 A Fe D0 || Avullz,
q>p—k r=q—2

with C” :=5 x ¢? ¢45, and thus

227 H=d/D | A R(u,v)||2 < 5x 22817 YT oema)ts) g2at A g2,

q>p—k

q+2
Xy 2 Al

r=q—2

So we have by (C.3.18)

3 22CHAD AL R(u,v)|[22 < O Joll3e ull3re,

p>—1

with C" := 5 x 22Isl ¢ Ctts,k Cr Cs . This finally proves the estimate in (C.3.37)
With O = 1/ C”CtJrS*d/Q' D

Remark C.5 This result on the remainder R(u,v) gives a slightly bigger index
than in the classical result recalled below for the full product wwv.

Theorem C.10 For all s and t with s+t >0, if u € H® and v € H® then the
product belongs to H" for all r < min(s,t) such that r < s+t —d/2. Further-
more, there exists C' (depending only on r, s, t and d) such that

lwvllar < Clluflas o]l -

In the case r = s = t, this result may be viewed as a consequence of Proposi-
tion C.11; an alternative, elementary proof, which also gives the result in Sobolev
spaces on any smooth domain €, may be found in [1], p. 115-117. For more
general values of 7, s and ¢ (but Q = R9), Theorem C.10 can be deduced from
Theorem C.9 and the following additional result on para-products.
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Proposition C.14 For all s and t, if u € H® and v € H* then the para-product
T,v is well-defined and belongs to H" for allT < s+t — d/2. Furthermore, there
exists C > 0 independent of u and v so that

ITellr < C llullzze oo - (C.3.30)

Proof It is very similar to the proof of Proposition C.8, replacing the use of the
estimate of ||Syu| L~ in (C.3.17) by the estimate in (C.3.24): the condition r <
s+t —d/2 is here to ensure the convergence of the series Zp 2 2p(stt—d/2=r)

hence of 3 22P || A, T,v||2 5. Details are left to the reader. O

An easy consequence of Theorem C.10 is the following commutator estimate.

Corollary C.2 If m is an integer greater than d/2+ 1 and « is a d-uple of
length |a| € [1,m], there exists C > 0 such that for all a in H™ and all u €
H\a|717

[[0%, au [z < Cllalzm [[ull - -

C.3.4 Para-linearization

Proposition C.8 and Theorem C.9 show in particular that for all s> 0, if
u € H° N L*™ then

u? = 2Tuu + R(u,u) = Toyu + R(u,u),
with the uniform estimates

Towtllms < Cllullp lullme R, g2e-ar2 < Cllullfe -

A very strong result from para-differential calculus says that this decompo-
sition of F(u) =u? can be generalized to any € function F vanishing at 0,
under the only constraint that s > d/2.

Theorem C.11 (Bony-Meyer) If F € €°(R), F(0) =0, if s >d/2 then for
all u € H*(RY) we have

F(u) = Tpiwyu + R(u), (C.3.40)
with R(u) € H*~4/2,

(Note that the assumption s > d/2 automatically implies v € L>® if u €
Ho(R).)

Equation (C.3.40) is often referred to as the para-linearization formula
of Bony. Historically, Bony proved that the remainder term R(u) belongs to
H?3=4/2=¢ for ¢ > 0 [20], and Meyer proved the actual result with ¢ = 0 [138].

In particular, (C.3.40) shows that F'(u) belongs to H*. We do not intend to
give the extensive proof of Theorem C.11. We ‘directly’ show that F(u) enjoys
the same estimate as its para-linearized counterpart Tr(y,) u.
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Theorem C.12 If F € € (R), F(0) =0, if s > d/2 then there exists a con-
tinuous function C : [0,+00) — [0, +00) such that for all u € H*(R)

[ F(u)l[ms < C(ulle) [z

Proof The assumption s > d/2 obviously implies that each u € H*(R?) nec-
essarily belongs to L>® N L2.

e We begin by showing the estimate for F(Syu) instead of F(u). To do so,
it is sufficient to bound || 0*F (Sou)|| L2 for all d-uples « of length |a] < m with
m —1 < s < m. For || = 0 this is almost trivial. By Propositions C.3 and C.5
we have

|Soullz~ < Cllullex and [Soullze < C fullzs

and thus the mean value theorem applied to F' in the ball of radius R = ||ul| 5~
implies that

|F(Sou)|r> < Cgrllullr:

for some Cr > 0 depending continuously on R. For |a| > 1, the chain rule shows
there exist coefficients c?, with b = {3%,---, 3"} being a family of d-uples of
positive length and of sum 8 4 --- + 3" = a, so that
9 (F(Sou)) = > & F™ (Sou) 07 (Sou) -+ 9%" (Sou) .
1<n<|q

B+ + 8" =a
131 >1

By Propositions C.3 and C.5 we have
107 (Sow) |z~ < Cllull~ and (|07 (Sou)|r2 < O lullzz -

Therefore, using L> bounds for the successive derivatives F(™) n < m, on the
ball of radius R we obtain a uniform estimate

0% (F(Sou)) 2 < CF [lull 2
for all a with |a| < m. In particular, up to modifying C7', we have
| F(Sou) |zs < CF ull 2

for all s < m.
e The other main part of the proof consists in bounding the ‘error’ F'(u) —
F(Spu). Since Spu is known to tend to u in H®, we formally have

o0

F(u) = F(Sou) Z (Sp1u) — F(Spu)).

p=0
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To justify this decomposition we must show that the series involved is convergent
in H®. At first, we note that

F(Sptiu) — F(Spu) = G(Spu, Apu) Apu,

where
1
G(v,w) :/ F'(v+ tw)dt
0

is a € function of both its arguments. By Proposition C.3 and a piece of
calculus we can bound G(Spu, Ayu) in L in exactly the same way we bounded
F(Spu) in L% Thus we find another constant depending continuously on R, still
denoted by C'%, so that

10° (G(Spu, Apu) ) |z~ < O 271

for all a with |a| < m. Then a fine result, postponed to Lemma C.2 below, enables
us to conclude. As a matter of fact, Lemma C.2 applies to M, = G(Spu, Ayu)
and shows that

Z (F(Sp1u) — F(Spu)) = Z G(Spu, Apu) Apu < cCOF ulln--
p=0 Hs p>0 Hs
o We have

F(u) = F(Sou) + Y (F(Sp1u) — F(Spu)).
p=0

Collecting and summing the estimates of F/(Sou) and the series Y ( F(Spt1u) —
F(Spu) ) we find that

1E(u) [ < C(lullz=) llulla
with C (JJullz~) = (1 +¢) CF. (We recall that R > |luf|1~.)
0

Lemma C.2 (Meyer) Let {M,},>0 be a sequence of € functions enjoying the
uniform estimates

10% My, ||~ < cp 2P (C.3.41)

for all a with |a] < m. Then for all 0 < s < m, there exists ¢ so that for all
u € H® the series > M, Apu is convergent in H® and

Z M, Apu < cem |ullms (C.3.42)

P20 Hs

Proof The proof resembles the one of Proposition C.9, in that the sequence
{M,} satisfies by assumption the same estimates as S,u (derived in Proposition
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C.3). However, there is an additional difficulty due to the fact that, unlike Syu,

J\/Zp is mot supposed to be compactly supported. This is why we first perform a
frequency decomposition of M,,. For this we use the dilated functions ¢,(27773-)
and define

My = ‘g[_l((bq(?_p_g‘) M)
for all ¢ > —1. Observe that, for ¢ > 0, we merely have
My = Bgiprs My,
of which the spectrum is included in
{&; 277742 < lg|| < 2vtaty
and that the first term of the expansion,
My—y = F 7 @(27775) M),
has a spectrum included in
{&; lgll < 277}
Because of (C.3.13) (evaluated at 27P~3¢), we have
M, = Z Mp.q
g=—1

in the sense of /. In fact, this series is normally convergent in L, since by
Proposition C.7,

| Mpgllie < Co Y 0% Mg

loe|=m

—(ptg+3)m

|1 2

for ¢ > 0, and by Proposition C.3 applied to 0“M,,
||8a My 4 HL” < Cp ”8& M, ||L°0 )

(we have used here the fact that [0% A,] =0 for all r) and so the assumption
(C.3.41) implies that

|| Mpyq HL* < 5m 27,

o Let us now look at the two parameters family {M, ;Ap,u}tp>04>-1. By
(C.3.20) and the previous inequality we have

SN Mg Apullre < Con YD 27727 |l e < o0,
p>0g¢>—1 p>0g>—1
which justifies the interchanging formula

Z Z My, o Apu = Z Z My, o Apu.

p=>0g>—1 q>—1p=>0
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This equivalently reads

ZMpApu = Z Sy,

p2>0 g>—1

with

Sq =Y My Apu.

p=0

o We can now estimate X, in H°.
We begin with the special case ¢ = —1. We have

Supp F (Mp—1 Apu) C {lg]l < 277"}
and thus
Ay (My_1Apu) =0 for r>p+5.
Therefore,
+00
AYq = Z Ar (Mp,—1 Apu)
p=r—4

for all » > —1. By exactly the same procedure as in the proof of Proposition C.9
and the uniform estimate

| M, 1]z~ < C|| M|z~ < CCo,
we show that

Yo AT AE < E4C7C ) 2% Ayl

r>—1 p>—1

with cs4 = 3,5, 27'%. Using the equivalent norm in (C.3.21) this precisely
means that -

[E-1llzs < ¢saC Collullms -
The general case g > 0 is no more difficult. We have
Supp F (My,q Apu) C {27771 < g < 27770}
and thus
Ay (Mpy,Apu) =0 for r>p+qg+6 or r<p+qg-—1.

Consequently,

AS, = Z A, (M, Apu)
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and
1A (Mg Apu) [z < Con 279 || Apul| 2 -
By the Cauchy—Schwarz inequality, we obtain
> 2P A (Mg Apu) [[F2 < 62 x 2% CZ 272077 37 920 || A3,
r>—1 p>—1
which means that
IZq s < 6% 2% Conlu g 272907,

e The conclusion then follows from the summation on ¢ of the estimates for
2]l ar- O

Let us mention an easy consequence of Theorem C.12 and Proposition C.11.

Corollary C.3 If F € €°(R) and s > d/2, then there exists a continuous
function C : (0,+00) — (0,+00) such that for all u and v in H?,

[F(u) = F)|as < Clmax({ull g, [v]la2)) lu = vll# .

Proof Without loss of generality, we may assume F”(0) equals 0. By Taylor’s
formula and Proposition C.11, we have

|F(u) — F(0) |- < / 1P (0 + 0 — 0)) (1 — 0)] 5. O

<C

max F'(w)||lu—v|| gs
1<|w<max<|u|Loc,||v|Lx>| (Wllilu=vllz

F/ 9 - s - o0 .
g (40— ol

The first term inside parentheses is already of the wanted form, by the Sobolev
embedding H® — L. And in the second one we have

1F" (v + 0(u—))|

by Theorem C.12, which yields the wanted inequality using again the Sobolev
embedding H® — L°.

u=v|= < Co([lo+0(u—v)|[L<)|[v+0(u—v)| m

u—vl|

O

C.3.5 Further estimates

A useful result that was not pointed out yet is the smoothing effect of the operator
(a — T,) when a is at least Lipschitz.

Theorem C.13 For all k € N, there exists C > 0 such that for all a € Wk
and all w in L?,

lauw = Taullge < Cllallwes [[u]l L2 -
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The case k = 0 (with no smoothing effect!) is a trivial consequence of Propo-
sition C.8 and the triangular inequality. The difficult case is of course for k > 1.
A detailed proof can be found in [136] or [38] — theses references deal in fact
with the operator with parameter 7)) but the method works for Tj,.

A straightforward consequence of Theorem C.13 is the following.

Corollary C.4 There exists C > 0 such that for all a € WY and u in L?,
forje{l,...,d},

ladyu = Tudyullzs < Cllallwos lullze
Proof Observe that
adju — ToOju = 9j(au — Tou) — ((9ja)u — Tp;o0;u).

The second term is obviously bounded by [|0;jal|z~ ||u|/L2 (according to Propo-
sition C.8 and the triangular inequality, or Theorem C.13 with k= 0!)
And the first one is bounded by |la||yy#.~ |[|u]|r2 according to Theorem C.13
with k£ = 1. 0

A further useful result in this direction is the following.

Theorem C.14 If R. is a smoothing operator defined as the convolution
operator by a kernel p. satisfying the standard properties of mollifiers, namely
pe(z) = e p(x/e) with p € Z(REGRY) and [pu p = 1, then for alla € W
and w in L?, for j € {1,...,d},

| Re (a0ju) — adj(Reu) |2 < Cllallwr ||ullL2 (C.3.43)
and

lir% | R (a0ju) — a0j(Reu) |2 = 0. (C.3.44)

Proof We can prove separately the results for the commutators [ R, , T50; |
and [R., (a —T,)0;]. The estimate for the latter comes directly from Corollary
C.4 and the boundedness of R. on L?. The estimate of [ R. , T,0;] is, in fact, a
consequence of para-differential calculus (see Section C.4 below, Theorem C.17),
once we observe that (R.).c(o,1) is a family of pseudo-differential operators of
order 0. Indeed, each operator R, is infinitely smoothing and R, goes to identity
when € — 0. To be more precise, the symbol of R, p. = p(e-), belongs to .%
and thus to S™°. However, in the estimate

102 2(©) | < Comsle) (1 + [l€])™ 11 ve e RY,

the constant Cy, g(¢) is uniformly bounded for € € (0,1) only if m > 0. So
Theorem C.17 shows that [R., T,0;] is a family of para-differential operators
of order 0 +1 — 1 = 0. Regarded as operators on L?, their norms are uniformy
controlled by ||a||w.~. This shows the estimate for [ R, , T,0;]. Summing with
the estimate for [ R, , (a — T,)0; ] we get (C.3.43).
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The proof of the limit in (C.3.44) then proceeds in a classical way, approximat-
ing any function u of L? by a sequence of smoother functions u,, (H' is sufficient)
for which we know the limit holds true and applying (C.3.43) to u — w,,. O

Remark C.6 A slightly more general statement of (C.3.44) is that for all a €
Wbt and all u € H1,

lim ||[a, Re]u|lz = 0.
e—0

Another smoothing result, which admits a proof much more elementary than
Theorems C.13 and C.14, holds true in Sobolev spaces of large negative index.

Proposition C.15 Ifs > %+ 1, there exists C > 0 so that for all a € H*(R?)
and all ¢ € D(RY),

lay = Ta@ a1 < Cllallas @llu-

Proof In fact, we shall prove that a p — T,¢ belongs to L' — and use Remark
C.3 to conclude. The assumptions show that both series 3, Aga and > App

are normally convergent in L2, which allows us to write

ap = Z App Nga,

p,q=—1
and thus by definition of T, :
q+2
au — Thup = Z Z App Aga.
q=—1 p=-1

By Proposition C.d4, |Agallrz =277 a and ||App|l2 = 27° 8, with
> B2 < Cs |l¢ll3;--. Therefore, by the Cauchy-Schwarz inequality in L?,

q+2 q+2
DY A Agall < D > 1802 [1Aall 22
g>—1 p=-1 q¢>—1 p=—1
q+2
= Z Z 20=0s g o,
q>—1 p=—1
Y 2 Y s
k>-2 p>—1
< 27 Bl llalle < Cs llallas lella--,
k>—2

since s > 0. This proves that au — T, belongs to L' and

lap = Tap L < Csllallas [[@l - -
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Finally, since s > % +1 we have the embedding L'(R?) — H~*F!(R?) (see
Remark C.3). This completes the proof. O

C.4 Para-differential calculus

The tools introduced in the previous section provide a basis for what is called
para-differential calculus, involving operators whose ‘symbol’ has a limited reg-
ularity in x. In particular, the operators T, encountered in para-products are
special cases of para-differential operators.

The purpose of this section is not to develop the whole theory but only
some major aspects that are used elsewhere in the book. We shall use again the
notation

X () = (1 + [Ig]*)*?
for all s € R.

C.4.1  Construction of para-differential operators

Definition C.5 For any real number m and any natural integer k, we define
the set I'" of functions, also called symbols, a : R? x RY — CN*N such that

e for almost all x € R?, the mapping ¢ € R? — a(z,§) is €,
e for all d-uple 3 and all £ € R?, the mapping v € R? — (‘3? a(x, &) belongs
to Wk and there exists Cg > 0 so that for all £ € R,

102 a(-,€) wre < Cp X" 11(g) (C.4.45)

Of course, by Definition C.1 we have 8™ C I'}* for all k. The novelty is
that functions with rather poor regularity in x are allowed. In particular, Wk
functions of x only may be viewed as symbols in I'?.

Symbols belonging to I'}* are said to be of order m and regularity k. Unlike
infinitely smooth symbols in 8™, functions in I'}* are not naturally associated
with bounded operators H°* — H*~™. But this will be the case for the subclass
X7 of symbols in I'}* satisfying the additional, spectral property:

Supp (F(a(-,€))) € B(0;eA'(€)) (C.4.46)

for some ¢ € (0, 1) independent of £, see Theorem C.15 below. One may argue that
since their Fourier transform is compactly supported such symbols are necessarily
> in z. And we want to handle non-smooth symbols. So where is the trick? In
fact, it relies on a special smoothing procedure, associating any symbol a € I'}!
with a symbol o € ¥7*. We shall give more details below. Let us start with the
study of operators associated with symbols in 3}, £ > 0.

Theorem C.15 For all a € T satisfying (C.4.46), consider

Op(a) : FUE) — € |
w e Opla)u; (Op(a)u)(x) = ghy (€7 alz.") . T)gen.er
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where &' denotes the space of temperate distributions having compact support!,
and the unusual ordering (€°°,&") is just meant to account for matriz-valued a.
This definition of Op(a) coincides with (C.1.2) if a belongs to S™. Furthermore,
for all s € R, Op(a) extends in a unique way into a bounded operator from H?®
to H*™™.

This is a fundamental result, which we admit here. Its proof shows in
particular that .#(Op(a)w) is compactly supported.

Remark C.7 The set X" is strictly bigger than S™, as those functions a € X’
only satisfy a weakened version of (C.1.1), namely

10207 a(2,)| < Cap A" 1FIFIRI(g) . (C.4.47)

This estimate is a consequence of what is known as Berstein’s Lemma, in fact
the special, easy case stated below.

Lemma C.3 Ifu € L* and Suppu C B(0;e\) withe > 0 and A > 0, then for
all d-uple «, there exists Ce o > 0 (independent of \) so that

[0%ull L~ < Cera N |ull L .
Proof Just write
u(§) = w=(§/A) u(é),

with . a smooth compactly supported function such that ¢. = 1 on B(0;¢),
and proceed with a basic convolution estimate like in the proof of Proposition
C.3. O

Let us now describe the smoothing procedure for symbols in I'}*, which
amounts to a frequency cut-off depending on the ¢-variable.

Definition C.6 A € function x : (n,&) — x(n,€) € RT is called an admis-
sible frequency cut-off if there exist €12 with 0 < €1 < €2 < 1 so that

{X(n,f) = 1.4f [nl <eullg] and [I€] > 1,
X(m,€) = 0,if |In] = e2 A(&) or [IE]l < e,

and if for all d-uples a and (3 there exists Co g > 0 so that
|02 07 X(0,€) | < Cag A71I7171(g). (C.4.48)

Example. If ¢ and ¢ are as in the Littlewood—Paley decomposition of Section
C.3, the function x defined by

X&) = > w2 P ) ¢(277 &) = Y Yp2(n) ¢p(&)

p>0 p>0

IThe dual space of €.
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is an admissible frequency cut-off. Indeed, recall first that there are at most two
indices p for which ¢, () is non-zero. So the sum is locally finite. Furthermore,
recalling that

Suppp—2 C {m; |n| < 272} and Supp¢, C {&; 27! < ||¢|| < 21,

it is easy to check that y vanishes as requested with e = 1/2. Indeed, for
l€]l < 1/2, ¢p(&) = 0 for all p >0, which implies x(n,&) = 0 wherever n is.
Additionally, for all (n,£) we have

X&) = D o) 6p(9),

p;lInll<2P72

and therefore x(n,€) = 0 as soon as ||€|| < 2||n||. A fortiori, this means that
x(n,&) = 0 for ||n]| = 3 A'(£). On the ‘contrary’, since ¢ =1 on the sphere of
radius 1/2, if [|£|| > 16 ||n|| then ¢,_2(n) = 1 for all p > 0 such that ¢,(§) # 0.
And if [[§]| > 1, ¢(§) = 0 and thus }° -, ¢,(§) = 1. This shows that x(n,§) =
1if ||€]l > 16 ||n]| and ||£]] > 1. So the first requirement on x holds true with
g1 = 1/16. The inequalities in (C.4.48)2 are trivially satisfied for |¢|| < 1/2.
Otherwise, for ||€]] > 1/2, let us rewrite

Xm,€) = D tpoa(n) 6p(8),

p;l€ll<2rt2
hence
o5 x(m, &) = Y 20 IelIBl 9227 ) 9 g(277¢) .
p;l|€ll<2r+2
For 1 < 2||¢|| < 2P*2 we have
2 8
277 < e < ——,
1€ = ANE)
S0, recalling that the sum is locally finite we find that
o o 8 \~lal=lsl
1070/ x(.9)] < 02 (575) 054 02|~

Proposition C.16 Let x be an admissible frequency cut-off according to Defi-
nition C.6 and consider the operator

R :a el — o€ € o0(,8) = KX(§) *2 al,§),
where the kernel KX is defined by
EX(,6) = 771 (x(-¢€)) -

20Observe that they mean y belongs to S? as a function of 2d variables.
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Then RX maps into
= {a €Ty Swp(F(a(4€)) C B;eaA () }.
Furthermore, if k > 1, for all a € T, a — RX(a) belongs to T} .
In other words, the symbol o = RX(a) is related to a in Fourier space by

F(0(-€) = x(-,§) F(a(,£))

for all ¢ € RZ. In particular, if a is independent of x, .# (a(-,&)) = a(£) & hence
F(o(,€) = x(0,€) a(§) 6. So we see that if x(0,£) were equal to 1 for all £
we would have ¢ = a. This is not exactly the case3, but ¢ and a differ by a
compactly supported function of €. In terms of operators, this means that Op(o)
differs from the Fourier multiplier associated with a by an infinitely smoothing
operator, which is harmless in terms of para-differential calculus.

Proof  Take a € I'}" and consider o = RX(a). Since Suppx(-,§) C
B(0;e2M1(€)), by construction

Supp (F (0(-,€))) C B(0;22A'(€)).

The fact that o belongs to I'}* requires an L' estimate of the kernel KX, namely
108 KX(-,€) l1zay < Ca A1PI(E),

which is left to the reader. Once we know this, we immediately obtain

o ()= < CollaC, &)~ < Co X™(€),

since a belongs to I'}*. The estimates of partial derivatives 95 o then follow from
the observation that

9% RX(a) = RX(8%).

Finally, the estimates of crossed partial derivatives 0% 6? o use the bilinearity of
% and the Leibniz formula.

One may observe that for ¢ € X7 with the number ¢ in (C.4.46) less than
€1/2, RX(o) is ‘almost’ equal to o. Indeed, since x(n,&) = 1 for ||n|] < &1 |||
and ||€|| > 1, (C.4.46) with € < e1/2 implies

F(R*(0)(-,€)) = F(a(¢))

for ||€|| > 1. So in terms of operators it means that Op(RX(c) — o) is infinitely
smoothing.

For a € TT", let us show now that a — RX(a) belongs to I'y'*. By triangular
inequality, we already know that

102 (a — RX(a))[lwre < Cg A™121(8)

3This problem is, in fact, overcome when using para-differential calculus with a parameter, see
Section C.5.
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and we want to show that

10F (@ — RX(a))][z~ < Cp A™ 1 1I(E).
For convenience, we shall denote b = 6? (a — RX(a)). There is nothing to do
for ||€]] < 1 since A! is bounded on the unit ball! It is more delicate to obtain a

bound of ||b(+, &)||L= for ||¢]] > 1. Littewood—Paley decomposition will be of help
again. Indeed, by definition of RX we have

Fb(6) = 9 (1 = x(.8) F(a(~)).

which vanishes identically on B(0;e1 ||€]|) for ||€]| > 1. Therefore, recalling that
A, = FZ71 ¢, F with Supp ¢, C B(0;291), Ay(b(+,&)) = 0 for ¢ and £ such
that

erfléll > 2971 and |lg]l > 1.
Consequently, when ||€|| > 1 the Littlewood—Paley decomposition of b(+, £) reads
q; &1 [[gfl <20+
and this sum is locally finite. Furthermore, by Corollary C.1,
[Aq(b(, N~ < 277 [[6( &) [lwr~
and for 1 < [|£]| < 29t we have

2 4
271 < — < .
el T AN
This implies
4
16(,8) |z~ < C NG 1(&) lwre < 4C Cg A™IFI7L(E).

A straightforward consequence of Proposition C.16 is the following.

Corollary C.5 If x1 and x2 are two admissible cut-off functions, for all a €
I, RX(a) — RX2(a) belongs to Ty~ 1.

Definition C.7 Let x be an admissible frequency cut-off according to Definition
C.6. To any symbol a € I'" we associate the so-called para-differential operator,
said to be of order m,

TX := Op(RX(a)).

In particular, Corollary C.5 shows that for a € I'*, T)X are unique modulo
operators of order m — 1.
Another interesting point is the following.
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Remark C.8 If x is constructed through Littlewood—Paley decomposition as
explained above, and k > 1, for any function of = only, a € W™ viewed as a
symbol in I‘g, the operators TX coincide with the para-product operator T, up
to an infinitely smoothing operator. Indeed, if

= D W@ R = D Wy a(n) 9p(9),
p>0 p>0

then

F(R*(a Z Vp—2( (&) F(a) + Z F(Sp—2(a)) ¢,(&) ,

lp|<1 p>2

or equivalently

Z/ ﬁ’p?f() JFZSPQ (5)

pI<1 p>2
In terms of operators, this means that for all u € % ~1(&’),
TXu = Op(b)u + T, u,

where the last term is the usual para-product, while

)= Y F (2 F(a)) () ¢p(&)

lpl<1

satisfies (C.4.46) with € = 1/2 and is compactly supported in &.

C.4.2 Basic results

We omit below the superscript y, all results being valid for any admissible
frequency cut-off .

Theorem C.16 For all a € T, the adjoint operator (T,)* is of order m and
(T,)* — Tu is of order m — 1.

Theorem C.17 For alla € T and b € T}, the product ab belongs to 7™ and
T,oTy, — Tyyp is a para-differential operator of order m + n — 1, associated with
a symbol in Fg”’"_l. In particular, if the symbols a and b commute — for example,
if at least one of the operators is scalar-valued — the commutator [T, , Ty | is of
order m +n — 1.

Proposition C.17 If a € I'3™, there exists C > 0 such that for all u € H™,
Re (Tou, w)| < Clullfm .
Proof We have
[Re (Tuu, u)] = [Re (A" Ty, N"a)| < | (A= 0 Tu)(u) ||z | A™u |l 2
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Since || A™u ||z = ||u||gm, the final estimate follows from the fact that A=™ o T,
is an operator of order —m + 2m = m, which is a consequence of Theorem C.17
and the fact that Thm — A™ is infinitely smoothing. g

Theorem C.18 (Garding inequality) If a € T'3™ is such that for some positive
a,
a(z,€) +a(z,€)" > a X" (€) In
(in the sense of Hermitian matrices) for all (z,&) € RY x RY, then there ewists
C > 0 so that for allu € H™,
a
Re (Tqu, u) > 1 lullZm — Cllullpm s - (C.4.49)

One may also state a sharpened version of Garding’s inequality in this context,
but for smoother symbols (at least €2 in z).

C.5 Para-differential calculus with a parameter

The final refinement in this overview of modern analysis tools concerns families of
para-differential operators depending on one parameter, as extensions of pseudo-
differential operators with parameter.

As in Section C.2, we denote

XE) = (37 + €12,
and define parameter-dependent symbols of limited regularity as follows.

Definition C.8 For any real number m and any natural integer k, the set
'™ consists of functions, a : R x R? x [1,+00) — CN*N that are € in &
and such that for all d-uple 3, there exists Cg > 0 so that for all (£,v) € R x
[1, +00),

10¢ a( &) llwnw < Cp A6 (C.5.50)
The subset X" is made of symbols a € I'}" satisfying the spectral requirement
Supp (Z (a(,&,7))) € B(0;eAM7(€)) (C.5.51)

for some ¢ € (0,1) independent of (£,7).
The analogue of Theorem C.15 is the following fundamental result.

Theorem C.19 Any symbol a € X" can be associated with a family of operators
denoted by {Op”(a)}y>1, defined on temperate distributions with a compact
spectrum by
Op”(a) : FHE) — &° _

u — Op’(a)u; (Op”(a) u)(z) = ﬁ(em'a(% 5 Y) ) (g g
This definition of Op”(a) coincides with (C.2.8) if a belongs to S™. Furthermore,
foralls e R and~y > 1, Op™(a) extends in a unique way into a bounded operator
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from H® to H°~™, and there exists Cs > 0 independent of v and u so that
10p™(a) ullggm < Csllullms -

The proof, which we omit here, makes use of a parameter version of
Littlewood—Paley decomposition, based on cut-off functions in the (&,~)-space.
Namely, taking ¢» € 2(R? x R) with 1(¢,v) = ¥((+* + [|€]?)*/?) and ¥ monot-
ically decaying such that

U(r) = 1if r<1/2, Uk)=0if r>1,
and denoting
Vg (&) = (277€,2717), (&) = ¥(&/2,7/2) — (&),
$a(8) = ¢(279¢,27 ),

we may define operators S) and AJ of symbols, respectively, ¢ and ¢].

Observing that AY =0 for v > 27"!, and in particular A”; =0 for v > 1, we
easily check that

> AY=id
p=>0

in /. Furthermore, the analogue of Proposition C.4 for the standard H® norm
is the following for the H norm.

Proposition C.18 For all s € R, u € H*(R) if and only if

Z 2P| ATuf|7. < oo

p=>0

for all v > 1. In addition, there exists Cs > 1 so that

1 . ;
a2 PPIAJulis < fullmy < Co YD 2P0 AJullis
S p>0 p=>0

for all v > 1.

Knowing Theorem C.19, it is then possible to define a family of operators
associated with all symbols a in I'}*. The procedure is the same as in standard
(that is, without parameter) para-differential calculus. The basic tool is a so-
called admissible cut-off function.

Definition C.9 A €  function x:(n,&,7) € R4 x R? x [1, 4+00)
x(n,&,7) € RT is termed an admissible frequency cut-off if there exist 12
with 0 < g1 < g9 < 1 so that

{X(ﬂ,&’y) =1,if |In] < e X&),
xX(,6,7) = 0, if [In]] > e2 AY(&,7),
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and if for all d-uples o« and (3 there exists Cy g > 0 so that

108 07 X(,€,7) | < Cap A17181(E ). (C.5.52)

Example. If ¢ and ¢ are as in the Littlewood-Paley decomposition with
parameter described above, the function x defined by

X, &) = D (270,00 6277 £,277 )
p>0

is an admissible frequency cut-off with ey = 1/16 and 3 = 1/2. The verification
is left to the reader.
We now continue the machinery of Section C.4.

Proposition C.19 Let x be an admissible frequency cut-off according to Defi-
nition C.9 and consider the operator

RX :a € F}rcn = o c (goo; J('v&v’Y) = KX('?&»W) *z a('aé-a’)/)?
where the kernel KX is defined by
EX(67) = Z7H(x(-€7))-
Then RX maps into
= {aeI}; Supp (F(a(-,&,7))) C B(0;e2AM7(€)) }
Furthermore, if k> 1, for alla € T}, a — RX(a) belongs to F;”:ll.
Note: Since x(0,&,v) = 1, RX(a) = a for all symbols a depending only on &.

Definition C.10 If x is an admissible frequency cut-off, to any symbol a € I'}!
we associate the family of para-differential operators {T07},>1 defined by

TX7 := Op”(RX(a)).

Remark C.9 If the symbol a is a function of z only, a € W5 it can be
viewed as a symbol in I’g and TX"7u is a parameter version of the para-product
of a and u. More precisely, if the cut-off function yx is based on the Littlewood—
Paley decomposition with parameter in the way explained above, we have

X:Yq, — 0 Y
TX Ty = g Sp_oa AJu,
p=>0

where S0 := .Z 190 F with )(£) == ¢(27P £,0) = U277 |[£]]) (as in the
standard Littlewood-Paley decomposition 4).

For simplicity, we shall now omit the dependence on x and just denote 7).
Remark C.10 For a symbol of the form
a(z,§) = p(§) b(z,7),

4Except for the definitions of S_s, S_1, which were taken to be zero in Section C.3.3
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the regularized symbol is given by RX(a)(x,&,v) = p(§) RX(b)(x,&,~y). Applying
this in particular to polynomials p, we see that for any d-uple «,

T,) 0% = T(A;‘a‘ga by U

It is important for the applications to be able to estimate the error done when
replacing products by para-products. Such estimates are given in Theorem C.13
(and its corollary) for standard para-products. We have similar results for T},
which show that a — T is of order —1 as soon as a is Lipschitz.

Theorem C.20 There exists C > 0 so that, for alla € WY andu € L*(RY),
forally > 1,

Vllau = T7ullz < Cllaflwre flullze

lad;u - TY d;ullzs = |adyu — T},

e atlle < Cllalwri flull2

lauw = T ullm: < Cllallwr [lullz2 -

Proof The first inequality is easy to show. The factor v comes from the
fact that AZu = 0 for v > 20¢+1 Indeed, the fact that a is Lipschitz implies,
by Corollary C.1 for the standard Littlewood—Paley decomposition, that

IAgallze < 27 [lallw

and therefore that the series ) Aja is normally convergent in L>°. Take u € ..
Then the series ) AJu is normally convergent in L? and v = )~ AYu. Therefore,

Y _ 0 Y, 0 Yo, 0 Y
au — T)u = E E Aja Alu E Sp_oa Aju = g Aga S isu.
q>—1p=>0 p=>0 29+3>~

(Recall that S7 = 0 for v > 29.) Hence

low = T2ulre S D 27 lalwis llullze S = llallweo Jull e -

20+3>y

2=

Here, we have used the fact that
I1Squll < llullz,

which comes from the definition of S7, a L' — L? convolution estimate and a
uniform bound for ||.Z =1 (¢7)| 1. The derivation of the latter bound comes from
the observation that
S 1 Z Wl ey < ||y(;71§)(77[}Q)”L1(]R><Rd) = |‘y(;71§)(¢)||L1(R><Rd) :
<<

We omit the proof of the second inequality, which is much trickier (see [38,
136]).
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The third inequality is an easy consequence of the first two. Indeed, by
definition,

1B < 2211 + IV A1
for all f € H%, and
10;(aw — T3 w)||7e < 3lladju — T7 dulze + 31[(95a) ulz= + 3|15, ullz2
< 3C% |lallfy [Jullze + 3(1+CF) [95all T [|ulle,
where Cy comes from the basic estimate
1Ty ullrz < Co[|bll L [|ullze -
Therefore,

lauw — T ullfy <v*llau — T ulfe + > 10;(au — T7 w7
j

< ((1+3d)C? + 3d(1+ CF)) llalfya~ JulZe.
O

Other basic results, similar to those in pseudo-differential calculus with
parameter, are the following.

Theorem C.21 For all a € TT, the family of adjoint operators {(T,})*}y>1 is
of order m and the family {(T,)* — Tu+}y>1 is of order (less than or equal to)
m — 1.

Theorem C.22 For all a € T and b € T}, the product ab belongs to T7H"
and the family {T o T,) — T.},}y>1 is of order (less than or equal to) m +n — 1.

Theorem C.23 (Garding inequality) Ifa € T'3™ is such that for some positive
a,

a(z,&,79) + a(z,&,7)" = a 2™ (&) In

(in the sense of Hermitian matrices) for all (z,€,7) € R x R? x [1, +00), then
there exists vg > 1 so that for all v > vy and allu € H™,

Re (TJu, u) > % lull3e - (C.5.53)

Again, we omit the sharp form of Garding’s inequality, which is valid only
for smoother symbols.
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