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Preface to the Second Edition

A new edition in a single volume

Over the past decade, more and more sophisticaced mathematical tools and
approaches have been incorporated in the field of Control of infinite dimen-
sional systems. This was motivated by a whole range of challenging applica-
tions arising from new phenomenological studies, technological developments,
and more stringent design requirements. At the same time, researchers and
advanced engineers have been steadily using an impressive amount of very
sophisticated mathematics in their analysis, synthesis, and design of systems.
What was regarded as too abstract, specialized, or theoretical in 1990 has now
become a standard part of the toolkit.

The decision to produce a second edition of the original 1992—-1993 two-
volume edition is further motivated by several other factors. Over the years
the book has been recognized as a key reference in the field, and a revised and
corrected edition was desirable. Even if some good books on the control of
infinite dimensional linear systems have appeared since then, we felt that the
original material has not aged too much and that the breadth of its presenta-
tion is still attractive and very competitive. The result is a completely revised
and corrected second edition in a single convenient volume with integrated
bibliography and index.

The book has been restructured into five parts and each part into several
chapters. The most significant changes occurred in Part I, which now provides
a very broad account of finite dimensional linear systems. It serves as a back-
ground and a motivation for the other parts. The scope of this part has been
expanded by adding topics such as dissipative systems in Chapter 1 and intro-
ducing a new Chapter 2 on linear quadratic two-person zero-sum differential
games that provides an example of a solution to the matrix Riccati differential
equation that is not necessarily positive semi-definite and some connections
with the H*°-theory and dissipative systems of Chapter 1.
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Description of the five parts

Part I on the control of finite dimensional linear dynamical systems and linear
quadratic two-person zero-sum differential games presents a broad review of
the field. It is an introduction and a motivation for the book, so that the reader
understands the background from which the infinite dimensional theory is
developed and also obtains an appreciation of the substantial conceptual and
technical difficulties that had to be overcome to give a satisfactory treatment
of the subject in the infinite dimensional context. Chapter 1 is concerned with
the theory of controllability and observability of linear systems, and the role
these concepts play in the study of the quadratic cost problem over an infinite
time horizon. It has been expanded to include, in addition to the updated
section on the H-theory, a new section on the theory of dissipative systems
of J. C. WILLEMS [2].

A new Chapter 2 on linear quadratic two-person zero-sum differential
games has been included to broaden the perspective. The pioneering work
in that area has been done in the paper of P. BERNHARD [2] in 1979 and
the seminal book of T. BASAR and P. BERNHARD [1] in 1991 and 1995. This
chapter is self-contained with complete mathematical proofs. It focuses on the
open loop case. New results using the invariant embedding approach of R. Bell-
man in the style of J. L. LIONS [3] are included to provide further insight into
the associated inf sup (open loop upper value) and sup inf (open loop lower
value) problems. This is combined with developments by P. ZHANG [1] in 2005
who established that in the linear quadratic case the duality gap is either zero
or infinite. This means that only three cases can occur: (a) sup inf= —oo and
inf sup finite; (b) sup inf finite and inf sup = 4o00; and (c) sup inf and inf
sup both finite; in which case, there is equality and the existence of a saddle
point. In particular it illustrates the occurrence of symmetrical solutions to
the matrix Riccati differential equation that are not necessarily positive semi-
definite. It also connects with the glimpse of H°°-theory and the new section
on the theory of dissipative systems at the end of Chapter 1.

Part II deals with the representation of infinite dimensional systems. It
develops semigroup theory and variational methods for the representation of
infinite dimensional systems such as dynamical partial differential equations
and delay differential systems. Chapter 1 gives a unique presentation of the
theory of semigroups of linear operators integrated with interpolation theory.
It brings together advanced concepts and techniques that are usually treated
independently. Chapter 2 provides a basic introduction to the variational the-
ory of parabolic systems. It nicely describes the explicit and illuminating con-
nection between the early work of T. Kato and J.-L. Lions and the later results
of P. AUSCHER, S. HOFMANN, J. L. LEwIs, and PH. TCHAMITCHIAN [1] in
2001 on the Kato’s conjecture on the domain of the square root operators.
Chapter 3 contains the basic constructions to effectively deal with unbounded
control and observation operators via semigroup methods.
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Chapter 4 on the modeling of differential systems with delays in the state,
control, and observation is self-contained. To our knowledge, it is possibly
the only book where the state space theory is completely developed using
the fundamental structural operators introduced by Delfour and Manitius in
1976-1977 and further extended to the neutral case by M. C. DELFOUR and
J. KARRAKCHOU [1,2] in 1987.

Part IIT is devoted to the generic qualitative properties of controlled sys-
tems. It studies the controllability for an infinite dimensional abstract linear
dynamical system, which can be specialized to obtain results for controllability
of parabolic and hyperbolic partial differential equations both when control is
exercised in the interior of the domain and when control is exercised through
the boundary. The important problem of exact controllability of hyperbolic
equations in appropriate spaces, which leads to stabilizability properties for
these systems (and hence verification of the finite cost condition for infinite
time problems) is discussed in detail in this chapter. The systematic use of
eigenvalues and eigenfunctions of appropriate differential operators to obtain
the results is a somewhat novel aspect of this chapter.

Parts IV and V present a dynamical programming approach to the optimal
linear quadratic control problem over a finite and an infinite time horizon of
certain classes of infinite dimensional systems. Dynamic programming is a
deep conceptual idea. Its applications are manifold. For the philosophically
minded reader, we have provided a quotation from Soren Kierkegaard on
page xvi of the Preface to Volume II of the First Edition as an indication that
philosophy might often anticipate developments in science.

Part IV is devoted to the quadratic cost optimal control problem over a
finite time horizon. We develop the theory for an abstract dynamical model
satisfying certain semigroup (group) assumptions, and then we treat concrete
situations by verifying these assumptions using differential equations (partial,
functional-differential) methods. This chapter presents a reasonably complete
treatment of the subject, which includes both boundary control and bound-
ary observation (not necessarily simultaneously) for parabolic and hyperbolic
systems. Technically, these are the more difficult parts of the book because
they involve unbounded control and observation operators. Many of the re-
sults presented here appeared in book form for the first time in 1993. The
approach we adopt is dynamic programming, which leads to a synthesis of the
optimal control in feedback form via a study of an operator Riccati differential
equation. The systematic use of dynamic programming gives a unified view of
this topic.

Part V, the final part of the book, is concerned with the quadratic cost
optimal control problem over an infinite time horizon. Here the concepts of
stabilizability and detectability play an essential role. The properties of stabi-
lizability and detectability have to be verified, in some sense directly, for the
parabolic case (which has a finite dimensional unstable part) and via the the-
ory of exact controllability (for example) in the hyperbolic case. Thus, there is
a close relation between Part V and Parts I and IIT of the book. The approach



X Preface to the Second Edition

here is again via dynamic programming and a study of an algebraic matrix
Riccati equation. We also prove the stability of the closed loop system. In
many (but not all) situations, the theory of the infinite time quadratic cost
problem in the infinite dimensional case is as complete as for the finite dimen-
sional situation. Again, many results here appeared for the first time in book
form in 1993.
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Preface to Volume I of the First Edition

At the end of the 1960s, the state space theory of linear systems both for time-
invariant and time-varying systems had essentially been worked out. The basic
concepts of controllability, observability, and their relationship to the theory
of minimal realizations received almost a complete treatment in the work
of Kalman and others. The feedback solution of the quadratic cost optimal
control problem, both in a finite and an infinite time interval were well under-
stood. The concepts of controllability and observability and the weaker no-
tions of stabilizability and detectability play an essential role through stability
ideas in the solution of the infinite time quadratic cost optimal control prob-
lem. The ideas of optimal control from the Hamilton—Jacobi—Caratheodory,
dynamic programming, calculus of variations (and in its modern form the
McShane—Pontryagin mazimum principle) points of view had received defin-
itive treatments. As far as deterministic control problems for finite dimen-
sional linear systems are concerned, attention shifted away from optimality
to synthesis problems, such as decoupling, regulator, and tracking with inter-
nal stability, and to a unification of the time and frequency domain points of
view. A qualitative theory of nonlinear control of finite dimensional dynamical
systems began its development at the same time.

It is a fact that most lumped parameter systems are approximations of
distributed parameter systems, and hence, the study of infinite dimensional
systems such as control of systems governed by partial differential equations
and functional differential equations are both of intrinsic interest and poten-
tially important for application areas such as chemical process control, control
of elastic structures, and even for challenging issues such as the stabilization of
plasma instabilities. It was, in some sense, natural to concentrate on optimal
control problems for infinite dimensional systems so that the well-developed
theory of calculus of variations and Hamilton—Jacobi theory could be suit-
ably generalized and used. Clearly the first step in such a development is a
reasonably complete understanding of the linear quadratic problem both over
a finite and an infinite time interval. This book attempts to do this with a
reasonable degree of completeness.
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This book has been many years in the making, and the original technical
reports date back to 1975. It must also be one of the most cited books with
the appended words “to appear.” The reasons for this delay in publication
are complex and could be the subject of psycho-analytical research or a study
into the origins of human frailties. It started out as a collaborative effort of
Alain Bensoussan, Michel C. Delfour, and Sanjoy Mitter. From the outset
it was our intention to write a book that would go beyond what was then
available in the literature of optimal control of infinite dimensional systems
and cover such topics as the feedback boundary control of hyperbolic systems
when control is exercised through Dirichlet boundary conditions, feedback
control of hyperbolic systems over an infinite time interval, and the control of
neutral functional differential equations. In retrospect, we seriously underes-
timated the difficulty of carrying out such a program. Indeed the solution of
many of these control problems required results that were then not available
in the partial differential equations literature. For example, the solution of
certain problems of optimal control of hyperbolic equations with a quadratic
cost but over an infinite time interval required a result that would enable one
to conclude that the set of admissible controls is nonempty. Such a result is
a byproduct of the theory of exact controllability of hyperbolic systems, a
theory that was only developed in the 1980s. Our research interests had also
changed in the mid-1970s, and although we continued to think about the sub-
ject matter of this book, we did not return to it seriously until the mid-1980s
or so. Even then the book would never have been completed but for the efforts
of Giuseppe Da Prato who joined the team approximately two years ago (one
of the coauthors takes full credit for having had the brilliant idea of enlisting
Da Prato in the project). The result is a book by four authors, from four
different countries, who met in Pisa, Paris, Montréal, and Cambridge, Mass.
to bring this long endeavor to completion—surely a model of international
cooperation. Readers of the book will have to judge whether this effort has
been successful.

Earlier versions of some chapters of this book have been used for graduate
courses at the Scuola Normale Superiore (Chapter 1) and at the Université
de Montréal (Chapters 1 and 4). Other parts have been used for graduate
seminars.

It is a pleasant task to thank the many institutions that have made this
work possible—Université de Paris—Dauphine and INRIA, France; Scuola
Normale Superiore, Pisa, Italy; Centre de recherches mathématiques and
Département de mathématiques et de statistique, Université de Montréal,
Canada; Department of Electrical Engineering and Computer Science and the
Laboratory for Information and Decision Systems, Massachusetts Institute of
Technology, Cambridge, MA, USA. The research of Giuseppe Da Prato has
been partially supported by the Italian National Project MURST “Equazioni
di Evoluzione e Applicazioni Fisico-Matematiche.” The research of Michel
C. Delfour has been supported by the Natural Sciences and Engineering Coun-
cil operating grant OGP-8730 and infrastructure grant INF-7939, the “Min-
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istere de I'Education du Québec” through a FCAR Team Grant, the France—
Québec exchange program, and a Killam Fellowship from Canada Council.
The research of Sanjoy Mitter has been supported by the U.S. National Sci-
ence Foundation in the 1970s, the U.S. Air Force Office of Scientific Research
over a long period, and the U.S. Army Research Office through the Center for
Intelligent Control Systems for the last six years. This support is gratefully
acknowledged.

It is a pleasure to thank Edwin Beschler of Birkh&user Boston Inc. for his
cooperation, Ann Kostant also of Birkh&user for expert help in word process-
ing, and Margaret Flaherty of the Laboratory for Information and Decision
(ML.I.T.) and Diane de Filippis of the Centre de recherches mathématiques (U.
de M.) for typing large parts of the manuscript with precision and care.

The Earth, Alain Bensoussan, Paris, France
April 15, 1992 Giuseppe Da Prato, Pisa, Italia
Michel C. Delfour, Montréal, Canada

Sanjoy Mitter, Cambridge, USA.
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Volume I of this two-volume book has dealt with the question of modeling and
representation of infinite dimensional systems. Volume II is concerned with
the optimal control of certain classes of infinite dimensional systems with a
quadratic cost criterion, both over a finite and an infinite time horizon. The
knowledge of Volume I is a prerequisite for reading Volume II.

Volume II consists of three parts. Chapter 1 of Part I is concerned with
the theory of controllability and observability of finite dimensional linear sys-
tems, and the role these concepts play in the study of the quadratic cost
problem over an infinite time horizon. This chapter is included so that the
reader understands the background from which the infinite dimensional the-
ory developed and obtains an appreciation of the substantial conceptual and
technical difficulties that had to be overcome to give a satisfactory treatment
of the subject in the infinite dimensional context. Chapter 2 is devoted to the
study of controllability for an infinite dimensional abstract linear dynamical
system that can be specialized to obtain results for controllability of parabolic
and hyperbolic partial differential equations both when control is exercised in
the interior of the domain and when control is exercised through the bound-
ary. The important problem of exact controllability of hyperbolic equations in
appropriate spaces, which leads to stabilizability properties for these systems
(and hence verification of the “finite cost” condition for infinite time prob-
lems), is discussed in detail in this chapter. The systematic use of eigenvalues
and eigenfunctions of appropriate differential operators to obtain the results
is a somewhat novel aspect of this chapter.

Part II of the book is devoted to the quadratic cost optimal control problem
over a finite time horizon. We develop the theory for an abstract dynamical
model satisfying certain semigroup (group) assumptions, and then we treat
concrete situations by verifying these assumptions using differential equations
(partial, functional-differential) methods. This chapter presents a reasonably
complete treatment of the subject, which includes both boundary control and
boundary observation (not necessarily simultaneously) for parabolic and hy-
perbolic systems. Technically, these are the more difficult parts of the book
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because they involve unbounded control and observation operators. Many of
the results presented here appear in book form for the first time.

The approach we adopt is dynamic programming, which leads to a synthesis
of the optimal control in feedback form via a study of an operator Riccati
differential equation. The systematic use of dynamic programming gives a
unified view of this topic.

Part III, the final part of the book, is concerned with the quadratic cost
optimal control problem over a infinite time horizon. Here the concepts of
stabilizability and detectability play an essential role. The properties of stabi-
lizability and detectability have to be verified, in some sense directly, for the
parabolic case (which has a finite dimensional unstable part) and via the the-
ory of exact controllability (for example) in the hyperbolic case. Thus, there
is a close relation between Parts I and III of the book. The approach here is
again via dynamic programming and a study of an algebraic Riccati equation.
We also prove the stability of the closed loop system. In many (but not all)
situations the theory of the infinite time quadratic cost problem in the infinite
dimensional case is as complete as for the finite dimensional situation. Again,
many results here appear for the first time in book form.

Dynamic programming is a deep conceptual idea. Its applications are man-
ifold. For the philosophically minded reader, we have provided the following
quotation from Soren Kierkegaard as an indication that philosophy might
often anticipate developments in science:

It is perfectly true, as philosophers say, that life must be understood
backwards. But they forget the other proposition, that it must be lived
forwards ... And if one thinks over the proposition it becomes more
and more evident that life can never really be understood in time sim-
ply because at no particular moment can I find the necessary resting-
place from which to understand it-backwards.

From entry in Soren Kierkegaard’s Journal for the Year 1843.
Quoted in Richard Wollheim, Thread of life.
Harvard University Press, Cambridge, MA, 1984.

Earlier versions of some chapters of this book have been used for graduate
courses at the Scuola Normale Superiore and at the Université de Montréal.
Other parts have been used for graduate seminars.

It is a pleasant task to thank the many institutions that have made this
work possible—Université de Paris—Dauphine and INRIA, France; Scuola
Normale Superiore, Pisa, Italy; Centre de recherches mathématiques and
Département de mathématiques et de statistique, Université de Montréal,
Canada; Department of Electrical Engineering and Computer Science and the
Laboratory for Information and Decision Systems, Massachusetts Institute of
Technology, Cambridge, MA, USA. The research of Giuseppe Da Prato has
been partially supported by the Italian National Project MURST “Equazioni
di Evoluzione e Applicazioni Fisico-Matematiche.” The research of Michel
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C. Delfour has been supported by the Natural Sciences and Engineering Coun-
cil operating grant OGP—-8730 and infrastructure grant INF-7939, the “Min-
istere de I'Education du Québec” through a FCAR Team Grant, the France—
Québec exchange program, and a Killam Fellowship from Canada Council.
The research of Sanjoy Mitter has been supported by the U.S. National Sci-
ence Foundation in the 1970s, the U.S. Air Force Office of Scientific Research
over a long period, and the U.S. Army Research Office through the Center for
Intelligent Control Systems for the last six years. This support is gratefully
acknowledged.

It is a pleasure to thank Georg Schmidt for a critical reading of Part I,
Chapter 2 of the book. His comments have led to many improvements in this
chapter. We thank Edwin Beschler of Birkh&duser Boston Inc. for his coopera-
tion, Ann Kostant also of Birkh&user for expert help in word processing, and
Margaret Flaherty of the Laboratory for Information and Decision Systems
(M.I.T.) for typing large parts of the manuscript with precision and care.

The Earth, Alain Bensoussan, Paris, France
March 26, 1993 Giuseppe Da Prato, Pisa, Italia
Michel C. Delfour, Montréal, Canada

Sanjoy Mitter, Cambridge, USA.
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Introduction

1 Scope of the book

The primary concern of this book! is the control of linear infinite dimensional
systems, that is, systems whose state space is infinite dimensional and its
evolution is typically described by a linear partial differential equation, linear
functional differential equation or linear integral equation.

We focus on two aspects of the control problem:

(i) qualitative properties such as stability, controllability, and observability;

(ii) optimal feedback control of such systems when the performance is mea-
sured by a quadratic cost criterion, both over a finite and an infinite time
interval.

However, before such a study can be carried out, a detailed investigation
of the problem of representation of infinite dimensional systems is needed.
This is done in Part IT of the book, and Parts III to V are devoted to a study
of the control problem. This endeavor is initiated by a broad review of finite
dimensional systems in Part I so that the reader understands the background
from which the infinite dimensional theory is developed and also obtains an

! The numbering of equations, theorems, propositions, lemmas, corollaries, defi-
nitions, examples, notations, and remarks is by chapter. When a reference to
another chapter within a part is necessary, it is always followed by the words in
Chapter and the number of the chapter: for instance “in equation (2.1) of Chap-
ter 3”. When a reference to another chapter in a different part is necessary, it is
always followed by the words of Chapter, the number of the chapter, of Part, and
the number of the part: for instance “equation (2.1) in Chapter 1 of Part IV”.
The text of theorems, propositions, lemmas, and corollaries is slanted; the text of
definitions, examples, notations, and remarks is normal shape ended by a square
0. The bibliography is by author in alphabetical order. For each author or group
of coauthors, there is a numbering in square brackets starting with one. A refer-
ence to an item by a single author is of the form J. L. LIONS [4], and a reference
to an item with several coauthors R. BELLMAN and K. L. CoOKE [1].
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appreciation of the substantial conceptual and technical difficulties that had
to be overcome to give a satisfactory treatment of the subject in the infinite
dimensional context.

2 From finite to infinite dimensional sytems

It is the purpose of this introductory chapter to give an idea of the problematic
and explain the reason for the necessary mathematical development in func-
tional analysis and differential equations that is carried out in this book. In
the process we provide both a qualitative summary of the differences between
finite dimensional systems and infinite dimensional systems as well as provide
a detailed outline of the book. It should be mentioned that technological prob-
lems of importance such as the control of large-space structures, analysis and
control of plasma fusion, and chemical process control where significant time
delays are present need an understanding of the theory presented in this book
for their rigorous analysis. We do not present the frequency domain point of
view in this book. If finite dimensional theory is any guide, then the engineer-
ing solution of technological problems will undoubtedly require a synthesis of
the time and frequency domain viewpoints.

To get an appreciation of the technical problems associated with the con-
trol of infinite dimensional systems, consider the distributed control of wave
motion. Let y(x,t) denote the transverse displacement at time ¢ > 0 of a
vibrating medium in an n-dimensional bounded open region 2 with smooth
boundary 992 C R". Let us assume that

y(z,t)=0 forx €0 and t>0

and let the initial data at time ¢ = 0 be

9]
y(l', O) =7Yo and 9 y($70) = Y1,
4
for some sufficiently smooth functions yy and y; defined on €. Consider the
partial differential equation
P 1) 4 Ay(t) = Bu(t) (2.1)
ot2 = '

or the equivalent first-order system

where the operator
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e 0 0
A def Z N <‘“j(x)ax<) +ap(z), ao(z)>a>0

i,5=1 J

is a uniformly elliptic operator with C°-coefficients in (2, that is, a;; €
C®°(£2).2 Let the controllers u(-) € L?(0,00; R™) and let

B(x) € [Bi(x) - By (2)]

be an n X m matrix with each column in C*°(€2). We consider the state space

2 Let Q be an open subset of R™. Denote by C(€2) or C°(Q) the space of continuous
functions from €2 to R, and for an integer k£ > 1,

def

cF () & {f e CFNQ) 1 8°F € C(Q), Vay, |a :k},

where a = (a1, ...,an) € N¥ is a multi-index, || = a1 + -+ + an is the order
of the derivative, and
apdet  O°f

oF= Ozt .. Oz 23)
By convention 8°f will be the function f in order to make sense of the case o = 0.
When |a| = 1, we also use the standard notation 8; f or 8f/0z;. D* () or C¥(Q)
(resp., D(Q2) or C(£2)) will denote the space of all k-times (resp., infinitely)
continuously differentiable functions with compact support contained in the open
set €.

A function f: Q — R is uniformly continuous if, for each £ > 0, there exists
0 > 0 such that for all z and y in Q such that |z —y| < § we have |f(z)— f(y)] < e.

If a function f is bounded and uniformly continuous on €2, it possesses a unique,
continuous extension to the closure Q2 of . Denote by C*(Q) the space of functions
f in C*(Q) for which 9°f is bounded and uniformly continuous on Q for all «,
0 < |a| < k. A function f in C*(Q) is said to vanish at the boundary of Q if for
every a, 0 < |a| < k, and € > 0, there exists a compact subset K of 2 such that,
for all z € QNLK, |0° f(z)| < e. Denote by C& () the space of all such functions.
Clearly C§(Q) C C*(Q) c C*(2). Endowed with the norm

def
= max sup|0%f(x)], 2.4
I leren = mas sup o 1 (2) (24)

Ck(Q) and C*(Q) are Banach spaces. Finally

o) € (N C¥(©), €= (@) € (] C*(Q), and C5° () < () C5 ().

k>0 k>0 k>0

When f is a vector function from Q to R™, the corresponding spaces will be
denoted C§(Q)™ or C¥(Q,R™), CH(Q)™ or C*(Q,R™), C*(Q)™ or C*(Q,R™),
etc.

In dimension one, n = 1, and for a bounded open interval ]a, b[, the notation
and the definition of C(]a,b[) coincide with the ones of C([a,b]). For simplicity
we shall also often write C'(a,b) with the implicit convention that C(a,b) stands
for C([a,b]).
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w m ew ¥ HL Q) x L2(9),

where H}(Q) denotes the usual Sobolev space of L2-functions, with deriva-
tives, in the distribution sense, belonging to L?(£2) and vanishing at the bound-
ary. Then (2.2) can be formally written as

(t) + Aw(t) = Bu(t), (2.5)

where
~det [0 —1 ~ def |0

A_[A 0] and B‘[B}

Here B € L(R™;W) and the operator A is an unbounded operator with a
dense domain

D(A) = [H}(Q) N H*(Q)] x H(Q) C W.

Because of the presence of the unbounded operator A, it is clear that the
concept of a solution for (2.5) is not immediate. Intuitively, if we want (2.5)
to have a classical solution, then we would need

wo = Bﬂ € D(A)

and u(-) € C'(Q). On the other hand, —A generates a strongly continuous
semigroup S(t) on W, i.e., S(t) is a bounded linear operator on W satisfying

(i) S(0)=1.
(ll) S(tl + tg) = S(tl)S(tg), 0<ty,t < 0.
(iii) ¢t — S(t)w: [0,00) — W is continuous for each w € W.

Then we may say that w(t) is a solution of (2.5) if it satisfies
t ~
w(t) = S(twy + / S(t — ) Bu(s) ds, (2.6)
0

where the integral is interpreted in the Bochner sense.

Now, given a strongly continuous semigroup S(¢) on X (say a Banach
space), it has a unique infinitesimal generator A, a closed unbounded operator
that is defined on some dense domain D(A). The converse question, namely,
when does A generate a strongly continuous semigroup, is a far more difficult
issue and is the content of the Hille-Yosida theorem. Furthermore, there are
different kinds of semigroups, and each plays an important role in the study of
partial differential and functional differential equations. We give an informal
listing of some of these below.
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(i) Differentiable: S(t)X C D(A) for t > 0. Then S(t)z € C*°(X) for all
t > 0 and each fixed z € X. Partial differential equations of diffusion type
on a bounded domain with homogeneous Dirichlet boundary conditions
give rise to such semigroups. (§2.8, Chapter 1 of Part IT).

(ii) Analytic: S(t) is differentiable and admits an analytic extension into the
complex t-plane satisfying certain bounds. Abstract parabolic equations in
variational form give rise to such semigroups. (§2.7, Chapter 1 of Part II).

(iii) S(t) is a group (orthogonal or unitary). The operator — A considered pre-
viously generates a group. This is the content of Stone’s theorem. (Theo-
rem 2.9, Chapter 1 of Part II).

(iv) S(t) is a compact operator for ¢ large. Hereditary differential systems
give rise to such semigroups. An extensive study of hereditary differential
systems is carried out in Chapter 4 of Part II.

(v) Contraction ||S(t)|| < 1 on 0 < ¢ < oco. Dissipative operators give rise
to such semigroups. This is the content of the Lumer—Phillips theorem
(Theorem 2.6, Chapter 1 of Part II).

An important problem in the control of linear systems is the study of its
stability. Consider the stability problem for the linear system

dy
dt

It is well known that the following are equivalent:

(t) = Ay(t), A:R™ —R". (2.7)

(a) (2.7) is asymptotically stable.
(b) (2.7) is exponentially stable.
(c) Vyo € R™, [~ le?yoln dt < cc.

The stability of (2.7) can be tested by looking for a quadratic Lyapunov
function:
V(z) = (z, Px)gn, P =P*>0.

This leads to a study of the Lyapunov equation
A*P+ PA=-Q, Q>0, (2.8)

and if A is a stability matrix Re A < 0, then the solution of (2.8) exists and
can be written as

Pz/ et Qe dt, (2.9)
0

and conversely if (2.8) has a positive definite solution, then A is a stability
matrix.
The corresponding question of infinite dimensional systems

ZZZ (t) = Ay(t), y(t) € X a Banach space (2.10)

and A the infinitesimal generator of a strongly continuous semigroup S(t)
leads to a study of the asymptotic behavior of S(t) as ¢ goes to infinity. The
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theorems characterizing the equivalence of conditions (a) and (c) above and
related issues are discussed in §2.2 of Chapter 1 of Part II, where Theorem 2.2
is perhaps the most important. The Lyapunov method leading to the study of
the Lyapunov equation is the content of Theorem 2.4. The relation between
the spectrum of A and the stability of the semigroup S(t) is subtle (see §2.9,
Chapter 1 of Part II).

In general, the questions related to the generation of semigroups receive a
thorough description in §2, Chapter 1 of Part II.

As we have just discussed, not only do we have to deal with homoge-
neous equations of the form (2.10), where A is the infinitesimal generator of
a semigroup, but we also have to deal with nonhomogeneous equations

dy

P (t) = Ay(t) + f(t), where f € L?(0,T;X). (2.11)

When the nonhomogeneous equation arises from a feedback control prob-
lem, we have to consider equations of the form

dy .\ _
o (1) =Ay(t) + F()y(t) + f(t) on [0,7], (2.12)

y(0) =y,

where A is the infinitesimal generator of a strongly continuous semigroup and
F:[0,T] — L£(X) is strongly continuous (L£(X) is the space of continuous
linear maps from X to X). This equation leads to the consideration of a
perturbation of the infinitesimal generator A.

There are now many concepts of a solution (see Definition 3.1, Chapter 1
of Part II). Existence and uniqueness of solutions as well as equivalence of
solutions is discussed in §3.1 to §3.5 of Chapter 1 of Part II. The key ingre-
dient in proving the various existence and uniqueness results is the Yosida
approximation.

The question of regularity of solutions is discussed in §3.6 and §3.7. In
§3.6, the assumption is made that X is a Hilbert space and A is the generator
of an analytic semigroup and we concern ourselves with maximal regularity,
namely, that

dy
dt

have the same regularity as f. Consideration of the nonzero initial condition
case leads to the study of interpolation spaces (studied in detail in §4, Chap-
ter 1 of Part IT) and the main Isomorphism Theorem (Theorem 3.1, Chapter 1
of Part II). Regularity can also be studied in C(]0,7]; X)? with X a Banach
space, and this is carried out in §3.7.

We often have to study nonhomogeneous equations

and Ay

3 0(]0,T); X) is the linear space of continuous functions f : [0,7] — X endowed
with the sup norm. It will also be denoted as C(0,7T; X).
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dy

(1) = Ay(t) + (1) (2.13)

on the infinite time interval [0, oo[. These situations arise from consideration
of feedback control problems and related stability issues. When A has a pure
point spectrum and the infinite part of the spectrum is stable and the unstable
part is finite dimensional, these equations can be effectively studied in [0, oo
(§3.9, Chapter 1 of Part II).

In Parts IV and V of the book where we study optimal control problems
with a quadratic cost function where control is exercised through the bound-
ary (or pointwise), we shall need the concept of fractional powers of closed
operators and the semigroups they might generate. This is the subject of §5
and §6 of Chapter 1 of Part II.

Control of partial differential equations where control is exercised through
the boundary leads to considerable technical difficulties. To obtain an under-
standing of these difficulties, consider again a vibrating flexible string

0%y 0%y

012~ da? (2.14)

for the transversal displacement
yt,z) on0<z<1,t>0.

Assume that
y(0,£)=0 ont>0

and control is exercised through the end point x =1
y(1,t) =u(t), t>0. (2.15)

We would like to control the pair
dy
ot ot
(y<, ) ))

dy
dt

so that the initial state

y(z,0) = yo(l'), (x70) = UO(‘T)

on 0 < x <1 is brought to

dy

T =
y(z,T) =0, gt

(x,T)=0 on0<z<1 (2.16)

in some finite time 7" > 0.
We try to transform the system to a distributed control framework

(t) = Aw(t) + Bu(t) (2.17)
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by defining the state w(-) and the operators A and B appropriately. For this
purpose, define

Y1) = y(o, ) — /1_ 51 (@)ut) () da (2.18)

where the Dirac measure §; has a unit weight at = 0. Then formal calcula-
tions will show that

y(l,t) —y(l-,t) = 61u(t)’

or equivalently,
y(1,t) = u(t) with y(1_,t) = 0.

Hence we obtain the distributed control system
0%y B 0%y
o2 Ox?

(01 is the distributional derivative of ;) with the boundary conditions

— & u(t) (2.19)

Y(0,t)=0 and Y(1_,t{)=0 ont>0,

and this can be formally put in the form (2.17).

In general, boundary control problems for partial differential equations
lead to boundary operators B that are unbounded and may involve distribu-
tions as in this example. The dual of boundary control problems are bound-
ary observation problems, and in the most general situation, both control
and observation are exercised through the boundary leading to control and
observation operators that are both unbounded.

In some sense, when control of partial differential equations is exercised
through the boundary, the parabolic case (the corresponding semigroup is an-
alytic) and the hyperbolic case (the corresponding semigroup is a group) have
to be treated using different methods. Chapters 2 and 3 deal with the control
of parabolic systems when control and observation is exercised through the
boundary, leading to control and observation operators that are unbounded.

Chapter 2 of Part II is a summary exposition of variational theory of para-
bolic systems. This theory can also be applied to certain wave equations where
damping is present. A systematic exposition of this method can be found in
J. L. Lions and E. MAGENES [1], and this theory was extensively used by
Lions in his book Control of Partial Differential Equations (cf. J. L. Li-
ONS [3]). The main reason for including this chapter in the book is to explain
the Method of Transposition, which is later used in various parts of the book
(for example, in the study of delay systems in Chapter 4 of Part IT and in the
study of controllability in Chapter 1 of Part III). The idea of the Method of
Transposition is to define an integral or weak version of the original equation
involving the adjoint of the operator A, using Green’s formula and integration
by parts (§2.3 and in particular (2.5) of this chapter) and then to obtain a
smooth adjoint isomorphism of the form
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. dy
y = (A y— dt,y(T))

between suitable spaces. It should be noted that the Method of Transposition
when combined with the change of variable idea of the previous chapter allows
one to treat parabolic systems with control exercised via Dirichlet boundary
conditions. As the boundary control operator becomes “rougher” (e.g., Dirich-
let case), the solution also becomes “rougher” and it becomes more difficult
to perform a “smooth” observation. The balance between the relative “rough-
ness” or “unboundedness” of the control and observation operators is a key
technical issue in the solution of the quadratic control problem as we shall see
in Parts IV and V.

Chapter 3 of Part II is concerned with semigroup methods, and one of the
main theorems in this chapter is an Isomorphism Theorem (Theorem 2.3),
which uses regularity results for analytic semigroups and interpolation spaces
(§4 of Chapter 1). The other key idea used in this chapter is the use of a
change of variable to define a new state and make sense of the state space
system as an input—output map (see Theorem 2.3 and §3.4, Chapter 3).

The final chapter of this part of the book is concerned with the represen-
tation problem for linear functional differential equations with general control
and observation mechanisms. A fairly complete modern treatment of this sub-
ject that covers both retarded and neutral Functional Differential Equations
(FDE), difference equations, integro-differential equations, and other equa-
tions with a hereditary structure is now available (cf. M. C. DELFOUR and
J. KARRAKCHOU [1, 2]) . They can now all be treated in the same frame-
work. However, we have chosen to concentrate on FDEs of the retarded type
to provide a better understanding of the basic ideas and constructions, but
everything is readily extendable to more general hereditary structures. The
prototype problem here can be written as

dx al ; i
MOE ; [2(t — i) + u(t — )], (2.20)

y(t) = apz(t) + a1z(t — N) + bou(t) + byu(t — N),

where u(-) denotes the control variable and y(-) denotes the observation. Two
questions need to be resolved to obtain a “current” theory of existence, unique-
ness, and representation of solutions to such systems. The first is the choice
of an appropriate function space for initial conditions, and the second is the
choice of a minimal state space for these systems. The choice of initial con-
ditions, namely space of continuous functions C(—h,0; R™) and the product
space MP(—h,0;R™) = R"™ x LP(—h,0;R"™), and the corresponding questions
of existence and uniqueness of solutions in appropriate function spaces are
discussed in §3 of Chapter 4 of Part II. §4 is concerned with the state space
representation of FDEs. The key concept of structural operators (§4.4), which
intuitively describes the way the systems combine and transform initial condi-
tions over the initial interval is introduced here. A complete modern treatment
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of the various adjoint systems and semigroups arising out of the original sys-
tem is described in this section. Finally, §5 and §6 give a state space treatment
of linear FDEs of the retarded type when control and observation in various
forms are present. All this readily extends to other types of systems with a
delay structure. It should be mentioned that the state space point of view is
essential for the study of optimal control problems considered in Parts III to
V.

Notes: some related books on the control of linear
systems that have appeared since 1992

Several books related to this one have appeared in the ensuing period between
the publication of the first edition of the book and its current revision.

In optimal control, the two-volume book of I. LASIECKA and R. TRIG-
GIANI [15,16] that appeared in 2000 covers in greater detail and provides new
results on optimal control of parabolic and hyperbolic systems with quadratic
cost functions. The book of X. L1 and J. YONG [1] published in 1995 is con-
cerned with optimal control of partial differential equations, and in the last
chapter, the author discusses linear quadratic optimal control problems, both
over a finite and an infinite time horizon.

The books of R. F. CURTAIN and H. ZWART [1] published in 1995 and
O. J. STAFFANS [2] in 2005 are concerned with state space realization the-
ory of linear input—-output infinite dimensional systems as well as qualitative
properties such as stability, controllability, and observability. The book by
Staffans has considerable overlap with our treatment of semigroup theory as
well as representations of partial differential equations in terms of semigroups.
Staffans’ work also presents a detailed treatment of the theory of B. Sz.-Nacy
and C. Foias [7,8] on contractive semigroups and their unitary dilations from
1965 to 1967. These ideas are intimately connected with scattering theory as
developed by P. Lax and R. S. PHILLIPS [1]. Finally, the systems point of
view as exemplified in the Russian work of V. M. ADAMJAN, D. Z. ARov,
and M. G. KREIN [1 to 5] receives a detailed treatment here.

The book of H. O. FATTORINI [5] published in 1999 also deals with opti-
mal control of nonlinear partial differential equations via the Maximum Prin-
ciple. Finally, the reader is referred to the book of A. V. FURSIKOV and
O. Yu. IMANUVILOV [1] in 1996 that studies null controllability via Carle-
man estimates.

We have not cited other references because we confined ourselves to linear
control problems.
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1

Control of Linear Differential Systems

1 Introduction

This Part I serves the purpose of an introduction to Parts III to V of the book,
which are mainly concerned with the quadratic cost optimal control problem
for distributed parameter systems and systems with time delay, both over a
finite and an infinite time interval. For problems over a finite time interval, the
main tool used is Dynamic Programming, which leads to a Hamilton—Jacobi
equation for the value function. For the class of control problems considered,
the Hamilton—Jacobi equation can be explicitly solved via the study of an
operator Riccati equation. The study of the operator Riccati equation when
control is exercised through the boundary in the case of distributed parameter
systems or when delays are present in the control in the case of systems with
time delay poses additional technical difficulties. The results of Part II are
needed to overcome these difficulties. For problems over an infinite time inter-
val, the concepts of controllability and observability (and the weaker concepts
of stabilizability and detectability) play an essential role in the development
of the theory.

Problems of optimal control with a quadratic cost function, not necessarily
definite, are of interest in H°°-theory and differential games. These problems
are related to the theory of dissipative systems. The last two sections of this
chapter present an introduction to these problems.

2 Controllability, observability, stabilizability, and
detectability

In this section we present the theory of controllability and observability for
finite dimensional linear systems in a manner that has implications in the
study of controllability and observability for infinite dimensional systems. In
particular, we show that if the system is controllable, then the transfer from
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the zero-state to any other state can be carried out by means of minimum
energy controls. It is the same idea, which is later used in the theory of exact
controllability of hyperbolic (second order) systems. The mathematical tech-
niques needed to accomplish it, however, are far more difficult. Throughout
this book N denotes the set of integers and R and C the respective fields of
real and complex numbers. In this chapter the norm in R? will be denoted |-
irrespective of the dimension d of the space. We shall use || - || to denote the
norm in various Hilbert spaces, (-,-) to denote scalar product and * denotes
the adjoint of an operator (and also the dual space).

Consider the linear finite dimensional control system in the interval [0, T]:

dx .
gt (t) = Az(t) + Bu(t) in [0,T], 2.1)
y(t) = Cx(t)

the output y(t) € RP, and A € L(R"; R"), B € L(R™;R"), and C €
L(R";RP).

We assume that the initial state 2(0) = 0. The solution of the linear
differential equation (2.1) can be written as

where the state z(t) € R", the control functions (¢ — u(t)) € L?(0,T;R™),
d

¢
Lo z(t;u) = / et=%) Bu(s) ds, (2.2)
0
where L; is a linear bounded transformation from L?(0,¢;R™) into R".

2.1 Controllability

Definition 2.1. We say that the system is controllable (from 0 € R"™) in [0, T]
if given any z € R", there exists a control function u(-) € L?(0,T;R™) such
that

z(Tiu) = z. O

Controllability in [0, T is therefore equivalent to the surjectivity of the map
u +— Lpu. We now give necessary and sufficient conditions for controllability
using elementary facts from the theory of linear transformations on Hilbert
spaces.

Let H and K be Hilbert spaces, and let A € L(H; K). Let A* € L(K*; H*)
be the adjoint operator. In the sequel we identify H and H* and K and K*.
Let R(A) denote the range of the operator A and N'(A) denote the null space
of A. | denotes the orthogonal complement of a closed subspace.

Proposition 2.1. The following relations are true:

(i) R(A) C N(A*)* and R(A) = N(A*)L <= R(A) is closed.

(i) R(A*) C N(A)* and R(A*) = N(A)L <= R(A) is closed.
(R(A) closed <= R(A*) is closed.)
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(i) NV (A) = R(A*)L.
N(A%) = R(A)*.
(v) Furthermore

R(A) is closed <= Jc > 0 such that ||h| < c||Ah||, Vh e H.

Using the above, we can prove the following proposition.

Proposition 2.2. The following are true:

(i) R(A) is dense in K <= N(A*) = {0}.

(i) N(A) = {0} <= R(A*) is dense in H.

(iii) R(A) is dense in K <= AA*: K — K satisfies AA* > 0.
(iv) N(A) = {0} <= A*A: H — H satisfies A*A > 0.

(v) A € L(H; K) is invertible <= R(A) = K, N(A) = {0}

<= e > 0, such that ||h]] < c||Ah||, Vh € H,

<= Jec > 0, such that ||k|| < c|AA™E||, Vk e K.
Remark 2.1. Much of the above extends to operators A that are densely de-
fined and closed to spaces H and K, which are Banach spaces. For proofs of

these facts, see, for example, M. SCHECHTER [1]. For a use of these ideas in
a systems context, see M. C. DELFOUR and S. K. MITTER [7]. O

We can immediately use the above to get a necessary and sufficient con-
dition for controllability. Using (2.2) and noting that
Ly R" — L*(0,T;R™)
sy BTy,

we get

T
W(0,T) Y LyLh = / eAT=5)pB*eA™(T=5) gg. (2.3)
0

Hence we have proved.

Theorem 2.1. The system (2.1) is controllable in [0, T) if and only if W(0,T) >
0 (positive definite).

We can transform this criteria of controllability to an algebraic criterion by
noting that

N(W(0,T)) =N(C), (2.4)

where

*

C= BEABS---SA”*B} [BfABf-qu”‘lB : (2.5)

This can be proved as follows.
Let € N (W(0,T)). Then
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T *
0= (2,W(0,T)z) = / |B*eA" (T=0) 2|2 dt,
0

and hence B*e4 (T=tg =0, Vt € [0, 7).
Differentiating (n — 1)-times with respect to t and setting t = 0, we get

B*z =0, B*A*z=0,...,B*A™ 12 =0,

and hence

z e N(C).
Conversely, suppose = € N(C). By the Cayley-Hamilton theorem,

|
-

n

AT = a; (T —t)A".
i=0
Hence
T [n—1 ) .
r*W(0,T) = / lz o (T — t)z* A'B| B*eA (T .
0 [i=o

Now z*A'B = 0,3 = 0,...,n — 1, because z € AN(C). Therefore,
x*W(0,T) = 0 and because W(0,T) is symmetric,

z e N(W(0,7)).
Hence using the fact that W(0,T') is a symmetric matrix
R(W(0,T)) = R(C). (2.6)
But
R(C) = R(|B:AB:---:A"~1B]), (2.7)
and hence we have proved the following theorem.

Theorem 2.2. The following conditions are equivalent:

(i) System (2.1) is controllable in [0,T).
(ii) W(0,T) > 0 (positive-definite).

(iii) rank | B:AB:---:A""'B| = n.
When the system is controllable, we shall refer to (A, B) as a controllable pair.
It is of some interest to establish that if the system is controllable, then

we can transfer the state xy at time £y to the state 1 at time ¢; by using a
control u*, which has the least energy

t1
[ P
to
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among all controls that transfer the phase (zg,tg) to the phase (z1,t1).
To establish this, let us use the notation

B(t,s) = A=),

Introduce the adjoint system

(1) = —a*p(t) i 1o, 1, (28)
p(t) =,
where n will be specified later. The solution of (2.8) is given by
p(t) = " (t1, t)n. (2.9)
Now choose the control
u*(t) = —B*p(t) = —B*®*(t1,t)n. (2.10)

If the control is to transfer (zg,tg) to (z1,t1), we must have
t1
xr1 = ,T(tl) = (p(fl,to)xo — / (p(tl,t)BB*ds* (tl, t) dt n,
to
and hence if the system is controllable and we choose

n =W~ (to, t1)[(t1, to)T0 — 21],

the desired transfer will be effected. Let us now prove that «*(¢) is the mini-
mum energy control.
Let @(t) be some other control that effects the desired transfer. Then

ty
€T = @(tl, to)xo + / @(tl, t)B’[L(t) dt

to

ty
= @(tl, to)il?o + / @(tl, t)BU* (t) dt.

Therefore "
/ B(t1, ) Bla(t) — u* (£)] dt = 0
Hence "
/t ([a(t) — u (1), —B*&" (t1, t)n) dt = 0
and
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Therefore

/1|ﬁ(t)|2dt:/1|a(t)—u*(t)+u*(t)|2dt

to to

:/1|u*(t)|2dt+/1|ﬁ(t)7u*(t)|2dt

to to
t1

>/ WrOPdt i a
to

Suppose now that U and X are infinite dimensional Hilbert spaces,
A: X — X is an unbounded linear operator with domain D(A), and
B: U — X is a bounded linear operator. Then there is a difficulty with car-
rying through the arguments given earlier (for example, R(Lr) need not be
a closed subspace of X). Nevertheless, R(Lr) can be given the structure of a
Hilbert space with continuous injection in X (Proposition 2.1 in Chapter 1 of
Part II). Furthermore, there is a need to make a distinction between approx-
imate controllability (R(Lr) is dense in X) and exact controllability (whose
definition is somewhat subtle, see Definition 2.2 in Chapter 1 of Part III);
indeed R(Lr) = X will usually not hold. However, an abstract criterion for
exact controllability is related to an estimate on L L. (see Proposition 2.2;
this chapter). It is also of interest to note that the minimum energy control
viewpoint of verifying exact controllability as outlined in this section extends
to infinite dimensional situations, but of course at the cost of using much
more elaborate technical machinery. Chapter 1 of Part III gives a treatment
of exact controllability for parabolic and hyperbolic partial differential equa-
tions when control is exercised in a distributed manner and when control is
exercised through the boundary.

2.2 Observability

We now discuss the dual concept of observability. For this purpose we may
assume that the input is known, and because we are dealing with linear time-
invariant finite dimensional systems, we may take u(t) = 0, t € [tg, oo[. Con-
sider therefore the system

dx

t) = Azx(t
g () = A(), (2.11)
y(t) = Cx(t),
and let the initial state x(ty) = x¢, for some arbitrary .
The solution of (2.11) can be written as
y(t) = CeAlt=t0) g (2.12)

Definition 2.2. The system (2.1) is said to be observable in [tg, t1] if the map
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O: R™ — L2(tg, t1;RP): 29 — y(-) = CeAl ~t)yg,
is injective. 0

The definition expresses the fact that we can recover uniquely the initial
state from a knowledge of the output y(-) in the time interval [tg,t1]. The
interval [to,t1] can in fact be taken to be arbitrarily small. Now,

O is injective <= N(0) = {0} <= N (0*0) = {0}.

An easy computation shows that
t1
Sto,t1) & 070 = / (D" Gt (p(-DA gy
to

and clearly
N(O*0) = {0} <= X(to,t1) > 0 (positive-definite).
It is also easy to show that
N(O*0) = N([CHA CH - LAM=1CM* (A O LA =10,

and hence, we have proved the following theorem.

Theorem 2.3. The system (2.1) is observable if and only if

rank[C*:A*C*: - tATLO*] = .

When the system is observable, we shall refer to (A, C) as an observable
pair.

2.3 Duality

There is a formal duality between the concepts of controllability and observ-
ability. For this purpose, we introduce the dual system

dg « .
g (1) =~ A7) = (1), (2.13)

which evolves backward in time.

Then mathematically,

e The system (2.1) is observable <= The system (2.13) is controllable.
e The system (2.13) is observable <= The system (2.1) is controllable.
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In this book we do not study observability of partial differential equations
but exploiting the above duality ideas, much of the theory of controllability
developed in Chapter 1 of Part III can be used to develop a theory of observ-
ability for partial differential equations (even with unbounded observation
operators).

Conceptually, controllability of a system permits the choice of feedback
controls resulting in certain desirable (e.g., stability) properties of closed loop
systems, whereas observability of a system permits the design of state estima-
tors with desirable properties. We shall discuss this in a later section.

2.4 Canonical structure for linear systems

In this section we wish to obtain a decomposition (structure) theorem for the
system (2.1) that is not necessarily controllable and observable. Let us denote
by

V :=R(C) = R(|B:AB: ---:A""'B)).

V' is the smallest A-invariant subspace containing the image of B. Let us also
denote by

and clearly W is the smallest A*-invariant subspace containing the image of
Cc*.
Now we may write the state space X := R" as
X=WVnwhHeVinwHevVanw)eVinw).

Then there exists a basis in which we may write the system as

Z1(t) A Az A1z 0| [21(2) Biuy(t)
i [ = | 0 0AR | 0| | €10
Ty(t) 0 0 Agz Aga| [Z4(t) 0
Z1(1)
v =icr o0 0|20 (215)
Za(t)

In the above, (A11,B11), (Ass,Bs) are controllable pairs and (A411,C1), (A22,Cs)
are observable pairs.

2.5 The pole-assignment theorem

An important consequence of a linear system possessing the controllability
property is that by means of linear state feedback control, the poles of the
corresponding closed loop system can be placed in arbitrary locations.
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By state feedback control, we mean that the control law is of the form
u(t) = Ka(t) +v(d),
where K: R” — R™ and v(-) is a reference input.

Theorem 2.4. Let ¥ = {\; € C,i = 1,2,...,n} with the proviso that if \;
is complex, then its conjugate \; € X. Then the system is controllable if and
only if there exists a feedback control u(t) = Kx(t) for some feedback matriz
K such that the spectrum of A+ BK is equal to X.

Proof. We start by noting two facts:
(i) Controllability is invariant under non-singular linear transformations
of state space. In case m = 1, that is, we are dealing with the system:
dz
dt

then assuming (A, d) is a controllable pair, there exists a non-singular linear
transformation 7': R™ — R"™ such that the above system transforms to

(t) = Az(t) + bu(t), u(t) eR and beR",

010 ... 0 0
_ 00 1 : ~
A=1| . . . . b=
N
00... 0 1 :
a1 g ... Qp_1 Op 1

It is then easy to see that if the characteristic polynomial corresponding to
the desired spectrum X' is

XZSn_ﬁnsn_l"'—ﬁQS—ﬂl,
then the feedback law

u(t) = Kz(t) +v(t), K =diag(f1 —a1,...,0n —an)

transforms i
df = A#(t) + ba(t)
to 5
dz
dt
such that the spectrum of (A + bK) in X.
(ii) Controllability is not destroyed by state feedback. That is

= (A +bk)Z(t) + bo(t)

R BE(A+BK)BE---E(A+BK)”—1B] :R[BEABE---EA”—"B .

Now the general case is reduced to the case m = 1 by virtue of the following
lemma.
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Lemma 2.1. Let 0 # b € R(B). If (A, B) is a controllable pair, there exists
a matric K € LR™;R"™) such that (A + BK,b) is a controllable pair.

Let by = b and let n; = dimension of the cyclic subspace X; generated by
(A,b1). Let #1 = by and define z; = Az;_1 +b1(j = 2,...,n1). Then the z;,
j =1,...,n1, forms a basis for the cyclic subspace generated by (A,b). If
ny < n, choose by € R(B) such that by & X;. As (A, B) is controllable, such

a by exists. Let ny be the largest integer such that

L1,y X2y eve3 Ty, bg,Abg,...,An2_1b2
are independent.
Define
Tng+i = ATpy+ic1 + b2, 1=1,2,...,n9.
Then x1,xa, ..., Ty, +n, is a basis for the cyclic subspace generated by (A, by +

bs2). Continuing in this way, we eventually get an independent set of vectors
T1,...,Tpn, and
$i+1:A$i+Bi, i1=1,....,n—1,
and b; € R(B).
As b; = Bu; for some u; € R™ (the control space) and the z1,...,x, are
independent, there exists a K7 such that

BKl.CCi:i)i, i:l,...,n,
where b; € R(B) is arbitrary. Therefore
(A—FBKl)J?i:IH_l, i:1,2,...,n—1,

and hence _
r;=(A+BK)"™ %, i=1,...,n.

Therefore (A + BK1,b) is a controllable pair.

Hence the problem has been reduced to the case of n = 1 and the control
law K = K7 4+ bK™* achieves the desired property.

To prove the theorem in the other direction, let A\;, ¢ = 1,...,n, be real
and distinct with \; ¢ spectrum of A. Choose K € L(R™;R") such that
spectrum (A+BK) = {A1,..., A\ }. Let 2;, ¢t = 1,...,n, be the corresponding
eigenvectors. Hence

zi= (NI — A)'BKx;, i=1,2,...,n.

Now
n

AT —=A)7H =" p(NA,

j=1

where p;(\) are rational functions defined on the complement C\o(A) of the
spectrum o(A) of A. Hence
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z; =Y pj(\)AT'BFxz; € R([B:AB:---:A""' B]).
j=1

Now the z;’s span R™ and hence R([B:AB:---:A""'B]) = n. O

No satisfactory result similar to the pole-assignment theorem is known in
infinite dimensions. It would be interesting to prove a result of this kind for
delay systems

dz
dt (t) = Ajx(t) + Asz(t — h) + Bu(t),

:C(O) = ¢ € Rn,
2(0) = ¢1(0) a.e. @ € [-h,0), ¢ € L*(—h,0;R").
Corollary 2.1. If the system is controllable, then there exists a feedback con-
trol u(t) = Kxz(t) such that the closed loop system
d
df (t) = (A + BK)z(t)

18 asymptotically stable.

2.6 Stabilizability and detectability

The structure theorem of linear systems and the pole-assignment theorem
motivate the introduction of the concepts of stabilizability and detectability.
Consider the input—state part of the control system (2.1):
dz
dt

Then from the structure theorem, we know that there is a coordinate system
in which the above system has a representation

d T4 . Ay Aol [21(2) B
< sz] (t) = { il B R R O (2.16)
and (Aj1, B11) is a controllable pair. Hence, from the corollary of the pole-

assignment system, we can stabilize the system by means of the control u(t) =
Kz (t), provided

(t)(t) = Az(t) + Bu(t).

dzo

0t (t) = AgaTa(t)

is asymptotically stable.
Definition 2.3. (i) We say that the system (2.1) is open loop stabilizable if

Vao € R™, Ju € L*(0,00;R™)
such that the solution x(t; zo,u) of (2.1) satisfies

/ |z (t; 20, u)|? dt < oco. (2.17)
0
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(ii) We say that the system (2.1) is stabilizable by feedback if there exists a
feedback matrix K such that

u(t) = Kax(t)

and
dx B
dt

is asymptotically stable. a

(A+ BK)a(t)

Remark 2.2. For finite dimensional linear systems, if the system is open loop
stabilizable, then it is stabilizable by feedback and conversely. Note that by
the previous discussion, stabilizability is a weaker concept than controllability,
since stabilizability only requires that the uncontrollable part of the system
be asymptotically stable. a

The dual of the concept of stabilizability is that of detectability. This is
best discussed by considering the dual system

® (1) = —Aeln) - €y, (218)

which involves only the state—output part of the system.

Definition 2.4. The system (2.1) is said to be detectable if the dual system
(2.18) is stabilizable by feedback. O

Remark 2.3. Detectability requires that the unobservable part of the system
be asymptotically stable and hence is a weaker concept than observability. O

A matrix test for stabilizability and detectability can be given.
Theorem 2.5. The following properties are equivalent:
(i) (A4, B) is a controllable pair.
(i) rank[\ — A:B] = n, VA € C.
(i) rank[\] — A:B] = n, for each eigenvalue X of A.
Proof. Note that (ii) and (iii) are equivalent because the first n x n block of

the n.x (n+m) matrix [\] — A: B] has full rank whenever \ is not an eigenvalue
of A.
We now prove that (i) = (ii). For this purpose, assume that rank[A] —

A:B] < n for some A € C. Hence the space spanned by the rows of [\ — A:B]
has a dimension less than n and therefore there exists some vector z* € R"

and some \ such that z*[\I — A:B] = 0. Hence

Z*A=MXz" and 2z*B=0,
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and therefore 2*A*B = \f2*B = 0, VK, and hence

2*[B:AB:---:A""1B] =0,

which contradicts controllability.
To prove (i) = (ii) assume (A, B) is not a controllable pair. Then from the
structure theorem, there exists a non singular linear transformation 7': R"® —

R"™ such that oA
= |A11 Aw| 5 |B1
i o]0

where A11, B is a controllable pair and Aj; is r X r with r < n. Let A be an
eigenvalue of A3, with the corresponding eigenvector v so that

v* (Al — Aaz) = 0. Then the n-vector (3 0),

w = [2} is such that

w*A = Mw* and w*B = 0. Hence z = (T*)"'w # 0 satisfies 2*(\[ —
A)T~":B =0, and therefore, 2*(A\] — A:B) = 0 contradicting (ii). O
Corollary 2.2. (i) (A, B) is stabilizable if and only if

rank [\l — A:B] =n, YAeC, Rel>0.
(i) Dually (A, C) is detectable if and only if

=n, VAE&€C such that Re\ > 0.

rank {)\I —4 ]

C*

Corollary 2.2 is generalized to an infinite dimensional setting when A is the
generator of a strongly continuous semigroup’ on a Hilbert space H with
et4 compact for t > 0 (and indeed for more general situations) and B €
L(U,H) and C € L(H;Y) and U and Y are Hilbert spaces (Proposition 3.3

of Chapter 1 in Part V).

2.7 Applications of controllability and observability

The concepts of controllability, observability, and the slightly weaker notions
of stabilizability and detectability have important applications in diverse areas
of systems theory and optimal control. In this section we present two such
applications. The first application is for the theory of stability and tests for
stability via the Lyapunov equations. Our second application is for regulator
theory, where we show that if a system is controllable and observable, then
we can build a compensator to regulate the system in a satisfactory way.

L ¢f. Definition 2.1 on page 89.
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2.7.1 Stability

Our first application is to the study of stability of linear differential equations
via the Lyapunov method.
Consider the stability problem for the equation

dxr

it (t) = Az(t), A:R" —R". (2.19)
It is well known (cf. Chapter 1 in Part II) that the following are equivalent:

(i) (2.19) is asymptotically stable.
(ii) (2.19) is exponentially stable.
(i) Vzo € R™, [~ leaol? dt < oo.

To test for stability of (2.19), we look for a Lyapunov function of the form
V(z) = (z,Pz), P*= P >0 positive definite.
Computing the derivative of V along trajectories of (2.19), we get

av

P (z, A*P + PAx),

and if it is to be negative, we require that
A*P+ PA=-@Q, @ >0 positive definite. (2.20)

It is well known that if A is a stability matrix (all its eigenvalues have a
strictly negative real part), then the solution of (2.20) can be written as

P:/ et Qe dt, (2.21)
0

and conversely if (2.20) has a positive definite solution, then A is a stability
matrix. A generalization of these results in infinite dimensional spaces has
been extensively discussed in Chapter 1 of Part II.

Now suppose that @ > 0 and factorize Q as Q@ = C*C, C € L(R";R").
Introduce the state—output system:

dx
g () = Aw(t), (2.22)
y(t) = Cx(t).

Definition 2.5. The state-output system is said to be asymptotically output
stable if

o0
Vo e R", / |CeMta|? dt < oc. O
0
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Now it is easy to see that if (A, C') is an observable pair and A is asymptotically
stable, then the equation

A*P+ PA=-C"C

has a solution and
P= / eAtCrCet dt > 0 (positive definite),
0

the positive-definiteness being a consequence of observability. Conversely if
the state-output system is asymptotically output stable and if (A, C) is an
observable pair, then A is asymptotically stable. We can now weaken this
further.

Theorem 2.6. If the state—output system is asymptotically output stable (by
some feedback matriz K) and if (A, C) is a detectable pair, then the system

dx

(t) = (A+ BK)z(t)
dt
18 asymptotically stable.

Proof. By hypothesis there exists a K* € L(R";R?) such that (A* + C*K™*)
is a stability matrix and hence (A + KC) is a stability matrix. Now write

dx

(1) = A(t)

Cfl”; (t) = (A + KC)x(t) — KCx(t),

and we can write its solution as

t
z(t) = eATEO, —|—/ eATEONE=9) K Cr(s) ds. (2.23)
0

Hence

00 1/2 oo 1/2
|:/ |13(t)|2 dt:| < l:/ |e(A+KC)t$|2 dt:|

0 0
/

Furthermore, as (A4 KC) is a stability matrix, there exists « > 0 and M > 1
such that

t
+ / eATKO) =9 [ Cr(s) ds

2 1/2
dt . (2.24)
0

Vo e R, |eAHEO | < Memo 2],

and the second term of the right-hand side of inequality (2.24) can be ma-
jorized by
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2

e} t
/ [/ Me=0=|| K| |Ca(s)| ds| dt.
0 0

Now introduce the function

Fs) = {MnKneM, 520,

0, otherwise

and
o(s) {|o:c<s>|, 520,

0, otherwise.
Now f € L'(—o00,00;R) and g € L?(—00, 00;R). Hence by Young’s inequality
If gl < [ fller-llgllee,

where
/ £t —s)g ds—/ MK [[e=t=)|Ha(s)|ds.

This proves the theorem. O

Remark 2.4. This theorem and its proof generalize to certain infinite dimen-
sional Hilbert space situations and have implications in the study of the alge-
braic Riccati equation. See §3.4, Chapter 1 of Part V. O

2.7.2 Compensators for linear systems

Consider the linear control system

dx
it (t) = Ax(t) + Bu(t),

y(t) = Ca(t).

~

(2.25)

We have seen that if (A, B) is a controllable pair, then the spectrum of the
closed loop system can be made arbitrary by state feedback. We now wish to
discuss the situation where full-state feedback is not available and the control
has to be of the form

/ At — s)y(s) ds + v(t), (2.26)

where the kernel A corresponds to some finite dimensional system and v(t)
is a reference input. We would like to investigate the properties of the corre-
sponding closed loop system. We shall construct such a control by

(i) constructing a state estimator Z(-) from the observations y(-),
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(ii) and by constructing an appropriate control as a linear function of the
estimate Z(t).

We first construct such an estimator in the form

‘Z (t) = A&(t) + Mu(t) + Buf(t),
v(t) = y(t) — Ca(t), (2.27)
and M is to be chosen later.

The vector v(-) has the interpretation as an “innovation” function; that
is, v(t) is the new information in the output y(¢) at time ¢ not contained in
Ci(t). Let e(t) = x(t) — &(t) be the error between the state and its estimate.

We see that
de

dt
Now if we assume that (A4, C) is an observable pair, then the spectrum of
(A— MC) can be made arbitrary by a suitable choice of M. In particular, by
a suitable choice of M, (A — MC) can be made a stability matrix. Note that
for the requirement of stability of the (A — M), it is enough to assume that
(A, C) is a detectable pair.
Now consider a feedback control of the form

() = (A — MC)e(t). (2.28)

u(t) = —Ki(t), (2.29)
giving us a closed loop system,
‘CI; (t) = Az(t) — BK#(t) = (A — BK)x(t) + BKe(t). (2.30)

By the pole-assignment theorem, the spectrum of (A — BK) can be made
arbitrary by a suitable choice of K, provided (4, B) is a controllable pair
(stabilizability is enough).

Consider the pair of differential equations:

7o e R ) R

It is clear that the spectrum of the above block matrix is determined by
that of A — BK and A — MC and hence can be made arbitrary by proper
choices of K and M and in particular can be made a stability matrix. This is
one of the fundamental results of linear feedback control.

We now turn to a discussion of quadratic-cost optimal control and show
how this theory gives rise to optimal feedback controllers that render the
closed loop system asymptotically stable. It turns out that the theory of con-
trollability and observability plays an important role in the study of optimal
control over an infinite time horizon.
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3 Optimal control

Consider the linear control system

dz
it (t) = Ax(t) + Bu(t), x(s) ==z,

y(t) = Cx(t)

on the time interval [s,T], 0 < s < T, where x is an arbitrary initial state
in R™. The notation and terminology are the same as the ones defined in the
section on controllability and observability.

We shall be primarily concerned with the following optimal control prob-
lem: to choose a control 4(-) € L?(s,T; R™) that minimizes the cost functional

(3.1)

s | (o). Ru®) + (o), Qu(t)]dt +  (x(2), S2(D)). (3.2

where R = R* > 0, Q = Q" = C*C > 0, and S = S* > 0. A control
@(+) minimizing J(u;2) will be called an optimal control. We shall not be
concerned with the question of existence and uniqueness of solutions but with
the characterization of the optimal control 4(-) and the corresponding optimal
trajectory &(-).

Even though we are interested in solving the optimal control problem over
a fixed interval [0, 7] and for the fixed initial condition g, it will turn out
to be conceptually important to solve the problem for all initial points (s, ),
0<s<T.

We shall also be interested in the infinite time problem: Find a control
a(-) € L?(s,00;R™) that minimizes:

J(u;s,1) = ; /OO [(u(t), Ru(t)) + (x(t), Qz(t))] dt. (3.3)

J(u;s,2) =

3.1 Finite time horizon

We first discuss the finite time situation. We are interested in obtaining the op-
timal control 4(+) in feedback form 4(t) = K (¢)x(t), where K (t) € L(R";R™).
There are three basic approaches to the solution of this problem. The first is
via the Calculus of Variations or equivalently the Maximum Principle and
makes use of the adjoint equation. It can be shown that the optimal control
is characterized by the solution of the following system:

dz . .

it (t) = Az(t) + Ba(t), (3.4)
z(s) = =z,

W1y = —amp(t) - Qi(t)

TP ’ (3.5)

p(T) = S&(T),
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Ra(t)+ B'p(t) =0 s<t<T. (3.6)

We recognize this as a two-point boundary value problem. The system (3.4)—
(3.6) can be decoupled as follows. It is here the idea of invariant embedding,
namely, the idea of considering the optimal control problem for all initial (s, x)
where 0 < s < T and x € R™ arbitrary becomes important. One first shows
that the system of equations

dg -1
t) = A&(t) — B B*n(t
g () = AL(t) — BR™ B™n(t), 3.7)
§(s) = =,
dn
t) = —A"n(t) — t
a0 n(t) — Q&(t), (3.8)
n(T) = SE(T)
admits a unique solution. We can then prove that the mapping
T — (f(),n()) R - W(s, T;R"™) x W(s, T;R"™), (3.9)
where J
W(s, T;R") = {z: z € L*(s,T;R™), dj € L2(S,T;R")}
is an affine continuous map and finally that the mapping
x+—n(s): R™ — R" is an affine mapping. (3.10)
From this it follows that we can write
n(s) = P(s)x + r(s), (3.11)
where
P(s) € LR™;R™) and r(s) € R". (3.12)

Let (z(-),p(+)) be a solution of (3.4)~(3.6) in the interval [0,77]. Then
p(t) = P(t)z(t) + r(t), Vtel0,T],

and a calculation shows that P(t) and r(¢) satisfy:

dP . 1 e _

g (AP + P()A = P(t)BR™B*P(t) +Q =0, (3.13)
P(T) = S,

dr N —1 %

gy D)+ ATr(t) = P()BR™'B"r(t) = 0, (3.14)
r(T) =0.

Clearly r(t) is identically zero and standard results of ordinary differential
equations prove that (3.12) has a unique global solution.
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Therefore we have obtained the optimal control in feedback from:
a(t) = —R™'B*P(t)2(t).

The same result can be obtained using the method of Dynamic Program-
ming. Conceptually, the Calculus of Variations gives necessary conditions of
optimality, whereas the method of Dynamic Programming gives sufficient con-
ditions of optimality. But for the strictly convex quadratic cost problem, both
methods give necessary and sufficient conditions of optimality.

Let

V(s,z) = ir&f J(u; s, x).

Then an application of the Principle of Optimality leads to the following
partial differential equation for V:

oV |1 1
9 (s,z) + min 5 (u(s), Ru(s)) + 5 (a:(s), Qx(s))

+ (VaV(z,s), Az(s) + Bu(s))| =0, (3.15)

V(T,z) = (Sz, z),

where V,V (x, s) is the gradient of V(z, s) with respect to the vector z. Car-
rying out the minimization, we obtain

u(s) = —R™'B*V,V(z,s), Vse0,T). (3.16)
Hence we obtain the so-called Bellman—Hamilton—Jacobi equation

%V (s,x) + ; (VoV(z,s), BR'B*V,V(x,s))
s

1
+ 2(:6, Qz) + (A*V,V(s,x),z) =0. (3.17)
Now, (3.17) can be solved by looking for a solution of the form:
V(s,z) = 5 (z, P(s)z) + (z,7(s)). (3.18)

We can check that P(s) and r(s) satisfies (3.12) and (3.14) previously ob-
tained, and we recover the same results as obtained by Calculus of Variation
arguments.

There is a third approach, in some sense related to the Dynamic Program-
ming approach, to the solution of quadratic cost optimal control problems.
This is the method of completing the squares. The main idea here is to observe
that if J

df = Az(t) + Bu(t),
and if P(t) = P*(t) be such that dP/dt exists in the interval [s,T], then
defining
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0 R™1B*P(t)
Cil]; + A*P(t)+ P(t)A|’

we get

/ (2(t), L(t)z(t)) dt — (z(T), P(T)x(T)) + (x(s), P(s)z(s)) = 0. (3.19)

Now let P(¢) be the global solution on the interval [s, T'] of the equation

dp * —1 —
g O+ ATP(t) + P()A = P()BR™ B"P(t),+Q = 0, (3.20)
P(T) = 8.

Then adding the identity (3.20) to J(u; s, 2) and doing some algebraic manip-
ulations, we obtain

T
J(u;s,x) = / lu(t) + R™"B*P(t)z(t)|* dt + (2(s), P(s)z(s)). (3.21)

Hence the optimal control is given by
a(t) = —R™'B*P(t)x(t), (3.22)
and the optimal cost V (s, x) by
V(s,z) = (z, P(s)x). (3.23)

In this book, we use the latter two methods in infinite dimensional situ-
ations to obtain results on optimal control for the quadratic cost problem in
a finite time interval. Apparently, one obtains more general results using this
methodology.

In Part IV, Chapters 1 to 3 develop the optimal control of parabolic,
hyperbolic, and delay equations over a finite time interval. The observation
operator is usually considered to be also bounded, but the case of unbounded
observation operators is also treated. Chapter 2 deals with parabolic equations
with unbounded control operators, whereas Chapter 3 deals with hyperbolic
equations with unbounded control operators. The latter two chapters are the
most technical, and the full power of the theory developed in Part IT needs to
be used.

3.2 Infinite time horizon

The study of the quadratic cost problem over a finite and an infinite time
interval is essentially a study of the Riccati differential equation over the
finite time interval [s, T
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dP
dt

subject to the terminal condition

(t)+ A*P(t) + P(t)A — P(t)BR™'B*P(t) + C*C = 0 (3.24)

P(T)=Pr >0, (3.25)
its asymptotic behavior and the corresponding matrix quadratic equation
A*P + PA— PBR 'B*P+C*C =0. (3.26)

The following theorem is proved (in certain infinite dimensional situations) in
§2 of Chapter 1 in Part IV, and in §2 to §4 of Chapter 1 in Part V.

Theorem 3.1. There exists a matriz P(t) satisfying the following:

(i) P(:) is defined and belongs to C*([s,T]; L(R™)) and satisfies (3.24) and
(3.25).

(ii) P(t) > 0, s <t <T and is the unique solution of (3.24)-(3.25).

(iii) Let K(t) be a continuous function on [s,T], and let P(t) be the solution
of the linear differential equation

ap () P z 2
o (0 (A= BE()"P(t) + P(t)(A - BK(1)) (3.27)
+C*C + K(t)*RK(t) = 0,
P(T) = Pr > 0. (3.28)

If P(t) is a solution to (3.24) and (3.25), then
P(t) < P(t), s<t<T.

(iv) Consider (3.24) with s — —oo and T = 0. If (A, B) is stabilizable, then
P(t) is bounded on |—o0,0]. If (A, C) is detectable, then

P = lim_P(t)

exists and is positive semi-definite.
In that case, Ps is the unique positive semi-definite solution of (3.26)
and

A—BR'B*Py

is a stability matriz.

The optimal control over the infinite time interval is then given by
a(t) = —R™'B* P i(t). (3.29)

The study of these control problems when control is exercised through the
boundary is most complicated for hyperbolic equations and is taken up in
Chapter 3 of Part V. The study of exact controllability comes into the picture
here to ensure that the space of admissible controls is nonempty.
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4 A glimpse into H°-theory: state feedback case

4.1 Introduction

In many control problems the quadratic criterion is not the most appropriate.

We consider a disturbance attenuation problem when the full state vector can

be measured and introduce the so-called H°°-optimal control problem. There

is now a vast literature on this topic. For two textbook presentations, the

reader is referred to T. BASAR and P. BERNHARD [1] and B. A. FrRANCIS [1].
Consider the finite dimensional linear time-invariant system

dx
5t (t) = Az(t) + Lw(t) + Bu(t),

z(t) = Cx(t) + Du(t),

(4.1)

where u is interpreted as the controls and z as controlled outputs that are to
be made small in the presence of exogenous disturbances w. The matrices and
vectors have appropriate dimensions.

Let S(A, B) denote the set of all constant gain stabilizing state feedback
matrices. That is,

S(A,B) = {K: Re[\(A+ BK)| < 0}.
Then for u € S(A, B), the closed loop dynamics take the form

‘Z (t) = (A+ BE)a(t) + Lu(t),

z(t) = (C + DK)x(t),

(4.2)

or in transfer function form
z(s) = Tk (s)w(s),

where .
Tk(s)=(C+ DK)(sI — (A+ BK)) L.
The problem of H>-optimal state feedback is now stated as

i f T o0
KGISI(lA,B) T e

where
1T || o = SUP Tmax[| T (jw)|
w

and omax denotes the maximum singular value of the matrix T'(jw).
This H°-optimal state feedback problem represents a special case of the
more general H°- optimal output feedback disturbance rejection problem.
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4.2 Main results

The following assumptions are made on (4.1):

(A1) The pair (A, B) is stabilizable.
(A2) The pair (A, C) is observable.
(A3) D*[C D] =[01I].

(A1) is necessary for the stabilization of (4.1). Assumption (A2) is a tech-
nical assumption that guarantees the invertibility of certain algebraic Riccati
equation solutions. The orthogonality assumption (A3) is analogous to no
cross weighting between the state and control in the standard LQ problem.
In case (A3) is violated, the change of control variables from u to v given by

u(t) = (D*D)~Y2u(t) — (D*D)~*Cx(t)

yields a new system that satisfies (A3). Furthermore, it can be shown that a
controlled output of the form

z(t) = Cx(t) + Du(t) + Eu(t)

may be transformed to the form of (4.1). Thus, (A3) is made with minimal
loss of generality.
The main result is now stated.

Theorem 4.1. Consider the linear system (4.1) under assumptions (Al)
to (A3). Under these conditions, there exists a K € S(A,B) such that
ITk || < v if and only if there exists an X = X* > 0 that satisfies

XA+A*X+C*C+X( 12LL*—BB*>X:0 (4.3)
2

with A+ (1/4?LL* — BB*)X stable (i.e., all eigenvalues in the open left-half
complex plane).

The remainder of this section is devoted to the proof of Theorem 4.1 for v = 1.
By linearity, this simplification is made without loss of generality.

First, some preliminary results from linear quadratic optimization theory
are stated for the linear system

dx
it (t) = Az(t) + Bu(t), x(0)= =,

y(t) = Cz(t).

Lemma 4.1. Let (A, B) be stabilizable and (A, C) detectable (resp. observ-
able). Then there exists a unique P = P* >0 (resp. > 0) that satisfies

PA+ A*P+C*C — PBB*P =0,
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with A — BB*P stable. Furthermore, the state feedback control law u(t) =
—B*Px(t) is a minimizing solution for the problem

ity [ (w0 + o)) .

This is Theorem 3.1 restated.

Lemma 4.2. Let G(s) = C(sI — A)™'B with A stable. Then |G|l < 1 if
and only if there exists an X = X* > 0 that satisfies

XA+A*'X +C"C+XBB*X =0

with A + BB*X stable. Furthermore, the state feedback u(t) = BB*Xux(t)
solves

swy [ (wl0f = )Pt

For a proof of the above lemma see J. C. WILLEMS [1].

The proof of Theorem 4.1 is now presented. To prove the “if” direction,
assume that X = X* > 0 satisfies (4.3) with A + (LL* — BB*)X stable. A
manipulation of (4.3) yields

X(A-BB*X)+ (A - BB*X)*X
+(C—DB*X)*(C — DB*X)+ XLL*X = 0. (4.4)

Now assumptions (A2) to (A3) imply that the pair (A — BB*X,C — DB*X)
is observable. This observability, (4.4), and X > 0 together imply that the
matrix A— BB* X is stable via standard Lyapunov stability theory. Thus, K =
—B*X € S(A, B). Finally, using (4.4) and the stability of A+ (LL* — BB*)X
in Lemma 4.2 implies that | Tk ||z~ < 1, which is the desired result.

To prove the “only if” direction requires the following preliminary result:

Lemma 4.3. There exists an X = X* > 0 that satisfies
XA+ A X+C'C+X(LL"—BB" )X =0 (4.5)

with A+ (LL* — BB*)X stable if and only if there exists a P = P* > 0 that
satisfies

AP + PA* + PC*CP + LL* — BB* =0 (4.6)
with —A* — C*CP stable.

Proof. Let P = X!, This establishes an equivalence of the existence of pos-
itive definite solutions to either (4.5) or (4.6). To show equivalence of the
stability conditions, a manipulation of either (4.5) or (4.6) yields the similar-
ity condition

A+ (LL* — BB*)X = P(—A* - C*CP)P~ . O
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Thus to prove the “only if” portion of Theorem 4.1, it suffices to prove
the equivalent condition associated with (4.6).

Toward this end, let K € S(A, B) be such that ||Tk|/ge < 1. Then from
Lemma 4.2, there exists an X = X* > 0 that satisfies

X(A+BK)+ (A+ BK)* X 4+ (C+ DK)*(C + DK)+ XLL*X =0, (4.7)
with A 4+ BK 4 LL*X stable. A straightforward manipulation of (4.7) yields
XA+ A*X +C*C+ X(LL* — BB*)X = —(K + B*X)"(K + B*X). (4.8)

Let P = X~!. Note that assumptions (A2)(A3) imply observability of the
pair (A + BK,C + DK), which in turn implies X > 0, thus allowing the
inversion of X. In terms of P, (4.8) now takes the form

AP + PA* + PC*CP + LL* — BB* = —V*V, (4.9)

where R ~
V=KP+ B*.
Now (4.9) is not quite in the desired form of (4.6). Thus, asin J. C. WILLEMS [1],

let AP = P—P. Then subtracting (4.9) from (4.6) yields (after some straight-
forward manipulations)

(—A)*AP + AP(—A) + V*V — APC*CAP = 0, (4.10)

where A = A* + C*CP. Clearly, if one can find a symmetric positive semi-
definite solution, AP, to (4.10), then P = P + AP satisfies the desired
(4.6). However, (4.6) is of the form of a standard LQ Riccati equation as
in Lemma 4.1. The requisite stabilizability and detectability in Lemma 4.1 is
now shown as follows:

1. The matrix pair (—A, C*) is controllable. This follows directly from as-
sumption (A2) and that —A = —A* — C*CP.

2. The matrix pair (—]1, f/) is detectable. To see this, a straightforward ma-
nipulation of (4.9) yields the similarity condition

~A- K"V =P(A+BK +LL*X)P~L.

However, recall that X is such that A+BK +LL*X is stable, thus proving
the desired detectability.

These observations along with Lemma 4.1 guarantee the existence and
uniqueness of a positive definite AP, which satisfies (4.10). Thus, P =
P 4+ AP > 0 and satisfies (4.6).

It then remains to be shown that —A* — C*CP is stable. However, from
Lemma 4.1, one has that —A — C*C AP is stable. But

—A—C*CAP = —A* — C*CP,
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which, via Lemma 4.3, completes the proof.

It is worthwhile remarking that the current proof exploits the fact that
the condition | Tk | < 1is a characterization of dissipativity in terms of scat-
tering variables. It is well known that the dissipative property in turn can
be characterized in terms of a quadratic Lyapunov function obtained from
an indefinite quadratic cost problem (cf. Lemma 4.2). The exposition here
essentially exploits these ideas to obtain the desired result. We have included
a section on dissipative systems for this reason.

It should be remarked that the state space theory of H® should only be
considered as a computational device and not as a substitute for the operator
theory solution of H°°-problems. The important questions of approximation
and robustness should be treated from the input—output viewpoint, and it is
unclear whether it is meaningful in the state space description.

The general case, when only measurement feedback is available, was
treated in the important paper of J. C. DOYLE, K. GLOVER, P. P. KHAR-
GONEKAR, and B. A. FRANCIS [1] in 1989. These results were generalized to
certain Infinite Dimensional Systems (the so-called Pritchard—Salamon sys-
tems) by B. vAN KEULEN [1] in 1993. The new element here is that the
feedback solution is determined in terms of two coupled Ricatti equations.

5 Dissipative systems
5.1 Definitions and preliminary results

Consider the linear, stationary dynamical system

dx
g = Az + Bu, z(0) = xq,

y = Cx + Du,

(5.1)

where z € R", u € R™, y € RP, and A, B, C, D are constant matrices of
dimensions (nxn), (nxm), (pxn), and (pxm), respectively. We shall assume
that the input functions ¢ — u(t) : R — R™ are locally square integrable.

Given z(tg) = zo € R", there exists a unique absolutely continuous func-
tion t — a(t) : [to,00) — R™ that satisfies (5.1) almost everywhere. Corre-
spondingly, the output function ¢ — y(t) : [tg,00) — R™ is locally square
integrable and the state trajectory t — x(t) : [tg,00) — R"™ is also locally
square integrable. In terms of the above, we denote the input space by U and
the output space by V.

We make the assumption that (5.1) is reachable (and controllable) and
observable. Hence, the realization of the input—output map

¢
y(t) = CeAlt=to) gy + / Ce*=7) Bu(r) dr + Du(t) (5.2)
to
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given by (5.1) is minimal.

In the sequel, we wish to examine the dissipativeness of system (5.1) with
respect to the supply rate w = (u,y) = u*y, where we are assuming that
m = p and (+,-) represents the scalar product on R".

Definition 5.1. A function S : R™ — R™ is called a storage function. The
system (5.1) is said to be dissipative with respect to the supply rate w(t) =
(u(t),y(t)) if there exists a storage function S : R" — R such that for all
o € R™ and u € U, the dissipation inequality

S(zo)Jr/ 1(U(lﬁ),y(lf))dlﬁz S(a(th)) (5:3)

to

holds for all t; > tg in R, where

ty
z(t)) = eAti=to) g 4 / e =) Bu(r) dr (5.4)
to
and .
1
y(t) = CeAlt =10 gy 4 / e Bu(t) dr + Dul(t). (5.5)
to

Note that if S is smooth, then the dissipation inequality may be written as

(VS(x), Az + Bu) < (u,Cz) + (u, Du) , '
VxeR" and u e R™. O

The form of (5.6) (note the similarity to the Hamilton—Jacobi equation) sug-
gests that the identification of storage functions arises by defining appropriate
variational problems associated with (5.1). We start with the following lemma
(J. C. WILLEMS [1, Lemma 1J]).

Lemma 5.1. Let the dynamical system defined by (5.1) be minimal and dis-
sipative with respect to the supply rate w(t) = (u(t),y(t)). Let S be a storage
function. Then there exists an € > 0 such that

S(z) > S(0) +l|z])?, Vo e R™.

5.2 Associated variational problems

Now, define the following variational problems:

Sufea) = = Jim_inf [ (0).y(0) . 6.7
0
Sp(xo) =— lim inf (u(t),y(t)) dt, (5.8)

t_1——o00 uel t,
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subject to the constraint (5.1) and the boundary conditions z(t_1) = 0, z(0) =
xo. We adopt the normalization mingeg» S(z) = S(0) = 0. S, is referred to
as the available storage and S, the required supply. Note that (5.7) and (5.8)
are quadratic variational problems, but they may be singular when D + D*,
which is nonnegative from dissipativity, is singular, and an optimal control
may not exist even though the desired infimum exists.

The variational problems characterizing the available storage and required
supply may then be solved by considering appropriate solutions of the alge-
braic Riccati equation:

KA+ A*K + (KB~ C*)(D + D*)"Y(B*K — C) = 0. (5.9)

Theorem 5.1 (J. C. WILLEMS [2]). The algebraic Riccati equation (5.9)
has a megative definite solution if and only if (5.1) is dissipative with re-
spect to the supply rate w = (u,y). In that case, there exists only one
real symmetric solution K~ with the property Re A\(A~) < 0, where A~ =
A+B(D+D*)"Y(B*K~C), and only one real symmetric solution K+ with the
property A\(AT) >0, where At = A~ + (KB — C*)(D + D*)~*B*. Moreover,
0 < K= < K" and every real symmetric solution satisfies K~! < K < K+.
Hence, all real symmetric solution are positive definite, A(A7) < 0, and
A(AT) > 0.

Theorem 5.2. Under the assumptions of Theorem 5.1,
1 _ 1 i
Se(z) = 2(96,[( x) and S.(x) = 2(x,K x).

Proof. Let us first consider the case when D + D* is nonsingular. Let K be a
real symmetric solution of the algebraic Riccati equation (5.9). Then

ZZ (z,Kx)

along the trajectories of & = Az + Bu is given by

(u, Cx + Du)

— ;(u — (D + D*)"YB*K — O)z,(D + D*)(u — (D + D*)*(B*K — C)x).

Now assume that u € U, transfers xq at tg to x1 at t1. Then

(w1, K1) — (20, K0)

= / (), y(t)) dt

to

— /tl (u—(D+D*)""(B*K — O)x,
o (D + D*)(u— (D + D*)"Y(B*K — C)z) dt.
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Let us put tp = 0 and K = K~ in the above, and noting that K= > 0, we

obtain
t1

(u(t) y(1)) dt < (e, K~a0), ¥ ueld

|
S—

Hence, Sq(z0) < 5 (20, K~ x0). Now consider the control
u=(D+D*)"YB*K~ —C)x.
The closed loop system is then & = Az, and because Re A\(A™) < 0,

lim x(t) = 0.

t—o0

Hence, along this trajectory,
1 B o0
S0 K a0) + [ (ult), y) de =0,
0

and hence, Sq(z0) = 5 (0, K~ x0). A similar argument shows that

1

ST(LL'Q) = 9

(LL'Q, K+$0).

We now look at the case when D + D* is singular. The idea is to replace D
by (D+ 51), where I is the identity matrix. It is clear that the new dynamical
system with D replaced by (D + 51) is also dissipative with respect to w =
(u,y). We now proceed to prove the result through a limiting argument by
considering

lim (D +° I).

£]l0 2
Therefore, consider the algebraic Riccati equation (5.9) with D+¢/2 I in place
of D

KA+ AK .+ (K.B—C*)(D+D*+¢el) " Y(B*K. - C*) =0

and consider the real symmetric solutions K- and K with the properties
ReA(AZ) <0 and Re A\(AF) > 0, with AZ and AT defined analogously as in
Theorem 5.2. We then have 0 < K. < K and all real symmetric solutions
K. satisfy K. < K. < K. Indeed, we have K7 < K and ReA(47) < 0
and Re \(AF) > 0. Now define

K™ =limK_ and K+:limK:.
el0 €l0

Then, Theorem 5.2 holds for K~ and K so defined. To see this, note that K
and K are monotone nondecreasing, and hence, the limit K~ = lim. o K
and Kt = lim. g K exist.

Now we have
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S:(z) = (v, K;x) and S:i(x)= (z,K x).

We need to prove that St and S; are continuous functions of €, € > 0.
Consider S5(xo) and assume that

lin S5 (z0) # S5 (z0)

Now S¢(z) is a monotone nonincreasing function of €. Hence,

1ilm Se(x0) < S50 (o).

By the definition of S2°(x), it follows that there exists a w € U and t; > 0,
such that

tim Si(an) < = [ (ult)o(0)) .

with & = Az + Bu, y = Cz + (D 4+ €9/2 I)u and x(0) = x¢. Now, for fixed u
and t; and for all e, g9 < e < e+ 4,

—/Ywmmm%
0

with constraints ¢ = Az + Bu, y = Cx + (D + e9/2I)u and z(0) = ¢, is a
continuous function of ¢, which contradicts the inequality

lilm SE(xo) < S50 (o).

Hence, S(xo) is a right continuous function of ¢, and hence, }(z, K~ z) =
Sa(z). In a similar manner, we can prove S, (z) = }(z, K"x). Hence, we have
proved that Theorem 5.1 remains true when D + D* is singular. a

Remark 5.1. Note that when D + D* is singular, the optimal control may not
exist. O

5.3 Quadratic storage functions

Given a linear, stationary setting, it is natural to consider storage functions
that are quadratic, ;(x, Qx), Q@ = Q*. The following theorem follows easily
from Theorem 5.2.

Theorem 5.3. The stationary minimal linear dynamical system given by
(5.1) is dissipative with respect to the supply rate w = (u,y) if and only if
the matriz inequalities

A*Q+QA Q@QB-C*

B*Q-C —-D-D*

RQ=Q" >0, (5.11)

have a solution. The function é(x,Qx) is a storage function if and only if

Q satisfies (5.10) and (5.11). Consequently K= and K, as defined earlier,
satisfy these inequalities and 0 < K~ < Q < K™.

<0, (5.10)
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Recent research on the synthesis of controllers using linear matrix inequal-
ities and semi-definite programming (see, for example, the recent book of
S. BoyD and L. VANDENBERGHE [1]) is related to the ideas presented here.

6 Final remarks

If one were to write another volume it should be concerned with a generaliza-
tion of the following finite dimensional problem to infinite dimensions:

T
inf/ w(x(t), u(t)) dt, (6.1)

u

where w(z,u) = [(z, Qz)+ (u, Ru)+2(u,Cz)], R = R* > 0, and Q = Q" but
without any definiteness condition on @), subject to the dynamical constraint

dz
d(t )= Az (t) + Bu(t), 6.2)

and the related infinite time problem

i%f /OO w(z(t),u(t)) dt (6.3)

with the dynamical constraint (6.2) and final value conditions z(co) = 0 or
x(00) = free.

A variety of problems such as linear quadratic differential games, the
Kalman—Yacubovich-Popov lemma of stability theory, and H>-theory (in
state space form) is related to this topic.

Notes

The results of this chapter are for the most part classical. The concepts of con-
trollability and observability were introduced by R. E. KALMAN [1, 3], where
the criteria of controllability and observability and the structure theorem were
developed. In this connection, see also the early paper of E. GILBERT [1]. The
minimum energy control for transfer from the origin to a final state was first
discussed in R. E. KALMAN, Y. C. Ho, and K. S. NARENDRA [1]. For a
textbook study of these questions as well as a treatment of stability theory,
see R. W. BROCKETT [1]. The concepts of stabilizability and detectability
were introduced by Wonham in his study of the algebraic Riccati equation
(cf. W. M. WoNHAM [2]). The criteria for stabilizability and detectability
are due to M. L. J. Hautus [1]. The pole-assignment theorem in the real
case was proved by W. M. WoNHAM [1] and independently by J. D. SIMON
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and S. K. MITTER [1]. The proof presented here follows W. M. WONHAM [3].
Theorem 2.6 is due to J. ZABCZYK [3]. The idea of a state estimator was first
introduced by D. G. LUENBERGER [1]. For the treatment of compensators for
linear systems as estimator-controller and the use of the pole-assignment theo-
rem in this context, see J. D. SIMON and S. K. MITTER [1]. For a discussion of
the quadratic cost optimal control problem, see the book by R. W. BROCK-
ETT [1] where the completing the square argument is developed. The idea
of invariant embedding used in §3.1 is due to R. BELLMAN [1]. Its use in
decoupling the Hamiltonian equations in the form described here is due to
J. L. Lions [3]. It was formally used in the same way by S. K. MITTER [1].
Theorem 3.1 is due to W. M. WONHAM [1] (under the slightly stronger hy-
pothesis of observability). The results of §4 follow an unpublished manuscript
of S. K. MITTER and J. S. SHAMMA [1] but are essentially an application
of the results given in the paper of J. C. WILLEMS [1]. There is now a vast
literature on the so-called H*°-approach to the control of linear systems. For
textbook presentations, see T. BASAR and P. BERNHARD [1], B. A. FRAN-
cis [1], and B. vAN KEULEN [1].






2

Linear Quadratic Two-Person Zero-Sum
Differential Games

1 Introduction

In this chapter we broaden the general perspective of the book and consider
two-player zero-sum games with linear dynamics and a quadratic utility func-
tion over a finite time horizon. They can be viewed as a natural extension of
the single player linear quadratic optimal control problem. In particular they
illustrate the occurrence of symmetrical solutions to the matrix Riccati differ-
ential equation that are not necessarily positive semi-definite. It also connects
with the glimpse of H*-theory given in the previous chapter.

Since Game Theory arises from a different context than the one in Control
Theory, we quickly review some background and terminology. For instance,
the notion of wtility function has a long history. GABRIEL CRAMER [1] (1728)
and then DANIEL BERNOUILLI [2] (1738) first proposed as a decision crite-
rion the maximization of expected wtility rather than of expected wealth.
Daniel Bernouilli introduced as wutility function, the log, to resolve the St. Pe-
tersberg Paradox (Risk Aversion) in 1760. Much later, in an appendix to their
classic work, J. vON NEUMANN and O. MORGENSTERN [1] (1943) set out for
the first time an axiomatic justification for this criterion.

We consider two players (most definitions will carry over to N players). In
a static game, there is only one shot; that is, the game is played only once.
Player 1 decides a value v1, which can be a vector, a real number, or a discrete
variable. Similarly, Player 2 decides vs. Each of them has a utility function

O’i(vlaUQ)a i:1527
that he/she wants to minimize. A Cournot-Nash equilibrium (cf. A. COUR-

NOT [1] in 1838 and J. NasH [1] in 1950') is a pair (91, d2) such that

! The concept of the Nash equilibrium is not exactly original to John F. Nash.
Antoine Augustin Cournot showed how to find what we now call the Nash equi-
librium of the Cournot duopoly game. Consequently, some authors refer to it as
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C1(b1,2) < Ci(v1,02), Vo1 € Uy,
O (01, 92) < Ca(d1,v2), Vv € U2,

where U}, and U2, represent the sets of constraints for both players.
In a two-person zero-sum game, one has

Ci(v1,v2) = C(v1,v2),
02(’01,1)2) = 70(’01,1}2).

So there is in fact only one functional, C(v1,vs). Player 1 wants to minimize
it, and player 2 wants to maximize it. It is a noncooperative game. A Nash
equilibrium satisfies the condition

C(01,v2) < C(01,02) < C(v1,09), Yoy € UL, and Yoy € UZ,.

In this context the pair (01, 02) is called a saddle point and C(91,02) the value
of the game. The existence of a saddle point is not so common for games. In
general, the so-called lower and upper values are different

sup inf C'(v1,v2) < infsup C(v1, v2),
vl v1

V2 V2

and they can respectively be —oo and +o0.

In this chapter we study the dynamical version on a finite time horizon
of the static zero-sum two-player game by introducing a time-dependent state
vector whose dynamics are governed by a system of linear differential equa-
tions. At that level there are open loop and closed loop strategies for the
players and sometimes an imperfect knowledge of the state. We shall restrict
ourselves to the open loop case and a perfect knowledge of the state. In that
context, the Min Sup problem was studied in 1969 by M. C. DELFOUR and
S. K. MITTER [1]. The fundamental theory of closed loop two-player zero-sum
LQ games was given in 1979 by P. BERNHARD |[2] followed by the seminal
book of T. BASAR and P. BERNHARD [1] in 1991 and 1995 that covered
the H°-theory. The very nice work by P. ZHANG [1] in 2005 established the
equivalence between the finiteness of the open loop value of a two-player zero-
sum LQ game and the finiteness of its open loop lower and upper values. It
means that the duality gap, that is the difference between the upper and the
lower values of the game, is either 0 or 4+oo. The reader is referred to the
above references for a detailed bibliography of the vast and rich literature on
dynamical games.

a Nash—Cournot equilibrium. However, Nash showed for the first time in his dis-
sertation, Non-cooperative games (1950), that Nash equilibria must exist for all
finite games with any number of players. Until Nash, this had only been proved
for two-player zero-sum games by John von Neumann and Oskar Morgenstern [1]
(2nd edition, 1947).
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This new chapter is self-contained with mathematical proofs. Section 2
gives the definitions, notation, properties, semi-derivatives, and convexity/con-
cavity characterizations of the utility function.

Section 3 gives necessary and sufficient conditions for the existence of a
saddle point of the game and introduces the coupled system that will also
arise in the characterization of the open loop lower and upper values of the
game. This will later be completed in Theorem 5.1 in §5 with the equivalent
condition that the value v(zg) of the game is finite.

Section 4 is devoted to the case where the open loop lower value is finite.
By duality this also covers the case where the open loop upper value is finite.
It emphasizes the role of the feasibility condition.

Section 5 combines the results of §4 to characterize the finiteness of the
open loop value of the game, and Theorem 5.1 shows its equivalence with the
existence of an open loop saddle point, completing the results of Theorem 3.1
in §3. It also includes the equivalence between the finiteness of the upper and
lower values and the finiteness of the value of P. ZHANG [1]. Therefore, in the
linear-quadratic case, the duality gap is always zero or infinite.

Section 6 constructs the associated Riccati differential equation in the
open loop saddle point case via invariant embedding with respect to the ini-
tial time. It is also shown that under the assumption of an open loop saddle
point in the time horizon [0, T for all initial states, there is an open loop sad-
dle point in the time horizon [s,T] for all s, 0 < s < T, and all initial states
(Theorem 6.3 (iii)). From this we get an optimality principle and adapt the
invariant embedding approach of R. Bellman in the style of J. L. LIONS [3]
to construct the decoupling symmetrical matrix function P(s) and show that
it is an H*(0,T) solution of the matrix Riccati differential equation. Thence
an open loop saddle point in [0,7] yields closed loop optimal strategies for
both players that achieves a closed loop-closed loop saddle point in the sense of
P. BERNHARD [2]. Furthermore, a necessary and sufficient set of conditions for
the existence of an open loop saddle point in [0, T] is the convexity—concavity
of the utility function and the existence of an H'(0,T') solution to the matrix
Riccati differential equation. This leaves the cases where either the open loop
lower value is —oo or the open loop upper value is = +o0o. Two informative ex-
amples of solutions to the matrix Riccati differential equation where the open
loop saddle point does not exist are worked out, even when the solution of the
Riccati differential equation is strictly positive and infinitely differentiable.
A third example is given where the solution of the Riccati differential equa-
tion is infinitely differentiable and strictly positive and the open loop lower
and upper values are +o0o. The chapter also briefly discusses the open/close
loop upper/lower value of the game and generalized solutions of the Riccati
differential equation.

This chapter is an expanded version of M. C. DELFOUR [16].
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2 Definitions, notation, and preliminary results

2.1 System, utility function, and values of the game

Given a finite dimensional Euclidean space R? of dimension d > 1, the norm
and inner product will be denoted by |z| and -y, respectively and irrespective
of the dimension d of the space. Given T' > 0, the norm and inner product in
L2(0,T;R"™) will be denoted ||f|| and (f,g). The norm in the Sobolev space
HY(0,T;R") will be written ||| -

Consider the following two-player zero-sum game over the finite time in-
terval [0, T] characterized by the quadratic utility function

Czu(uvv)dZCfFiv(T)'w(T)Jr/o Q(t)x(t) - w(t) + [u()* — [u()[* dt, (2.1)

where x is the solution of the linear differential system, the so-called state
equation

Cf; (£) = AB)(t)+ B (Ou(t)+ Ba(o(t) ae in [0,T],  2(0) = z0, (2.2)

T is the initial state at time t = 0, u € L?(0,T;R™), m > 1, is the strategy
of the first player, and v € L2(0,T;R"), k > 1, is the strategy of the second
player. We assume that F' is an n X n-matrix and that A, By, By, and @
are matrix-functions of appropriate order that are measurable and bounded
almost everywhere in [0, T]. Moreover Q(t) and F are symmetrical (but not
necessarily positive semi-definite). The above assumptions on F', A, By, Ba,
and @ will be used throughout this chapter.

It will be convenient to use the following compact notation and drop the
a.e. in [0, T] wherever no confusion arises

T
Cyo(u,v) = Fa(T) - 2(T) —l—/ Qr -z + |ul* — |v*dt
0

and
¥’ = Ax + Biu+ Bov  a.e. in [0,T], x(0) = zg. (2.3)

Remark 2.1. The following more general quadratic structure involving cross
terms:

ot T QS T x
Coo (u,v) = Fa(T) - 2(T) —|—/ (x,u,v)- |S* N1 0O ul dt, (24)
0 T 0 —Na| |v

can be brought back to the above form by the folllowing change of variables

I 0 0
= |=N7's N2 0

1 —1/2
Ny'T* 0 N,

8

(2.5)

S 2 8
S|
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where the new matrix functions N1, Ns, S, and T are all assumed to be mea-
surable and bounded and Nj(t) and Na(t) are symmetrical positive definite
matrices such that

Jv; > 0 such that Yu € R™ and almost all ¢, Ny (t)u - u > vy |ul?,

2.6
Jvy > 0 such that Vo € R and almost all £,  Ny(t)v - v > vy 0|2 26)

This yields
T
Fa(T) - 2(T) + / [@— SN{'S* + TN 'T*] z -z + |uf® — |v]* dt
0
and the system
o' = Az + By (~Ny'S*z + Ny /%0) + Bo(N; ' Tz + Ny /%)
= (A= ByN{'S* + BoN; ')z + BiN; Y2u + ByNy /%%
By introducing the new matrices
Q=Q— SN 'S*+TN;'T*,
A=A— B N;'S*+ ByN, 'T*,
By = BiN; Y2, By = ByN, 2,
we are back to the simpler initial structure

T
Coo(1,0) & Fa(T) - a(T) + / Qz -z + [u]? — |o]? dt,
0

' = Az + B1a + B,
z(0) = zp.

It is readily seen that

inf sup  Cgo(u,v) = inf sup Oy, (4, ),
weL?(0,T5R™) e 12(0,T;R¥) aeL?(0,TR™) ger2(0,T5R¥)

sup ,inf Cyo (u,v) = sup inf Cy, (4, D).
vwEL2(0,T;RF) wE€L?(0,T;R™) BEL2(0,T:RF) WEL?(0,T;R™)

For the H®-theory, N1(t) = I and Na(t) = 721, where v # 0 and [ is the
identity matrix. As for the classical optimal minimizing control problem, it
can be recovred by choosing Nz (t) = I and Ba(t) = 0. O

We shall also study the existence of a symmetrical solution to the associ-
ated matriz Riccati differential equation

P'+PA+A*P—PRP+Q=0 aec. in[0,7], P(T)=F, (27)

where R = B;B] — B2 Bj, in relation with the following objectives of the
game.
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Definition 2.1. Let z¢ be an initial state in R™ at time ¢t = 0.

(i) The game is said to achieve its open loop lower value (resp. upper value)
if

- def )
v (xg) = su inf Coy (u, v 9.8
) UELZ(O%;R’“) u€L2(0.T;R™) ot ) (2.8)

(resp. vT (xg) def sup Oy, (u,v)) (2.9)

inf
weL2(0.T;R™) vEL2(0.T;R¥)
is finite. By definition v~ (z9) < v ().

(ii) The game is said to achieve its open loop value if its open loop lower
value v~ (o) and upper value v (z) are finite and

v (z0) = v (o). (2.10)

The open loop value of the game will be denoted by v(zo).
(iii) A pair (@, ) in L?(0,T;R™) x LQ(O,T;Rk) is an open loop saddle point
of Cy, (u,v) in L2(0, T; R™) x L2(0, T; R¥) if for all u in L2(0, T;R™) and
all v in L2(0, T; R")
Coo (1, 0) < Cpy (6,0) < Cp(u, 1). (2.11)
O
In general, (ii) does not necessarily imply (iii), but we shall see that it does

for linear-quadratic games.

Definition 2.2. Associate with zo € R™ the sets and the functions

def 2 k :
dof L2(0.T:R) : f (w,0) > —00 b 2.12
V(zo) {v € L*(0,T;R") ueL2ng,T;RM)O o(u,v) > oo} (2.12)
U(zo) ©lue L*(0,T;R™) : sup Cyo(u,v) < 400 ¢, (2.13)
veL2(0,T;R*)
Jo (v) ef inf Cuo(u,v), J& (u) ef sup  Cy,(u,v). (2.14)
o u€L2(0,T;R™) o v€L2(0,T;RF) ’

O

By definition, V(z¢) # @ if and only if v~ (x¢) > —o0 and U(zg) # @ if and
only if v (xg) < +oo. In this chapter we only consider the open loop case.
Corresponding definitions can be given in the closed loop case, and the reader
is referred to P. BERNHARD [2] and T. BASAR and P. BERNHARD [1].

2.2 Properties, semi-derivatives, and convexity/concavity of
Cy, (u,v)

The functional Cy, (u,v) is infinitely differentiable, and since it is quadratic,
its Hessian of second order derivatives is independent of the point (u,v). More
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precisely?
5dCy, (u,v;0,9) = F(T) - §(T) + (Qz, §) + (u,a) — (v,0), (2.15)
where « is the solution of (2.3) and § is the solution of
y = Ay+ Biu+ Bov, 5(0) =0. (2.16)
It is customary to introduce the adjoint state equation
pP+AP+Qr=0, p(T)=FxzT) (2.17)
and rewrite (2.15) for the gradient in the following form:
;dC’xO(u,v;ﬁ,T)) = (Bip+u,u)+ (Byp —v,0). (2.18)
As predicted, the Hessian is independent of (u, v):
5d*Cy (u,v30,0;0,9) = FG(T) - §(T) + (QF, ) + (@,a) — (8,0), (2.19)
where § is the solution of (2.16) and § is the solution of
j' = Aj + Bii+ Bat, §(0) = 0. (2.20)
In particular, for all zq, u, v, 4, and v
d*Cy, (u,v; 0, v;,v) = 2 Co(a, v), (2.21)

and this yields the following characterizations of the u-convexity, v-concavity,
and (u, v)-convexity—concavity.

Lemma 2.1. The following statements are equivalent:

(i) the map u +— Co(u,0) : L2(0,T;R™) — R is conver;
(i) for all w € L*(0,T;R™) , Co(u,0) > 0;

2 Given a real function f defined on a Banach space B, the first directional semi-
derivative at x in the direction v (when it exists) is defined as

df(x;v) d:ef }1\141(1) f(:l? +t1;) - f(:l?) .

When the map v — df(z;v) : B — R is linear and continuous, it defines the
gradient V f(x) as an element of the dual B* of B. The second order bidirectional
derivative at x in the directions (v, w) (when it exists) is defined as
o) 2 i U t030) = dF(as0)
t\0 t

When the map (v, w) — d>f(x;v,w) : B x B — R is bilinear and continuous, it
defines the Hessian operator H f(x) as a continuous linear operator from B to
B*.
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(lll) infu€L2(07T;Rm) CO (’LL, O) = CO (0, 0),
(iv) for all v and xo the map u — Cy,(u,v) : L?(0,T;R™) — R is convexr.

Proof. (i) = (ii) If u — Co(u,0) : L%(0,T;R™) — R is convex, then its
Hessian is positive or zero and the result follows from identity (2.21). (ii) =
(iii) From (ii) and the fact that Cy(0,0) = 0. (iii) = (iv) Since Cy,(u,v) is
quadratic in u, for all v and '’

Coy (U, v) = Coy (u,v) — dCyy (u, v;u" — u,0)
1
= QdQCxO(u,v;u’ —u,0;u —u,0) = Co(u —u,0) > Cy(0,0) =0

from identity (2.21). (iv) = (i) Pick 20 =0 and v = 0. O
Corollary 2.1. The following statements are equivalent:

(i) the map v — Co(0,v) : L2(0, T; R*) — R is concave;

(it) for all v € L*(0,T;R*) , Co(0,v) < 0;

(iii) SUPye L2(0,T;R¥) Co(0,v) = Co(0,0);

(iv) for all u and xo, the map v — Cy,(u,v) : L2(0, T;R*) — R is concave.

Corollary 2.2. The following statements are equivalent:
(i) the map (u,v) — Colu,v) : L*(0,T;R™) x L*(0,T;R*) — R is (u,v)-

conver—concave; that is,

Vo € L0, T;R¥), w s Co(u,v) is convex and

, (2.22)
Yu e L7(0,T;R™), v — Coy(u,v) is concave;
(ii) the pair (0,0) is a saddle point of Co(u,v):
sup  Cp(0,v) = Cy(0,0) = inf Co(u,0); (2.23)

vEL2(0,T;R¥) u€L2(0,T5R™)

(lll) SupU€L2(07T;Rk) CQ (O, U) = C() (0, O) = infueL2(07T;Rm) C()(u, O),
(iv) for all o the map (u,v) — Cyy(u,v) : L2(0,T;R™) x L2(0,T;R*) — R
is (u,v)-convex—concave; that is,

Yo € L2(0,T;R¥),  ws Cyy(u,v) is convex and

, - ‘ (2.24)
Yu € L*(0,T;R™), v~ Cyy(u,v) is concave.

3 Saddle point and coupled state—adjoint state system

We first obtain necessary and sufficient conditions for the existence of a saddle
point of the game and introduces the coupled (state—adjoint state) system (cf.
Notation 3.1 on page 56) that will also arise in the characterization of the
open loop lower and upper values of the game in §4. Theorem 5.1 in §5 will
later complete this theorem with the equivalent condition that the value v(xg)
of the game is finite.
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Theorem 3.1. The following conditions are equivalent:

(i) There exists an open loop saddle point of Cy, (u,v).
(ii) There exists a solution (i,?) in L*(0,T;R™) x L*(0, T;R¥) of the system

Yu € L*(0,T;R™), Vv € L*(0,T;R*), dC,, (a4, 9;u,v) =0,  (3.1)

and Cy, is convex—concave in the sense of (2.24).
(iii) There ewists a solution (x,p) € HY(0,T;R™)? of the coupled system

{ z/’ = Az — B1B{p + B2Bjp, x(0) = xg (3.2)
P+ Ap+Qu=0, p(T) = Fz(T),
@ = —DBjp, 9= Bjp, (3.3)
and
sup  Cp(0,v) = Cp(0,0) = inf Co(u,0). (3.4)

veL2(0,T;R*) u€L2(0,T5R™)
Under any one of the above conditions, the value of the game is given by
v(x0) = Ciy (@, 0) = p(0) - o. (3.5)

Proof. (i) = (ii). Let (,) in L?(0,T;R™) x L?(0,T;R*) be an open loop
saddle point of Cy, (u, v) in L2(0, T; R™) x L?(0, T; R*). Then by Definition 2.1

Cooo (1, 0) = Coy (4, 0) = inf  Chyy (u, D). 3.6
0 A o (U, v) o (1, D) . o(u; D) (3.6)

Since Cy, (u,v) is infinitely differentiable, the minimizing point @ of Cy, (u, v
with respect to u is characterized by the first order condition dCy, (@, v;u,0) =
0 for all u and the second order condition d?Cy, (u,¥;u,0;u,0) > 0 for all u.
Since d?Cy, (,v;u,0;u,0) is independent of (i,v) and xg, Cy,(u,v) is con-
vex in u for all zgp and all v. A similar argument for the maximum yields
dCy, (1,05, w) = 0 and d*>Cy, (1, v;0,w;0,w) < 0 for all w and the concavity
of Cpo(u,v) in v.

(ii) = (i). By assumption Cy, (1, ) is convex—concave and infinitely differ-
entiable and there is a solution to the two first order conditions. By I. EKE-
LAND and R. TEMAM [1], there exists a saddle point.

(ii) < (iii) From the previous computations of the gradient and Corol-
lary 2.2.

Finally, for the computation of the value

~

Cay(1,0) = F(T) - a(T) + (Qz, ) + | Bip|* — || Bsp|
=p(T)-2(T) — (p + A*p,x) + ([B1B} — B2B3]p, p)
= p(0) - 2(0) + (p, 2" — Az + ([B1 B] — B2B3]p) = p(0) - xo.
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Notation 3.1. System (3.2) will be referred to as the coupled state—adjoint state
system or simply the coupled system. It will also be useful to denote by N, ,
the set of all solutions (y, ¢) of the associated homogeneous coupled system

y'=Ay - BiBjq+ B:B3q,  y(0) =0, 3.7)
¢+ A*q+Qy =0, qo(T) = Fy(T). '
Thus system (3.2) has a solution up to an additive pair of N ,. O

4 Finite open loop lower value

In this section we give a set of necessary and sufficient conditions for the
finiteness of the open loop lower value of the game. By dual assumptions, we
also get a set of necessary and sufficient conditions for the finiteness of the
open loop upper value of the game. We first state the main theorems. Then, we
proceed in three steps: existence and characterization of a minimizer for each
v € V(xg), formulation of the resulting maximization problem with respect
tov € V(zo), and existence and characterization of the pair that achieves the
finite open loop lower value of the game. Finally, we prove the uniqueness of
the solution of the coupled system under the assumption that the open loop
lower value is finite for all initial states in §4.6.

4.1 Main theorems

The quadratic character of the problem yields surprising equivalences that
reduce the complexity of its solution. We start with the open loop lower value
of the game.

Theorem 4.1. The following conditions are equivalent.

(i) There exist @ in L2(0,T;R™) and © in L(0,T;R") such that

Cyo (4, 0) = inf Coo (u,0) = sup inf Coo (u,v). (4.1)

n
T
uw€L?(0,T;R™) vEL2(0,T;R¥) u€L2(0,T;R™)

(ii) The open loop lower value v~ (xo) of the game is finite.

(iii) There exists a solution (z,p) € HY (0, T;R™)x H(0,T;R™) of the coupled
system (3.2) such that Byp € V(xg), the solution pairs (4,0) is given by
the expressions

@ =—Bip, ©= B3p, (4.2)
and

inf  Co(u,0) = Cp(0,0).  (4.3)

sup inf in
uw€eL?(0,T;R™)

n
vEV(0) uweL2(0,T;R™)

Co(u,v) =
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Under any one of the above conditions, the open loop lower value is given by
v (mg) = Cyy (4, 0) = p(0) - 0. (4.4)

The proof of this main theorem will be given in §4 and §4.5.

Remark 4.1. The above necessary and sufficient conditions for the finiteness
of the open loop value of the game complete the results of P. ZHANG [1] by
introducing the feasibility condition (4.3) that is equivalent to saying that the
open loop lower value of the game is zero and that (0, 0) is a solution for the
zero initial state. It also recasts the results in the more intuitive state/adjoint
state framework. Condition (4.3) is equivalent to the convexity of Cy,(u,v)
with respect to u and the concavity of J (v) = inf,cr2(0,7;rm) Cx, (u,v) with
respect to v € V(zo). O

This theorem has a counterpart for the upper value v* () of the game.
Theorem 4.2. The following conditions are equivalent:

(i) There exist 4 in L?(0,T;R™) and © in L*(0,T;R*) such that

Cy,(0,0) = sup Cy,(,v) = inf sup Cy,(u,v). (4.5
o(4-9) vEL2(0,T;R*) o(6:2) u€L?(0,T5R™) 4 e 2(0,T;R) o(:v)- (45)

(ii) The open loop upper value v+ (zo) of the game is finite.

(iii) There exists a solution (x,p) € H'(0,T;R™)x H'(0,T;R") of the coupled
system (3.2) such that —Bip € U(xo), the solution pairs (4, 0) is given by
the expressions

4= —Bip, =B (46)
and
inf sup  Co(u,v) = sup  Cop(0,v) = Cy(0,0).  (4.7)
u€U(0) yeL2(0,T;R¥) vEL2(0,T;RF)

Under any one of the above conditions, the open loop upper value is given by
v (z0) = Cyy (0, 9) = p(0) - 2. (4.8)

Condition (4.7) says that Cy,(u,v) is concave with respect to v and that
Jif (w) = sup,ep2(0,7.r4) Cy (U, v) is convex with respect to u € U(zo).

4.2 Abstract operators and a preliminary lemma

The differential equation (2.2) has a unique solution z = z(-;zo,u,v) in
H(0,T;R") and the solution map

20,1, v — (- o, u,v): R™ x L0, T;R™) x L*(0,T;R*) — H(0,T;R")
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is linear and continuous. Thus we can write

z(+; 20, u,v) = Koz + Kyju + Kav (4.9)
by introducing the following continuous linear operators:

Ko: R"™ — H'(0,T;R"),
Ki: L*(0,T;R™) — H'(0,T;R"™), (4.10)
Ky: L2(0,T;R") — H*(0,T;R").

Finally introduce the continuous self-adjoint linear map
Az, 7)€ (Qu, Frr): L2(0,T;R™) x R” — L%(0,T;R") x R,  (4.11)
the continuous linear compact injection
. def 1 n 2 n n
i(z) = (z,2(T)): H'(0,T;R") — L*(0,T;R") x R", (4.12)
and the continuous bilinear form
_ _\\ def . 0 . 0 _ _
Gy (1, 0), (4, 0)) = (Ai(Koz® + Kyu+ Kav),i(Kox? + K1t + K20)) 5 e
—|— (’Lb,l_l,)L2 — (’U,i_))L2. (413)

Then
C:co (uv ’U) = Gz ((uv ’U), (uv U))

Lemma 4.1. Let U be a Hilbert space, M : U — U a continuous linear self-
adjoint compact operator, f € U, ¢ a constant, and j(u) = ¢+ 2(f,u) + ([I +
Mu,u).

(i) Then the following conditions are equivalent:

a) JelU, ja)= Helij(u), (4.14)
b) Jrelij(u) > —00, (4.15)
¢) 34 € U such that [I + Mo+ f=0 (4.16)

and Yu € U, ([I + M]u,u) > 0. (4.17)

(ii) Condition (4.16) is equivalent to
Yw € ker[I + M], (f,w)=0. (4.18)

(iii) Condition (4.17) is equivalent to the convexity of j.
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Proof. (i) a) = b). Obvious. b) = ¢). We proceed by contradiction. Since M
is compact, I + M has closed range Im[I + M].

If (4.16) is not true, then f ¢ Im[I + M| = (ker[I + M])* since Im[I + M]
is closed. Let P be the orthogonal projection onto Im[l 4+ M]. For A > 0, let
uy = —A(f — Pf). Then

J(ur) = ¢+ 2(f,un) + (I + Mux,ux) = =l f = Pf||*.

Since f ¢ Im[I + M], then f — Pf # 0, and as A goes to infinity, j(u)) goes
to —oo that contradicts condition (4.15).
If condition (4.17) is not verified, then there exists w # 0 such that

(I + Mw,w) < 0.
For A > 0 let uy = @ + A\w. Then
J(ur) = c+2(f,un) + (I + Mluy, uy)
= j (@) + 2X\([I + Ma+ f,w) + N ([I + M]w, w)
= j(a) + N ([I + M]w, w),
and j(uy) goes to —oo as A goes to infinity since the coefficient of A? is strictly

negative. This contradiction yields (4.15).
¢) = a). From conditions (4.16) and (4.17), there exists a @& € U such that

j(@) = inf )

(ii) Since I 4+ M has a closed range, condition (4.16) is equivalent to
feIm[I+ M] = (ker[I + M])* = Vw € ker[I + M], (f,w)=0.

(iii) is obvious. O

4.3 Existence and characterization of the minimizers
Theorem 4.3. Given 2o € R" and v € L*(0,T;R"), the following statements
are equivalent:

(i) There exists @ € L?(0,T;R™) such that

Co (U,v) = J, (v) = ueL2%Iol7§“;RM) Cyo(u,v). (4.19)

(ii) inf e r2(0,7rm) Cop (u,v) > —00 (that is, v € V(o))
(iii) There exists a pair (z,p) € H*(0,T;R™) x H*(0,T;R") solution of the
system

' = Az — B1Bip + By, z(0) = xo,
{ LoLp B (0) =20 (4.20)

P+ A'p+Qr =0, p(T) = Fa(T),
a(t) = =By (t)p(t), (4.21)
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and

inf > 0. 4.22
ueL2%3T;Rm)OO(u,O) >0 (4.22)

(iv) The convezity condition (4.22) is verified and
T
Vg € Ny, xo-q(0)+/ v-Bigdt =0, (4.23)
0
where

def n
N, = {qe H'(0,T;R") : ¥(y,q) € Nup} (4.24)

and N, denotes the set of all solutions (y,q) of the homogeneous system

"= Ay — B1 Bjq, 0)=0,
¢ +Aq+Qy=0, q(T)=FyT).
Under any one of the avove conditions, for all (x,p) solution of (4.20)
T
Joo () = p(0) - 20 + / Bip-v— |v]*dt. (4.26)
0

Proof. The proof of the theorem will require Lemma 4.1. By definition

Ao ((u,0), (3, 0)) = (Ai(Koz° + Kav),i(Koz® + Ko1)o g — (0,0) 12
+ (Ai(Kyu), i(Kox® + K20)) 15 gn
+ (Ai(Koz® 4+ Kov),i(K111)) ;5 gn (4.27)
+ (Ai(K ), i(K11)) ;5 g + (0, ) 2.
Let M = (iK1)*A(iKy) and f = (iK1)*Ai(Koz® + Kov) and ¢ = (Ai( Koz +
Kyv),i(Koz° + K2v)) 5, pn — (v,0) 2. Then

Cirg (,0) = () < ¢+ 2(f,u) + ([T + Mu, w),
where M is linear, continuous, and compact. So we can use Lemma 4.1.
(i) < (ii) From the equivalence of a) and b) in Lemma 4.1.
(ii) < (iii) From the equivalence of b) and c¢) in Lemma 4.1 using the
computation of first and second order derivatives (2.18) and (2.21) in §2.2.
Condition (4.16) of the set of necessary and sufficient conditions of
Lemma 4.1 becomes

3a, Yu € L*(0,T;R™), ([I+(iK1)* AGKy)|a+(iK1)* Ai(Kogz® 4+ Kov),u) = 0,
34, Yu € L*(0,T;R™), (4, u) + (Ai(Kox® + K10+ Kav),iKju) = 0,
Ja, Yu € L*(0,T;R™), (4, u) 4+ (Aiz,iy,) =0, (4.28)
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where

' = Ax + Bri+ Bov, z(0) = 0. (4.29)
By introducing the adjoint system

P+ Ap+Qr=0, pT)=Fx(T), (4.30)

condition (4.28) becomes

T
Ja, Vu € L*(0,T;R™),  Fa(T) - yu(T) +/ Qr -y, +a-udt=0
0
T
<~ 30, Yu € L*(0,T;R™), / [Bip+ 4] - udt =0 <= 0 = —Bjp.
0

This means that system (4.20) has at least one solution (z,p).
Condition (4.22) follows from condition (4.17) and identity (2.21)

Va, 2Co(u,0) = d*Cy, (u, v;a,0;,0) = 2([I + Mla,a) > 0. (4.31)
(iii) < (iv) We use the equivalence between conditions (4.18) and (4.16)

in Lemma 4.1 (ii). So it is sufficient to explicit condition (4.18). Note that the
spaces N, , and N, are both linear.

Computation of N, = ker[I + (iK1)*A(iK7)]. Any w € N, is solution of

Vu, ((iK1)"AGK)w,u) + (w,u) =0,
Vu, (A(iK w),iKqu) 4+ (w,u) =0,

Vu, Fyu(T) - yu(T) + /OTQyw “Yy +w-udt =0,
where y,, is the solution of the equation
yr, = Ay + Biw =0, ,(0) = 0. (4.32)
Introduce the solution g, of the adjoint system
@+ A"w + Qyuw =0, qu(T) = Fyu(T).

By substitution of Qy,, and integration by parts

T
v, wa<T>-yu<T>+/ Qu - o+ 10wt = 0
0
T
— Vu, /[quw+w]-udt:0<:>w:—3qu.
0

By substitution of w in (4.32), the pair (y., ¢ ) is a solution of system (4.25),
qw € Np, and N,, C —B} N, where the linear subspace N, is given by (4.24).
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Conversely, if w € B} N,, there exists a solution (y,q) of system (4.25) such

that w = —Bjq and hence y,, = y. So by reverting the above sequence of
equivalences, we conclude that w € N, and since N, is a linear subspace,
Ny, = B5Np.

Condition (4.18) now becomes

Vw € Ny, ((iK1)*Ai(Koz® + Kav), w) =0,
Yw € Ny, (Ai(Kox" + Kav),iKw) = 0,
Yw € Ny, (Aix,iy,) =0,

where (z,p) is the solution of the system

xo,

= A Byv =0 0
{:C x+ Bov =0, 2(0) (4.33)

P +Ap+Qz=0, p(T)=Fux(T).
This yields

T
Yw e Ny, Fz(T)-y,(T) —l—/ Qz -y dt =0,
0
Vw € Ny, - quw(0)+(v,B5q,)=0 =Vqe€ Ny, x0-q(0)+(v,B59)=0,
and hence condition (4.23). O

Notation 4.1. Given xg € R" such that V(o) # @ and v € V(x¢), denote by
P(v,z0) the set of all solutions (z,p) of system (4.20). It is readily checked
that for all p € P(v,x0), P(v,20) = p + Np. O

4.4 Intermediary results

Theorem 4.4.

(i) The sets Ny p, Ny, and B3N, are finite dimensional linear subspaces of
HY(0,T;R™)2, HY(0,T;R"™), and LQ(O,T;Rk), respectively. P(v,xo) is a
finite dimensional affine subspace of H(0,T;R").

(i) If V(xo) # @ for some xg € R™, V(xg) is a closed affine subspace of
L?(0, T;Rk), V(0) is a non-empty closed linear subspace of L?(0, T;Rk),

V(0) = (B3 Np) ™, (4.34)
Yv € V(CL‘Q), V(CL‘Q) =v+ V(O) (4.35)

(iii) Given v € V(x¢) and p € P(v,x0), define
s def *
v* = v+ Pyo)(Bsp —v), (4.36)

where Py (o) is the orthogonal projection onto V(0) in L?(0, T;Rk). Then
v* is independent of the choice of p, v* is unique in V(xg) N B3P (v, xo),
and there exists p* € P(v,xg) such that v* = Bip*. If, in addition, B5p —
v € V(0)*, then v =v* = Bjp*.
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Analogs of Theorems 4.3 and 4.4 hold for the open loop upper value.

Remark 4.2. This theorem is a key element in the proof of the existence of
a maximizer of the inf problem. The basic ideas and the arguments are due
to P. ZHANG [1]. For completeness, we have added part (i) to show that the
subspace B3N, is finite dimensional and hence closed. This is critical in the
proof of part (ii). O

Proof of Theorem 4.4. (i) From system (4.25), N, ,, is a closed linear subspace
of H'(0,T;R™)? as the kernel of the continuous linear map

(z,p) — A(z,p)
(o' + Az — By Bip,~2(0),p' + A*p + Qu, Fa(T) — p(T))
L HY0,T;R")? — (L*(0, T;R™) x R")?.

We now use the fact that a topological vector space is finite dimensional if and
only if every closed bounded set is compact. Indeed let K be a closed bounded
subset of points (y, ¢) in N, , for the L?(0,T; R"™)?-topology. Since all the ma-
trices in system (4.25) are bounded, the right-hand sides are bounded and
the derivatives (y',q') are also bounded in L?(0,T;R™)? and, a fortiori, in
H'(0,T;R™)2. Since the injection of H*(0,T;R™)? into L%(0,T;R™)? is com-
pact, then the closure of K in L?(0,T;R")? is compact. But, by assumption,
we already know that K is closed. Thence K is compact in L2(0,T;R™)? and
N, p is finite dimensional.

(ii) Since V (zg) # &, then, by definition, for all v1, vy in V (), condition
(ii) of Theorem 4.3 is verified and condition (iii) is also verified for some pairs
(z1,p1) and (22, p2) verifying system (4.20). Therefore, for any o € R, the pair
(T, Pa) = (ax1 + (1 — )2, ap1 + (1 —a)p2) is also a solution of system (4.20)
for zyp and vy, = avy + (1 — a)ve € V(x0). Identity (4.35) follows from the fact
that V(o) is an affine subspace. Moreover, from (4.35), V(x¢) # & necessarily
implies that V(0) # &. Finally, from condition (4.23) with 2o =0

T
veV(0) < VgeN,, / v-Bjqdt =0 < ve (B3N,
0
and V(0) = (B3N,)*, a non-empty closed linear subspace.
(iii) Given p1, p2 in P(v,x0), p2 —p1 € N, and
v+ Py(0)(Bapz — v) = (v + Pyo)(Bapr —v)) = Py o) (B3 (p2 — p1)) =0,

since B3N, = V(0)*. So v* is independent of the choice of p € P(v, z¢). Since
V(zo) is affine, then for all v € V (xg),
v* = v+ Py)(Bsp —v) € v+ V(0) = V(zo), (4.37)
v* — B3p=v— B3p— Pyg)(v— B3p) € V(0)© = BiN,
= dg € N, such that v* — Bsp=B3q = v*=B5(p+q) € B5P(v,x0),



64 I-2 Linear Quadratic Two-Person Zero-Sum Differential Games

and v* € V(xo) N B3P(v,zg). This element is unique since for v] and v} in
V(z0) N B3P (v,20), v5 —vi € V(0) N B3N, = V(0) NV (0)* = {0}. Finally,
if Byp —v € V(0)1, then from (4.37) we get v = v*. O

4.5 Existence and characterization of maximizers of the minimum

Assume that v~ (xg) is finite. By definition of V()

v (xg) = su inf Cyo(u,v) = sup Jg (v), 4.38
( 0) v6L2(O,I'.)T;Rk)u€L2(O’T;Rm) 0( ) 'ueV(I;)Eo) 0( ) ( )

where V(z0) is a closed affine subspace of L2(0,T;R*) and by (4.26) and
condition (4.23)

Jo(v) =

zo

T
el Cay(u,0) = p(0) 0+ / Byp-v—[vfdt, (4.39)

or, equivalently,

T
J;,(v)=F$(T)-I(T)+/O Q()x(t) - x(t) + B (Op(t)* — vo(t)|*dt, (4.40)

for all solutions (x, p) of system (4.20). Define the equivalence class [(z,p)] =
(x,p) + Nz p. Then for each pair v € V(zg), [(x,p)] is the unique solution in
H'Y(0,T;R") x H'(0,T;R")/N,;, of system (4.20). So the map

HY(0,T;R™) x H(0,T;R™)

v [(z,p)] : V(o) — (4.41)
z,p
is affine and continuous, and the map
x,p) — (x(T),z,
(z,p) — (2(T),z,p) (4.42)

s HY0,T;R™) x H(0,T;R") — R" xL*(0, T; R"™) x L*(0,T;R")

is continuous and compact.

So we are back to a continuous linear quadratic function J (v) that is
to be maximized over the closed affine subspace V' (zg). The state is now the
pair (z, p) solution of (4.20), but the structure is the same. Lemma 4.1 readily
extends to the case of a sup over a closed affine subspace and the following
conditions are equivalent:

a) Fo e V(xg), J,,(0)= sup J, (v), (4.43)
veV (z0)
b) sup J,, (v) < oo, (4.44)
veV (z0)
c) 3 € V(o) such that [ + M]o + f € V(0)* (4.45)

and Yw € V(0), ([ + M]w,w) <0, (4.46)



4 Finite open loop lower value 65

for the new compact operator M corresponding to the new state (x, p).
It remains to compute the directional derivative of J_ (v) at v € V(20) in
the direction w € V(0). By direct computation from formula (2.18)

1 T
0

that is independent of p € P(v,zo) for all w € V(0) from formula (4.23) of
Theorem 4.3 (iv). Hence

dJ,, (v;w) = dCqy,(=Bip,v;0,w)

T (4.48)
= 2/ (Bsp —v)-wdt, YpeP(v,zo).
0
As for the second order derivative:
1
2d20m0(fop,v;0,w;O,w’)
T (4.49)
= Fyu (T) - yu(T) +/ QYuw' * Yw + Bl qu - By quw — w' - wdt
0
1 1
= _d*J, (v;w;w) = _d*Cyy(—Bip,v;0,w;0,w)
2 0 2
) (4.50)

1
= _Jy (w) = inf C

270 (w) 2 u€L2g)1.T;Rm) o(u, w),
where the last term must be negative or zero for all w € V(0). But, from
Theorem 4.3 (iii), Cp(u,0) is convex in u. By using the equivalent condition
of Lemma 2.1 (ii) for the u-convexity of Cy(u,0), we finally get the following
two-part condition:

inf C <0< inf Co(u,0). 4.51
vgl\iI()O)ueLQ%g,T;Rm) olw,v) < _uéLZ%&T;R’") 0(u, 0) ( )

This condition is equivalent to condition (4.3) since Cy(0,0) = 0. Indeed
condition (4.3) implies condition (4.51). Conversely from condition (4.51)

Co(0,0)=0< inf Co(u,0) < inf Co(u,
b0.0)=0s _ nf . Co(w0)< sup il o, Col0)

inf Co(u,v) < inf Co(u,0) < Cy(0,0) =0,
o ue a0 S gl gy G0 0) < Co0,0)

and this yields condition (4.3).
Proof of Theorem 4.1. (i) = (ii) is obvious. (ii) = (iii) From the previous
discussion, the finiteness of v~ (xz¢) is equivalent to

T
30 € V(zo) such that dJ, (0;w) = 2/ (B3p—10)-wdt =0, Ywe V(0),
0

2 7= (Fean ) — :
d*J,, (0;w;w) = 2 ueL2%g.1;;RM)CO(u’w) <0, YweV(0).
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The second order condition combined with the fact that V(xzg) # & (the
equivalence of part (ii) and (iii) in Theorem 4.3 and hence the convexity
inequality (4.22)) yields condition (4.3). The first order condition says that
Bip — 9 € V(0)1. By Theorem 4.4 (iii) there exists p* € P(9,z¢) such that
0 = B3 p*, where (&*,p*) is a solution of (4.20). Since © = Bjp*, the coupled
system (3.2) has a solution unique up to an element of NV ,. After substitution
of 0 = B3p* in (4.20), (Z*, p*) becomes a solution of the coupled system (3.2).
This also yields the identities (4.2). (ili) = (i) By assumption ¢ = Bip €
V(zo). The existence of a solution (z,p) to system (3.2) yields the existence
of a solution to system (4.20) of Theorem 4.3 (iii) with &« = —Bip as a
minimizer. For all v € V (zq)

o vo (B3p;v — Bip;v — B3p).

— — * — * * 1

The second order term is negative by condition (4.3) since, by assumption,
B3p € V(xp) and hence v — Bip € V(0) for all v € V(zg). As for the first
order term, recall that, in view of (4.2), for all w € V(0)

T
dJ,, (B3p;w) = / (Bip—wv)-wdt = 0.
0

Thus d.J, (B5p;v— B3p) = 0 since v— Bsp € V(0). Hence B3p is a maximizer
of J . ad
zo

4.6 Finite open loop lower value for all initial states and
uniqueness of solution of the coupled system

In this section we sharpen the results of the previous section when the open
loop lower value, value, or upper value of the game is finite for all initial state
xo € R™. In each case this global assumption yields the uniqueness of solution.

Theorem 4.5. The following conditions are equivalent:
(i) For each zo € R™, there exist 0 in L*(0,T;R™) and © in L?(0,T; Rk) such
that

Cyo (0,0) = inf Cyo (u,0) = sup inf Cyo(u,v). (4.52)

1
x
uw€L2(0,T;R™) veL2(0,T;RF) wEL?(0,TiR™)

(ii) For each xg € R", the open loop lower value v~ (xo) of the game is finite.

(iii) For each xo € R™, there exists a unique pair (x,p) € H*(0,T;R")? so-
lution of the coupled system (3.2) such that Bip € V(xg), there exists a
unique pair (G, 0) that verifies (3.3), and

5 inf  Co(u,0)= inf  Cp(u,0) = Cp(0,0). (4.53
vev(0) uEL2(0.TR") olw.0) werL2(0,1;m) o(,0)=Col0,0). (453)
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Note that under any one of the above conditions, (0,0) is the unique solution
of (4.53).

Remark 4.3. The uniqueness under condition (i) was originally given by
P. ZuanG, G. ZHENG, Y. Xu, and J. XI [1] by a different argument. Our
short and transparent proof seems to be new. The same proof can readily be
used in the context of Optimal Control (cf. J. L. LI1ONS [3]) . O

Proof. (i) = (ii) is obvious. (ii) = (iii). From Theorem 4.1 where condi-
tion (4.53) is condition (4.3). We only need to show the uniqueness of solution
to the coupled system (3.2). By linearity, this amounts to prove that the so-
lution (y, q) of the homogeneous system (3.7) such that Bjq € V(0) is (0, 0).
Given an arbitrary zy consider the expression

T
q(O)-xozq(T)-x(T)—/O ¢ - x+q-2'dt

T
— Fu)-y(T)+ | Quey+ Bip- Bla- Bip- Biade
0
1 A~ A~ * *
= 2dC’gg0 (G,9;—Biq,B3q) =0

from (2.15), (3.2), (4.2), and the fact that B5qg € V(0). Since this identity

is true for all zp € R", then ¢(0) = 0. But now we can look at the coupled

system (3.7) as a linear differential system of 2n equations in (z, p) with zero

initial condition (y(0),¢(0)) = (0,0) whose unique solution is (y,q) = (0,0).

This proves the uniqueness. (iii) = (i). Again from Theorem 4.1 since the

conditions are verified for each zo € R". O
We readily have the dual result.

Theorem 4.6. The following conditions are equivalent:

(i) For each zo € R", there exist @ in L*(0, T;R™) and © in L?(0, T;R") such
that

Cyo(1,0) = su Cyo(t,v) = inf su Cyo(u,v). (4.54
o (10, D) UEL%O)IDT;W) o (1, v) u6L2<0-,T;Rm>UeL2<o?T;Rk> o(u,v). (4.54)

(i) For each xy € R", the open loop upper value v*(xq) of the game is finite.

(iii) For each xo € R™, there exists a unique pair (z,p) € H'(0,T;R"™)? solu-
tion of the coupled system (3.2) such that —Bip € U(xy), there ezists a
unique pair (4,0) that verifies (3.3), and

inf sup  Co(u,v) = sup  Cp(0,v) = Cp(0,0). (4.55)
u€U(0) ye1.2(0,T;R¥) vEL2(0,T;R¥)

Again, under any one of the above conditions, (0,0) is the unique solution
of (4.55).
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5 Finite open loop value and open loop saddle point

In this section we show that the necessary and sufficient condition for the
finiteness of the value v(zg) of the game is the existence of a saddle point
of the utility function or a Nash equilibrium (cf. footnote 1 on page 48). In
the process, we complete the characterization of an open loop saddle point in
Theorem 3.1 by showing that the, a priori, convexity—concavity of the utility
function is in fact necessary.

Theorem 5.1. The following conditions are equivalent:

(i) There exists an open loop saddle point of Cy, (u,v).

(ii) The open loop value v(xg) of the game is finite.

(iii) There ezists a solution (x,p) € H'(0,T;R™)x H(0,T;R") of the coupled
system (3.2), the solution pair (4, 0) is given by the expressions (3.3), and
the convexity—concavity (3.4) is verified.

Under any one of the above conditions, the open loop value is given by (3.5).

Proof. (i) = (ii). Since the utility function has a saddle point, the value of the
game is finite. (ii) = (iii). From Theorems 4.1 and 4.2, there exists a solution to
the coupled system (3.2) and the convexity—concavity condition (3.4) readily
follows from (4.7) and (4.3). (iii) = (i). From condition (3.4) Cy,(u,v) is
convex—concave. Moreover the coupled system (3.2) has a solution. Therefore
by Theorem 3.1 (iii) Cy, (u, v) has an open loop saddle point. O

Remark 5.1. The common part of the necessary condition for the finiteness of
the lower value v~ (x¢), value v(xg), and upper value v (zo) of the game is
the existence of a solution of the coupled system (3.2). The difference is in the
respective feasibility conditions (4.3), (3.4), and (4.7): v=(0) = 0, v(0) = 0,
and vT(0) = 0. O

We conclude with the enlightening result proved by P. ZHANG [1] (Theo-
rem 4.1) that has shed new light on the characterization of a game with finite
value. One of the consequences is that only three cases can occur: (i) v+ (zg)
finite and v~ (zg) = —oo, (ii) v (x9) = +0o and v~ (x¢) finite, and (iii) v(zo)
finite. So the duality gap is either +o00 or 0.

Theorem 5.2. Given xo € R", the following statements are equivalent:

(i) There exists an open loop saddle point of Cy,(u,v).
(ii) The open loop value of the game of Cy,(u,v) is finite.
(iii) Both the open loop lower and upper values of Cy,(u,v) are finite.

Proof. (i) = (ii) = (iii) are obvious. It remains to prove that (iii) = (i).
From condition (4.3) of Theorem 4.1 and condition (4.7) of Theorem 4.2, we
get condition (3.4) of Theorem 5.1. Finally, Theorems 4.1 and 4.2 together
give the existence of a pair (x,p) € H*(0,T;R") x H'(0,T;R"™) solution of
the coupled system (3.2). Therefore by Theorem 5.1 the utility function has
a saddle point. a
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We now get uniqueness of solution to the coupled system when the value
of the game is finite for all initial state xg € R™ by combining Theorems 4.6
and 4.5 of §4.6.

Theorem 5.3. The following conditions are equivalent:

(i) For each xo € R™, there exists an open loop saddle point of Cy, (u,v).

(i) For each xo € R™, the open loop value v(xg) of the game is finite.

(iii) For each o € R", there exists a unique pair (z,p) € H*(0,T;R™)? so-
lution of the coupled system (3.2), there exists a unique pair (G,d) that
verifies (3.3), and the convexity—concavity condition (3.4) is verified.

Under any one of the above conditions, (0,0) is the unique solution of (3.4).

6 Riccati differential equation in the open loop saddle
point case

6.1 Invariant embedding with respect to the initial time

Consider the linear quadratic game on the time interval [s,7], 0 < s < T,
with initial state h € R™ at time s

T
Cs(u,v) ¥ Fa(T) - 2(T) +/ Q- x + |uf?> — |v|?dt, (6.1)
¥ =Ax + Biu+ Bav  ae. in [s,T], x(s)=h. (6.2)

Definition 6.1. Let ~ € R" be an initial state at time s, 0 < s < T.

(i) The game is said to achieve its open loop lower value (resp. upper value)
if

A in Ch 6.3
S( ) UEL2S(SE“;Rk)u€L2%£T;Rm) h(u,’l}), ( )

coF(h)E inf c; 6.4
(vesp. v (h) UGL2%£T;Rm)UeLgs(1:2«;Rk) i (u,v)) (6.4)

is finite.
(ii) The game is said to achieve its open loop value if its open loop lower value

vy (h) and upper value v} (h) are achieved and v; (h) = v (h). The open
loop value of the game will be denoted by vs(h).
(iii) A pair (@, 0) in L?(s, T;R™) x L?(s, T; R*) is a open loop saddle point of

C% (u,v) if for all w in L?(s, T;R™) and all v in L2(s, T;RF)

Ci(u,v) < Cp(u,v) < Cj(u, ). (6.5)
O
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6.2 From convexity/concavity in [0,T] to [s,T]

The first result is that, if the utility function C,,(u,v) is convex, concave, or
convex—concave for some o on [0,T], so is Cj(u,v) for all h € R™ on [s,T]
and all 5,0 <s<T.

Theorem 6.1. (i) If, for all (zo,v) € R"xL*(0,T;R¥), the map u
Cyy (u,v) is convex, then for all s, 0 < s < T, and all (h,v) €
R" x L2(s, T; R¥) the map u — C; (u,v) is convex.

(i) If, for all (xzg,u) € R™ xL2(0,T;R™), the map v +— Cy,(u,v) is concave,
then for all s, 0 < s < T, and all (h,u) € R™ xL?(s, T;R™) the map
v = C;(u,v) is concave.

Proof. We only prove (i). From identities (2.19) and (2.21) for all (u,v) €
L2(0,T;R™) x L2(0,T;R")

va € L2(0,T;R™), d*Cy,(u,v;a,0;a,0)
= Fy(T) - y(T) + (Qy,9) + (u,u) = 0,

where ¢ is the solution of
y = Ay + Biu, y(0)=0. (6.7)

To prove the same result on [s,T], associate with each u € L?(s, T;R™) its
extension by zero @ from [s,T] to [0, T]. Therefore

Va € L*(s, T;R™), -y(T / Qy-9)+u-udt>0, (6.8)
where ¢ is the solution of
y = Ay + Biu, y(0)=0. (6.9)
Notice that, since @ is zero in [0, s], ¥ = 0 in [0, s] and 7 is also solution of
y = Ay+ Bia, y(s)=0, (6.10)

T
= Va € L?(s,T;R™), Fg(T)-g(T)+/ Qy-y)+u-udt>0. (6.11)

Hence for all h € R", all (u,v) € L?(s,T;R™) x L2(57T;Rk), and all © €
L?(s, T;R™)

d*C; (u,v; 4, 0;,0) = Fy(T) - 4(T) + Qy-7y)+u-adt

Thus for all s and all (k, v), the map u — C}(u, v) is convex. O
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6.3 Open loop saddle point optimality principle

At this juncture, it is important to notice that the necessary conditions (4.3)
and (4.7) associated with the respective finiteness of the lower and upper
values of the game on [0,7] do not generally survive on [s,T]. However the
convexity—concavity condition (3.4) does.

Theorem 6.2. Assume that v(zo) is finite for some xy € R", denote by
((520),p(+;20)) a solution of the coupled system (3.2) in [0,T], and let s,
0<s<T.

(i) The value vs(x(s;20)) of the game is finite.
(ii) The restriction of (z,p) to [s,T] is a solution of the coupled system

7, = Azs — B1Bips + BaBj3ps a.e. in [s,T), xs(s) = x(s;z0),

6.12
ps + A*ps +Qxs =0, ps(T) = FJ?S(T), ( )
the restrictions (us,vs) = (ul(s, 17, v[s,17) of the controls (u,v) on [0,T] to
[s, T] verify

us = —Bips and vs = Bips, vs(x(s;x0)) = ps(s) - x(s;20), (6.13)
o) = va(a(sia) + [ Queatluf ot (010
0
and
sup C5(0,v) = C5(0,0) = inf C§(u,0). 6.15
LI G0N =Ci00) = G0, (619

Proof. From Theorem 5.1 on [s,T], part (i) is equivalent to part (ii) and it is
sufficient to prove part (ii). From Theorem 6.1, the convexity—concavity condi-
tions on [0, T] survive on [s, T] and we get (6.15). Moreover if (z(-; zo), p(+; 2o))
is a solution of the coupled system (3.2) in [0,7] with initial state zo at
time 0 and the controls (u,v) verify identities (3.3), then the restrictions
(w5, ps) = (@(s,77,Pl[s,77) 18 @ solution to the coupled system (6.12) and the
restrictions (us, vs) = (ul(s, 17, v[s,17) of the the controls on [0, T verify (6.13).
So, by the analog of Theorems 5.1, we get the finiteness of the value of the
game on [s,T]. O

Theorem 6.3. Assume that v(xg) is finite for all xg € R™.

(i) The solution (xs,ps) of the coupled system (6.12) and the controls (us, vs)
on [s,T] in (6.13) are unique.
(ii) The map

xo — X(s)xo def z(s;x9) : R" — R"” (6.16)

is a linear bijection, where (x(-;x0),p(+; o)) s the unique solution of the
coupled system (3.2) in [0,T].
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(iii) For all h € R", the utility function C}(u,v) has a unique open loop sad-
dle point (is,s) € L*(s, T;R™) x LQ(S,T;Rk) and there exists a unique
solution (Zs,ps) of the coupled system

& = A%y — B1B{ps + B2B3ps a.e. in [s,T), Zs(s) = h, (6.17)
P+ A*ps + Qs = 0 a.e. in [s,T], ps(T) = Fay(T),
such that us = —Bips and 05 = B3 ps. (6.18)

Proof. Recall that under the assumption that v(zo) is finite, C}(u,v) is
convex—concave for all s. This means that a saddle point of C} is completely
characterized by the existence of a solution of the coupled system on [s, T].

(i) Assume that the pair (s, 0s) is a saddle point of Ci(s) on the time
interval [s,T]. Denote by (&s,ps) the corresponding solution to the coupled
system (6.12). Consider the following new pair on the interval [0, T:

i d:ef 1?7 ?n [07 S] 5 d:d‘ 1:)7 ?Il [07 8]7 (619)
Ug, in [s,T] Vs, in [s, 7],

and the corresponding solution (Z,p) to the state—adjoint state system (2.3)-
(2.17).

If it can be shown that the pair (@, ?) is a saddle point of Cy, (u,v) on [0, T,
then by uniqueness of the saddle point on [0, T], we can conclude that (@, ?) =
(@, 9) and hence (ts,0s) = (i|[s,77, |[s,77). From this we get the uniqueness
of the saddle point of C7 ) on [s,T] and the uniqueness of solution to the
coupled system (6.12). The first remark is that &(s) = Z(s) and from (6.14)

Cio (1, 0) = v(x0) = /0 Qi -+ |a? — |02 dt +vs(2(s))

s T

:/ Qi -2+ |a* — |02 dt + Fis(T) -i‘S(T)-i-/ Qg - Tg + |s|* — 05| dt

0 s
= Cp, (1, 0) = Cy, (@, D).

Yet, this is not sufficient to conclude that (u,?) is a saddle point of Cy, (u,v).
We must show that

Cy, (u,v) = Cp, (0, 0) = inf Cy, (u, ). 6.20
L Caln) = Cag(@0) = dut Ca(w0) (6:20)

The second remark is that, since (@ — 4,0 — 0) is equal to (0,0) on [0, s],
(ts — 0,05 — 0) is a saddle point of C§(us,vs). Combining this with the fact
that, by (6.15), (0,0) is also a saddle point of C§(us,vs), the pairs (45 — @, 0)
and (0, 0s—1) are also saddle points of C§ (us, vs) and C§(ts—1,0) = C§(0, 05—
0) = 0. The third remark is that

Cio (11, 8) = Cig (@1, 8) + dClyy (11, 830, — 0) + Co(0, 7 — )
= Ciy (@0, 9) + Co (0, — D).
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But, since @ — ¢ is equal to 0 on [0, s,
Co(0,0 —0) =C§(0,05s —0) =0 = Cyy(4,0) = Cypy (4, 0) = Cyy (4, D).
We now prove the second part of identity (6.20):

Co (U, 0) = Cypy (0, 0) + dCyy (4, D;u — G, 0) + Co(u — 4, 0). (6.21)
Since (0,0) is a saddle point of Cy(u,v)
inf —4,0) = inf =0.
ueLZ%RT;Rm) Co(u —1,0) uELQng,T;]Rm) Co(u,0) =0

It remains to prove that for all w € L?(0,T;R™), dCy, (4, ?;u — @,0) = 0.
First observe that
dCy, (4, 0;u — @,0) = dCy, (4, 0;u — G, 0) + dCo (0,7 — O;u — 4, 0)
=dCy(0,9 — 0;u — 4, 0).

Since (0,05 — 9) is a saddle point of C§ on [s,T], there exists a pair (&, )
solution of the coupled system

¢ =A¢ — B1Bin+ ByBjmae. in [s,T], &(s) =0, (6.22)
4+ A+ QE=0, w(T) = F¢(T), '
0=—-Bjm, ©s—0=B;m. (6.23)

The first equation can also be written as
¢ = AL+ Ba(bs — 9) ace. in [s,T], &(s) = 0.

Denote by € the solution of the state equation (2.3) on [0,T] corresponding
to the initial state 0 and the control pair (0,0 — 0)

£ = Af + By(v — 1) a.e. in [0,T], £(0) =0,

and observe that, since the restriction of o — v to [0, s] is 0, £€=0on0,s] and
& =¢ on [s,T]. Denoting by y the solution of

y' = Ay + Bi(u — ) ae. in [0,T], y(0)=0,
we get the following expression (cf. (2.15) and (2.18) for the directional de-
rivative):
dCy(0,0 — D;u — 4,0)
~ T ~
:Fg(T)-y(TH—/ Q¢ -y+0-(u—10)+ (0—0)-0dt
= FE(T) -y / Q¢ -ydt = FE(T / Q¢ -yt

=F5<T>-y<T>+/ Q&-ydtzf Bim- (u—a)dt =0,
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since Bim = 0 on [s,T] from (6.23). This establishes the second part of ex-
pression (6.20).

The proof of the first part is dual to the proof of the second part. This
yields the uniqueness and completes the proof of part (i).

(ii) The map (6.16) is clearly linear (and continuous). Assume that it is
not bijective, then there exists some xg € R", 2y # 0, such that @(s) = 0. The
restriction of (&, p) to the interval [s,T] is a solution of the system

{5/ = A{ — B1Bj7 + ByBym a.e. in [s,T], &(s) =0=2(s), (6.24)

'+ A'rt+ Q¢ =0 ae. in [s,T], w(T) = F&(T).
But from part (i) the unique solution of system (6.24) is (0, 0). Hence
(#,p) = (0,0) in [s,T] = (&(s),p(s)) = (0,0
&' = A% — B1Bip+ B2B3p a.e. in [0, 5], Z(s) =
=
P+ A*p+ Qi =0 a.e. in [0, s], p(s) =
= (z,p) =(0,0) in [0,s] = z9=£(0) =0.

~—

This contradicts our initial conjecture that xg # 0, and we conclude that the
linear map (6.16) is injective and, a fortiori, bijective.

(ili) From part (i) for each h € R"™ and each s, 0 < s < T, there exists a unique
ho € R™ such that h = X (s)ho. But Cj, (u, v) has a unique open loop saddle
point in [0,T]. From part (i), C% 4, (¢ v) has a unique open loop saddle
point in [s,T]. The result now follows from the fact that h = X (s)hg. The
equations and the identities follow from theorems from Theorem 6.2 (ii). O

Remark 6.1. The proof of part (i) is not trivial. It is one of the key elements
to get the result of part (iii) that says that C} (u,v) has a saddle point for all
initial state i and all initial times s. O

The next example illustrates that even when the coupled system has a unique
solution in the time interval [0, T, the uniqueness is not necessarily preserved
on a smaller interval [s, T).

Ezample 6.1. Consider the one-dimensional example of P. BERNHARD [2, Ex-
ample 5.1, page 67] in [0,2] with zp € R

¥ =(2—tu+tvin [0,2],
{x(()) L (6.25)
2
o, 0) = ;|x(2)|2 +/O luf2 — [v]? dt. (6.26)

The solution of the coupled loop system
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A .
3 = [ 12+t pyinf0,2), [P =0m[0:2] 627
1 .
#0) = §2) = (),
is given by the expressions
1
#t) = (6= 10, (1) = 0. (6.28)

So it exists and is unique for all zy € R. At time ¢ = 1, (1) = 0 for all zy € R.
Now consider the closed loop system in the time interval [1, 2] for the initial
condition 0 at time t = 1

N .
# = [-2-12+]pin 1,2, pl—OHjLﬂ’ (6.29)
Z1(1) =0, p1(2) = 2501(2).
Its solution is given by the expression
21(t) =2(t — )%, pi(t) =¢, (6.30)

up to an arbitrary constant ¢ € R. So the solution of this homogeneous system
is not unique. The concatenation @ of @ on [0,1] and %, on [1,2] associated
with ¢ # /2 as defined in (6.19) yields

¥ =2-t)a+tovin0,2], p=0m0.2] (6.31)
#(0) = o, ﬂ”:;ﬂ”' |

It is readily seen that #(1) = #(1) at time ¢t = 1, but that the adjoint systems
do not coincide: p(1) = /2 # ¢ = p(1) (and in fact for all ¢ € [0, 2]). O

6.4 Decoupling of the coupled system

We need the following lemma.

Lemma 6.1. Assume that the open loop saddle point value v(xg) is finite for
all g € R". Let s, 0 < s < T, and (Zs,ps) be the unique solution of the
coupled system (6.17) with initial state h at time s. Then the map P(s)

hi— P(s)h < py(s) : R* — R" (6.32)

is linear, continuous, and symmetrical.

Proof. By definition, P(s) is linear and continuous. For the symmetry, let
(z,p) and (Z, p) be the solutions of the coupled system (6.17) for the respective
initial states  and h at time s. By symmetry of F, Q(t) and By (t)B;(t) —
By (1) B3 (t)
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T
P(S)h~h:p(s)~f(s):p(T)~:Z(T)—/ p-T+p-Tdt

T
—/ —(A"p+Qx)-T+p-(AZ — B1B{p+ ByB3p) dt
S T i
:F;n(T)-;E(T)Jr/ Qxr-T+p-(B1By — ByB3)pdt = P(s)h-h

and P(s)* = P(s). O
In view of Lemma 6.1, we use invariant embedding to get more a priori
information on the decoupling matrix function P(s).

Theorem 6.4. Assume that v(xg) is finite for all xg € R".
(1) Given the solution of the coupled system (3.2) in [0,T] for o € R",
p(s) = P(s)&(s), 0<s<T. (6.33)
(ii) The elements of the matriz function P are H'(0,T)-functions, the ele-
ments of the matriz functions

Ap A _RP, R BB - BB, (6.34)

belong to L>°(0,T), and the closed loop system
#' =[A— (B\Bf — ByB}) Pli ace. in [0,T], 2(0) =z0,  (6.35)

has a unique solution in H'(0,T;R"™). For all (t,s), 0 < s <t < T,
the fundamental matriz solution ®p(t,s) associated with the closed loop
system (6.35) and its inverse ®p(t,s)~t are continuous in {(t,s) : 0 <
s<t<T}. Forall pairs 0 <s<t<T

gsspp(t,s) + &p(t,s)Ap(s) =0 a.e. in [0,t], Pp(t,t)=1. (6.36)
Proof. (i) From Theorem 6.2 and Theorem 6.3 (i)

Ts= £|[S7T]7 ﬁs = ﬁ|[s7T] = ]3(5) = ﬁs(s) = P(S>£s(8) = P(S)j?(S),
and we get (6.33). The closed loop system is obtained by direct substitution
of the identity (6.33) for p into the first equation of the coupled system (3.2)
in [0,7].

(ii) Associate with the solution of the coupled system (3.2) in [0, 7], the
matrix function

A(s)xo Lef p(s;xo), Vrp € R", 0<s<T. (6.37)

From (6.33) in part (i) and the invertibility of X (s)
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A(s)xo def P(s)X(s)xg, VzoeR", 0<s<T

= A(s) = P(s)X(s), = P(s) = A(s)X(s)™", 0<s<T.

Since X(s) is invertible and the elements of the matrices X and A are
H(0, T)-functions

P'(s) = A(s) X(s)™' — A(s) X (s) 1 X (s) X (5) 1. (6.38)

In particular the elements of the matrix function P are H!(0,T)-functions.
Then the matrix function Ap(¢) in (6.34) belongs to L>°(0,T") and the closed
loop system (6.35) has a unique solution in H'(0,T;R"™). From this ®p has
the usual properties of a fundamental matrix solution @p in {(¢,5) : 0 < s <
t<T}, &p(t,0) =Pp(t,s)Pp(s,0), and

0dp

e (£:5)+ Dp(t,8)Ap(s) ae. in [0,7), p(tt) = 1. (6.39)

O

6.5 Riccati differential equation

Under the assumption of the finiteness of the open loop value of the game
in [0, T for each initial state, we have used invariant embedding to introduce
the decoupling symmetrical matriz function P(s). To show that it is a solu-
tion of the matriz Riccati differential equation (2.7), we follow the technique
of P. BERNHARD [2, Lemma 3.1] since, from Theorem 6.3 (ii), the matrix
function X (s) is invertible for all s, P(s) = A(s)X(s)~!, and P’(s) is given
by identity (6.38).

Theorem 6.5. Assume that the open loop value v(xg) is finite for all xy € R"™.

(i) There exists a unique symmetrical solution with elements in H'(0,T) of
the matriz Riccati differential equation

P'+PA+A*P-PRP+Q=0, P(T)=F, (6.40)
where R = B1 By — B2B5. Moreover,

p(t) = P(t)z(t), 0 <t <T, and Cy,(1,0) = P(0)zo - xo, (6.41)
where (&,p) € H(0,T;R™)? is the unique solution of the coupled sys-
tem (3.2).

(ii) The optimal strategies of the two players are closed loop

i = —B}P# and o = B} P#, (6.42)

and they achieve a closed loop—closed loop saddle point in the sense of
P. BERNHARD [2].
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(iii) For all xg € R™ the function Cy,(u,v) is convex—concave.

Proof. (i) From identity (6.38) in the proof of part (ii) of Theorem 6.4 a
straightforward computation yields that the matrix function P is a solution of
the matrix Riccati differential equation (6.40). This solution is unique. Indeed
if P is another solution of the Riccati equation, the closed loop system with
P has a unique solution Z and it is easy to check that p = PZ is a solution of
the associated adjoint equation. But there is a unique solution to the coupled
system. By definition of P via invariant embedding we get that P = P. (ii)
and (iii) From identities (4.2) and (4.3) in Theorem 4.1. O

Remark 6.2. We shall see in Example 7.1 that the fact that the elements of P
are H'(0,T) is necessary but not sufficient to get an open loop saddle point.
O

6.6 Open loop saddle point and Riccati differential equation

The existence of a symmetrical solution in H*(0,7') to the matrix Riccati
differential equation (6.40) implies that, for all xy € R", there exists a solution
(#,p) € HY(0,T;R™) x H*(0,T;R") of the coupled system (3.2). However, as
we shall see in Example 6.2, this is not sufficient to get an open loop saddle
point of the utility function Cy, (u,v).

Theorem 6.6. A set of necessary and sufficient conditions for the existence
of an open loop saddle point of the utility function Cy,(u,v) for all xyg € R"
18

a) the utility function Cy,(u,v) is convex in u and concave in v for some xg,
b) and there exists a (unique) symmetrical solution in H'(0,T) to the matrix
Riccati differential equation (6.40).

Proof. From Theorem 6.5 we get a) and b). Conversely, from a) if P is a
solution of the Riccati differential equation, the closed loop system has a
unique solution zp and pp = Pzp is the solution of the adjoint system. It is
then easy to check that the pair (zp,pp) is indeed a solution of the coupled
system (3.2) in [0,T]. Finally from the convexity—concavity property b) we
get the existence of the open loop saddle point. a

Remark 6.3. The method of completion of the squares (cf. for instance T. BA-
SAR and P. BERNHARD [1, Chapter 9, Theorem 9.4] can also be used here to
obtain

sup Cyo (u,v) < P(0)zg - 0

inf
veL2(0,T;R¥) uweL2(0,T;R™)

< inf sup Coo(u,v).
ueLz(O)T?Rm)vELQ(QT;Rk) M)( ’ )
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So it would be tempting to conclude that there is a saddle point without
condition a). But this is not true as will be illustrated in Example 6.2 below.
It is a game without open loop saddle point, where the solution of the Riccati
differential equation (6.40) is unique strictly positive and infinitely differen-
tiable. In that example it is shown that U(z¢) = @ for all . In order to get a
saddle point, v~ (zg) and v (zo) must both be finite. Therefore the open loop
lower value of the game will be finite if b) is verified and V' (z() # @; the open
loop upper value of the game will be finite if b) is verified and U(zg) # @.

Ezample 6.2. Consider the utility function and linear dynamics

1
Cyo (u,v) = / 22% 4+ u? —v?dt, 2 =x+utv, 2(0)=ux (6.43)
0

given by P. ZHANG [1]. Here A = By = By = 1, F = 0, and Q = 2. Now
R = By B} — B2Bj = 0 and the associated Riccati differential equation (6.40)
reduces to

P +2P+2=0in[0,1], P(1)=0.

It has a unique infinitely differentiable solution P(t) = e2(1=*) — 1 that is
strictly positive in [0, 1).

We now extend the result of P. ZHANG [1] on the nonexistence of an open
loop saddle point from the initial state g = 0 to any initial state. For all
xo € R the open loop lower value v~ (z¢) of the game is finite, but the open
loop upper value v™ (xq) is +o0. Indeed for each v € L2(0, T;R)

1
inf G, < Cpy(—v,0) = | 2(z0e)” dt = (€2 —1) (z0)?
UEL%%)T;R)CO(u,v)_CO( v,v) /0 (zoe")” dt = (e ) (z0)

= v (z0) = inf  Cp,(u,v) < (2 -1 2
v (@) UGL%I,)T;R)HGL%%T;R) ot v)_(e )(wo)

By definition of the sup,

v (xg) = sup inf Cyo (u,v
(o) veL2(0,T;R) v€L?(0,T;R) o (1,)
1
> inf O, (u,0)= inf / 222 +u?dt >0
ue€L2(0,T;R) uweL2(0,T;R) Jo

= Vzg eR, 0<v (z) < (e —1) (z0)%.
For the open loop upper value, associate with each u € L?(0,T;R) the se-

quence of functions v, (t) = —u(t) + n, n > 1. The corresponding sequence of
states is

¢
T, (t) = e'zo + n/ e ™% ds = ety +n(e' — 1)
0
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and utility functions
1 1
Cyo (U, v,) = n2/ 2(et —1)* — 1dt + Qn/ u(t) dt
0 0
1 1
+ / (e'x)? dt + ano/ et (et —1)dt
0 0
1 1
= n2/ 1+ 2¢e% —4etdt+2n/ u(t) dt
0 0
1
+ / (e'xp)? dt +2nxg (e — 1)?
0

1 1
> (e —2)*n? +2n [xo (e—1)%+ / u(t) dt] + / (e'xo)? dt
0 0
= sup Cyy(u,v) > Cy(u,v,) — 00
veL2(0,T;R)
as n goes to infinity. Therefore for all zop € R™ and all u € L?(0,T;R),

sup  Cyy(u,v) = 4+o0 = v (z9) =+oo and U(zg) = 2,
veL?(0,T5R)

and there is no open loop saddle point. g

6.7 The general case of Remark 2.1

It is interesting to look at the feedback strategies in the case of the general
utility function with mixed terms (2.4) of Remark 2.1. With the change of
variable (2.5)

I 0 0
= [=N7's* NTV2 0

Ny 0 Ny VP

[SEN I
ST~

and the matrices A, B, B2, and @, the matrix function P is the unique
solution of the Riccati differential equation

P '+ PA+A*P—-PRP+Q=0ae. in[0,T], P(T)=F, (6.44)
where R = BlBI - BQB; and the feedback strategies are given by
i = —B) Pz and o = ByPx (6.45)
that yields in terms of the original variables
u=—N;"[S*+ BiP]zand v=N;"'[T* + B;P|x (6.46)
and the closed loop system
2/ = [A—BiN;{' (S + B{P) + BoNy ' (T* + B3 P)| »
= [A— BN{'BiP + BsN; ' B} P] z, (6.47)
x(0) = xp.
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7 Riccati differential equation and open/closed loop
upper/lower value of the game

In the literature, an important issue is the connection between the existence
of a symmetrical solution to the matriz Riccati differential equation

P+ PA+ A*P—PRP+Q =0ae.in [0,T], P(T)=F, (7.1)

where R = BB} — By B3, in relation with the existence of either an open or a
closed loop lower value, upper value, or saddle point of the game. For instance,
in the closed loop case, quoting P. BERNHARD [2] in his introduction

“It has long been known that, for the two-person, zero-sum differential
game with linear dynamics, quadratic payoff, fixed end-time, and free
end-state (standard LQ game), the existence of a solution to a Riccati
equation is a sufficient condition for the existence of a saddle point
within the class of instantaneous state feedback strategies (Refs. 1-2),
and therefore within any wider class (Ref. 3).”3

In the open loop case, the above statements are incomplete (cf. Exam-
ple 6.2), even under the assumptions

F>0and Q(t) >0 a.e. in [0,T]

used in P. BERNHARD [2] that necessarily imply the convexity and the coer-
civity of Cy, (u, v) with respect to u and V (z¢) = L2(0, T; R¥) for all zy € R™.
Even when the solution of the Riccati differential equation (7.1) is H*(0,T) or
bounded (Remark 6.3 and Example 6.2), it is also necessary that the utility
function be convex in u and concave in v (Theorem 6.6). In fact, the existence
of a strictly positive and infinitely differentiable solution to the Riccati differ-
ential equation (7.1) does not even imply that either the open loop lower value
or the open loop upper value of the game be finite as shown in Example 7.2
below.

This leaves the cases where either the open loop lower or the upper value
of the game explodes. In such cases, the solution of the Riccati differential
equation might have a blow-up time as illustrated in Example 7.1 below (cf.
P. BERNHARD [2], Example 5.1, page 67)

“The following game has a saddle point that survives a conjugate point.”

where he means a closed loop-closed loop saddle point. The conjugate point
corresponds to a blow-up time of the solution of the Riccati equation (7.1)
where the solution is not of the H*(0,7)-type. Finally an open loop saddle
point yields closed loop optimal strategies that achieve a closed loop-closed
loop saddle point in the sense of P. BERNHARD [2] (Theorem 6.5), but the
converse is not necessarily true. It is informative to detail the example of P.
Bernhard.

3 Ref. 1is Y. Ho, A.E. BRYSON, and S. BARON [1], Ref. 2 is P. FAURRE [1], and
Ref. 3 is P. BERNHARD [1].

81
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Ezxample 7.1. Consider the dynamics and utility function in the time interval
[0,2]

Zt)=2-t)u ( )+ to(t), ae. in [0,2], z(0) = w0, (7.2)

Coo () = L [2(2)? + / ([ — [o(t)? dt. (7.3)

Here A = 0, By(t) = 2 —t, Ba(t) = t, F = 1/2, Q = 0, and R = BB} —
ByBj; = 4(1 —t). It is shown in P. BERNHARD [2] that the Riccati equation
reduces to

1
P —4(1-tP2=0, P(2)=1/2 = P(t)= 2t - 172"
Its solution is positive and blows up at ¢ = 1. It is not an element of H(0,2).
We now show that there is no open loop saddle point in the time interval [0, 2].
For the open loop lower value of the game, the minimization with respect to
u has a unique solution for all (g, v) since the utility function u — Cy, (u,v)
is convex and bounded below by —||v||7.. The minimizer is completely char-
acterized by the coupled system

2'(t) = (2—=t)a(t) + tv(t) ae. in [0,2],  z(0) = o,

P(t) =0 ae. in [0,2], p(2) = ;x(g),
a(t) = —(2—t)p(t)
From this
z(2) = 3 {Io +/028v(s)ds} and p(t) = ;x(2)
and
Jo@) € inf Gy (u,)

w€L2(0,2;R)

— (@ )=1$(2)2—|—ix()/ 2 gt — /|v ()2 dt

/|v )Pdt = 34 [xo—i—/ sou( } /|v V|2 dt.

It is readily seen that J;  is concave in v and that the supremum with respect
to v of J, (v) exists. Indeed, from the first order condition

Yo, ;dJ;O (0;0) = 134 [xo + /02 s0(s) ds} /02 sv(s)ds — /02 o(t)v(t)dt =0,

there is a unique stationary point 0(¢) = t z¢/2, the Hessian is negative



7 Riccati differential equation and open/closed loop upper/lower value of the game 83

;dQJ{O(ﬁ;v;v) - 134 [/0231)(8) dsr _/02 lo(t)[2 dt
Y Uoz d ds} [/02 '”(SWS] -/ Jott)P dt

323 :|/2 ) 3/2 )
-1 v(t)|* dt = — v(t)|“dt <0,
5 -] [eera=-2 o)

and the open loop lower value of the game is v~ (20) = J,, (0) = (0)*/2.
However the open loop upper value of the game is v™(zo) = +oo for all

xo € R. Indeed pick the sequence of controls {v,}, n > 1, v,(t) = 0 in [0, 1]

and v, (t) = n in [1,2]. The corresponding sequence of states at time ¢t = 2 is

IN

zn(2)_xo+/02(2t)u(t)dt+n/12tdt_ [:c0+/02(2t)u(t)dt} + ;n

Denote by X the square bracket that does not depend on n. Then

2 2 2
+/ |u(t)|2dt—/ n? dt
0 1

1, 3 X2 2 5
= gn —|—2nX—|— 5 + |u(t)|* dt — 400 as n — +oo.
0

1 3
Coo (U, vy) = 5 ‘X—i— 5"

Thus for all 9 € R and u € L*(0,T;R)

sup  Cyy(u,v) =400 = vT(z9) =+o0 and U(z) = 2.
veL?(0,T;R)
Therefore, whatever is the initial state xg, Cy,(u,v) has no open loop saddle
point. a

By changing the weight ' = 1/2 to 1/3 in the final term Fz(2)? in the
utility function of the above Example 7.1, we get an example of a convex
coercive utility function with respect to u for which there is an infinitely
differentiable positive solution to the Riccati differential equation (7.1), but
the open loop upper and lower values are both equal to 4o0.

Ezample 7.2. Consider the state equation (7.2) with the new utility function

1 2
Cirg (u,0) = 5 [2(2)]? +/ u(t)]* = [o(t)|? dt. (7.4)
0
The Riccati differential equation (7.1) reduces to
1
I _ 2 _ : — —
P —4(1-tP>=01in 0,2, P(2)=1/3 = P(t) 2t -1 +1

and its solution is unique, strictly positive, and infinitely differentiable. Feed-
backs of the form & = —BfPz and ¥ = BjPx would yield Cy (4,0) =
P(0)z3 = 22/3.
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As in Example 7.1, the utility function (7.4) is both convex and coercive
in the first variable u. Therefore, given v, there exists a unique solution % to
the minimization of Cy,(u,v) with respect to u and

_ def .
J ('U) - uELg(ng;]R) Cxo (U7 'U)

= Cy, (G,v) =3 [xo + /02 sv(s) ds} 2 - /02 lv(t)[? dt.

It is readily seen that J is not concave in v and that the supremum with
respect to v of J_(v) is 4+-o00. Indeed, pick the sequence v, (t) = n and let n
go to 400

Juo(Un) = 1002 + 12020 + 322 — +oo0.

Therefore, the open loop lower value v~ (zg) and, a fortiori, the open loop
upper value vt (zg) are both equal to +oo.

Finally, it is interesting to note that the corresponding coupled system on
[0,2]

N .
P =[-@2-t)?+£]pm 0,2, [P=0m[02]
N 1
#(0) = . §2) = (),
has a unique solution given by
1
() = [2(t — 1) +1] ";)0, Bt) = yo.

So what is missing to get a finite open loop lower value is the concavity of the
function v — J (v). O
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1

Semigroups of Operators and Interpolation

1 Notation

We shall denote by X a complex Banach space of norm | - |, and by £(X)
the Banach algebra of all linear continuous mappings 7: X — X. The linear
space £(X) is endowed with the usual norm: For any T' € £(X)

IT|| =sup{|Tx|: z € X, |z| <1}. (1.1)

Given a set S C R, C'(S; X) will denote the set of all continuous mappings
from S into X . For a closed bounded interval S = [a, b], the space C([a, b]; X)
endowed with the norm

1flleamsx) = sup {If(@)]: ¢ € [a,b]} (1.2)

is a Banach space. The spaces of k-times continuously differentiable mappings
will be denoted by C*(S; X) and C*([a,b]; X), k € N.

L?(a,b; X) will be the Banach space of equivalent classes of strongly mea-
surable (in the Bochner sense) mappings [a,b] — X that are p-integrable,
1 < p < oo, (resp. essentially bounded, p = c0), with norm

b 1/p
£l e a,i0) = {/ |f(5)|pd3} ’ (1.3)

(resp. [ fllLec(a,bsx) = ess.sup {|f(t)], ¢ € [a, b]}).

By W'P(a,b; X) we shall denote the set of all mappings f in LP(a,b; X)
with a vector distributional derivative in L?(a,b; X). This derivative will be
denoted df /dt or f'. For each f € WP(a,b; X), there exists a unique abso-
lutely continuous function f: [a,b] — X such that f = f and f' = f’ a.e. in
[a, b]. Therefore we shall always identify f and f, which is the integral of its
derivative.
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A linear operator is a linear map A: D(A) C X — X defined on a domain
D(A) that is assumed to be a linear subspace of X. The image or range of A
is denoted R(A). A linear operator is said to be closed if its graph

G(A) ={(x,Azx): v € D(A)}

is closed in the product space X x X. For a closed linear operator A, the graph
norm operator topology of D(A) is defined by the norm

|| pay = |z +|Az|, =€ D(A). (1.4)

When D(A) is endowed with the graph norm topology, it is a Banach space
and A becomes a continuous linear operator from D(A) to X.
Associate with the closed linear operator A the operators

Ay =M —A: D(A) — X (1.5)

for arbitrary complex numbers A. The resolvent set p(A) is the set of all
complex numbers A such that the operator Ay has a bounded inverse

R(\A) &

A —A! (1.6)
in X. It is known that for closed linear operators A, A € p(A) if and only if
R(\, A) exists and Im(AM — A) = X (cf. E. HILLE and R. S. PHILLIPS [,
Theorem 2.16.3, p. 55]). The complement of p(A) is called the spectrum of the
operator A and is denoted by o(A). The spectrum of A is made up of three
disjoint parts: the continuous spectrum oc(A), which consists of all values of
A such that Ay has an unbounded inverse whose domain is dense in X; the
residual spectrum og(A), which consists of all values of A such that Ay has
an inverse whose domain is not dense in X; and the point spectrum op(A),
which consists of all values of A\ for which no inverse exists. In other words:

(i) XA € oc(A) if Ay is one-to-one with a dense image in X not equal to X,
(ii) A € or(A) if Ay is one-to-one, but its image is not dense in X,
(iii) A € op(A) if Ay is not one-to-one.

2 Linear evolution equations and strongly continuous
semigroups

2.1 Definitions and preliminary results

Let A: D(A) C X — X be a closed linear operator. Consider the initial value
problem

(2.1)

y'(t) = Ay(t), t=0,
y(0) = =z, r e X.
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If A is bounded (that is A € £(X)) the solution of problem (2.1) is given by
the expression
Y def S tkAkz-

() o (22)
k=0
moreover, setting Sa(t) = e*4, the following properties hold:
Vi, s €R, Sa(t+s)=5a(t)Sa(s), and S4(0)=1I. (2.3)

There is a one-to-one correspondence between the abelian group (R, +) and
the subset of transformations S4 = {S4(t): ¢ € R} in £(X) under composition
“0”. So we shall say that (Sa,0) is a group and denote it {Sa(t)} or simply
S4. Moreover the mapping ¢t — Sa(t): R — £(X) is continuous. We say that
S4 is uniformly continuous.

When A is unbounded it is still possible to construct a solution of (2.1)
of the form y(t) = Sa(t)z in specific applications. However, in general, S4(t)
is only defined for ¢ > 0 and (2.3) is only verified for ¢ > 0 and s > 0 (as for
parabolic problems). Thus we say that S, is a semigroup. In addition, S4 is in
general not uniformly continuous, but for each z € X, the function ¢t +— Sa(t)x
is continuous. We say that Sa is strongly continuous. This naturally leads to
the following definition, which will be followed by a characterization of the
properties of the operator A, which generates the family of operators S4.

Definition 2.1. A mapping S: [0,4+00[ — L(X) (resp. R — £(X)) is said
to be a strongly continuous semigroup (resp. group) on X if the following
properties hold:

(1) S(0)=1I, S(t+s)=S5(t)S(s), Vt,s > 0 (resp. Vt, s € R),

(ii) for all z € X, S(-)z is continuous on [0, co[ (resp. R). O

Remark 2.1. A strongly continuous semigroup (resp. group) on X is also re-
ferred to as a semigroup (resp. group) of class Cp on X in the terminology of
E. HiLLE and R. S. PHiLLIPs [1, Chapter X, §10.6, p. 321]. O

Remark 2.2. Assume that S is a strongly continuous semigroup on X and
that for all t > 0, S(t)~! exists in £(X). If Vo € X, S(-)" 1z is continuous on

[0, +00[, then setting
_ “loife <
5() = S(t) ?ftfo,
S(t) if t >0,

S is a strongly continuous group. O

The infinitesimal generator A of S is the linear operator in X defined by

1
D(A) = {x € X: such that the lim  [S(h)x — z] exists} ,
NGRS ) (2.4)
1 '
Az = h{%lJr h[S(h)a: —z|, Vze D(A).
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Proposition 2.1. Let S be a strongly continuous semigroup on X with infin-
itesimal generator A. Then:

(i) D(A) is dense in X,
(i) Vo € D(A), S(-)z € C([0,00[; X) N C([0,00[; D(A)) and

jtS(t):z: = AS(t)z = S(t)Az, t> 0. (2.5)

(iil) A is closed.
Proof. (i) Set

1

a+h
Qh:h(S(h)—I) and Ma,hz:}ll/ S(s)xds, a>0, h>0.
Then

1
hhm My pz=8S(a)r and QpMy, = t(Mt’h — Mop).

It follows that, for any = € X, we have M,z € D(A) and that
1
AMy iz = t(S(t) — Dz, t>0.

Since lim; o+ Moz = = we see that D(A) is dense in X so that (i) is proved.

(ii) If z € D(A) we have @Q,S(t)x = S(t)Qnrzr — S(t)Azx as h — 0. Thus
S(t)x € D(A) and AS(t)x = S(t)Az. Let us now prove that S(-)x is right
differentiable for z € D(A). If t; > 0, and h > 0, we have

;L[S(to + 1) = S(to)a] = QuS(to)x — AS(to)z as h — 0.

To prove the left differentiability, fix to > 0 and let h € |0, ¢o[. Then we have

S(to — h)IE - S(t0)$

= S(to — h)Qnrx — S(to)Az = AS(to)r as h — 0,
(to —h) —to

where we have used the result that S(-)z is bounded on bounded subsets of
[0, 00[ by the uniform boundedness theorem. The Cl-continuity with values
in X and the continuity with values in D(A) follow from (2.5). Thus (ii) is
proved.

(iii) Consider a sequence {z,} C D(A) such that a:n — 1z € X and Az, —
y € X. By (2.5) it follows that S’( Ty — Ty = fo s)Axy ds, so that, as n

goes to infinity, S(t)z —z = fo s)y ds. Thus by definition of A,

1t
Qta::t/S(s)ydsey ast—0 and Az=y. O
0
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Theorem 2.1. Let S be a strongly continuous semigroup on X with infinites-
imal generator A. Then for each x in D(A), the system

dzr

gt (t) = Az(t), t >0, x(0)=z€ D(A) (2.6)

has a unique solution x in C*([0,00[; X) N C([0,00[; D(A)) and
z(t) = S@t)z, Vt>O0. (2.7)

Proof. The existence follows from Proposition 2.1. To prove uniqueness let v
be another solution in C*([0, 0o[; X) N C([0,00[; D(A)). Fix t > 0 and set

z(s) =St —s)v(s), se€]0,t].
From Proposition 2.1 and the properties of
v and z € C*([0,00[; X) N C([0,00[; D(A4)),
we have for all s in [0, ¢]

dz dv
ds(s) =—AS(t —s)v(s) + S(t — S)ds (s)=S(t—2s) {

As a result z € C1([0,t]; X) and 2(s) = 2(0) for all s € [0,¢]. This implies
v(t) = z(t) = S(t)v(0) = S(t)x for all t > 0. O

2.2 Asymptotic behavior of S(t)
Let S be a strongly continuous semigroup on X. Define
1
wo(S) = inf  log [[S(A)]l- (2.8)

wo(S) is said to be the type of S.

Proposition 2.2. The type wy = wo(S) of the semigroup S is finite or equal
to —oo, and moreover,

1
wo = tlim ; log ||S(t)]]- (2.9)
Proof. By definition wy is finite or —oo and
o1
wo < htmmf ; log [|S(t)]].
So it is sufficient to show that

1
lim sup ; log [|S(t)|| < wo.
t—o0
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For each w > wy, there exists t,, > 0 such that
1
; log ||S(tw)]] < w.

Any t > 0 can be written in the form

t=n(t)ty +7rt), nit)eN, 0<r(t) <ty
Then

S(t) = S(n(t)tw +r(t)) = S(tw)" DS (r(t))

and
log [[S(t)| < n(t)log ||S ()| + log||S (r(t))]|-

But ||S(¢)|| is bounded on the compact interval [0, t,,] by some constant M > 0
and

log [|S@)I _ n(t)log|[[S(tu)l| +1og M _ log|[S(tu)l|  logM

t - n(t)t, + r(t) Tty +7(t)/n(t) t
< log||f(tw)|| n logtM <wt logtM.

As t goes to oo,

1
lim sup ; log||S(t)] < w.
t—oo

Since w > wy is arbitrary and finite, the above inequality holds with w = wy.
O

Corollary 2.1. If S is a strongly continuous semigroup of type wq, then, for
any w > wy, there exists M, > 1 such that

IS < Myet, >0, (2.10)

Proof. Choose t,, as in the proof of Proposition 2.2 and set t = n(t)t,, + r(t).
If wg > 0, then w > wp > 0 and we have

IS < IS EI" ]S (r(0) || < Mo expltun(tw) < Moe,

where M, = sup{||S(s)||: s € [0,t,]}. If wo < 0, then we consider the semi-
group Sy(t) = e~“0tS(t) for which the type is 0. So for each w > wp, w—wp > 0
and there exists M, > 1 such that

e IS @) = lle™ " S(1)]| < Mo, ¢ > 0.

This completes the proof. a
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Semigroups S of negative type can be completely characterized through the
asymptotic behavior of their trajectories. This characterization was first intro-
duced by R. DATKO [2] in 1970 who extended the Lyapunov’s theorem from
finite dimensional spaces to Hilbert spaces H and showed that exponential de-
cay is equivalent to the fact that all trajectories belong to L%(0, 00; H). This
last result was generalized by A. PAzy [1] in 1972 from Hilbert spaces H to
Banach spaces X and from L2?-spaces to LP-spaces, 1 < p < co. The simplified
proof of (ii) = (iii) below is due to A. J. PRITCHARD and J. ZABCZYK [1]
in 1981. To our knowledge condition (v) was first given by A. BENSOUSSAN,
M. C. DELFOUR, and S. K. MITTER [1] in 1976 (see also M. C. DELFOUR [7]
in 1978).

In the following we first give the general results in LP for an arbitrary
Banach space X. Then we specialize to Hilbert spaces and introduce the
Lyapunov’s operator equation.

Theorem 2.2. Let S be a strongly continuous semigroup in a Banach space
X and p € [1,00[, a real number. The following properties are equivalent:

(i) the property

V€ X, / S ()P dt < 0o (2.11)
0
(ii) there exists a constant ¢ > 0 such that
V€ X, / ISP dt < a7 (2.12)
0
(iil) the type wo(S) of S wverifies the condition
wo(S) < 0; (2.13)
(iv) there exists o > 0 and M > 1 such that
Ve e X, Vt>0, |S(t)z|< Me *|zl; (2.14)
(v) S is asymptotically stable in L(X), that is
Jim [[S(8)] = 0. (2.15)

Corollary 2.2. Let {S(t)} be a strongly continuous semigroup of type wo(S):

(1) For all w > wo(S), A —wl is the infinitesimal generator of the exponen-
tially stable semigroup {S,(t)},

S,(t) =e “'S(t), t>0.
(i) For all x in X, there exists a unique element
Y= —/ e “*S(s)xds € D(A)
0

such that
[A—wlly ==.
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In other words, for all w > wo(S), the operator A — wI: D(A) — X has a
bounded inverse and for all x in X

/000 e S(s)rds = —[A —wI] 'r = R(w, A)x

and R(w, A)x is the Laplace transform of S(-)x.

Remark 2.3. Statements (iii), (iv), and (v) are independent of p, 1 < p < oco.
As a result (i) and (ii) are true for all p, 1 < p < oo, and conversely it is
sufficient to establish (i) or (ii) for some p, 1 < p < oo, to obtain (iii), (iv),
and (v). O

Remark 2.4. In infinite dimension asymptotic stability,
Vee X, Stlxr—0 ast— o0

does not imply exponential stability. R. DATKO [2] has given the following
simple example for a group {S(¢)} in the Hilbert space ¢? with a bounded
infinitesimal generator A. Let H = ¢2,

62_{50_(:01,...,:17",...): Zx12<oo}
i=1

The group is
(SHt)x)y =e /", n=1,2,....

It can be shown that
Ve el? S{t)r—0 ast— oo,
Vi, [|S(t)z|]|=1 and we(S)=0,

(Az)p = —"", n=1,2,...,D(A) = £,
n

dA):{—lznzlﬂwn}U{@.
O

Remark 2.5. Relaxations of conditions (2.11) from the p-th power of the norm
in X to other functions can be found in several places in the literature. For
instance J. ZABCZYK [3, §5, Theorem 5.1 and Remark 5.2] used a continuous
strictly increasing convex function N: [0,00[ — [0, 00[ such that N(0) = 0,
and the condition

Vee X, 3Ja>0, / N(a(|S(t)x]) dt < .
0

This condition implies condition (iv) in Theorem 2.2. In 1986 S. ROLEWICZ [1]
generalized the above result to evolution operators and showed that the con-
vexity assumption can be dropped. It seems that this result was independently
re-discovered in 1987 in L. MARKUS [1] and W. LITTMAN [1]. O
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Remark 2.6. For p, 1 < p < oo, and a strongly continuous semigroup S of
negative type

Vo € D(A), S()z € WHP(0,00; X) N LP(0, 00; D(A)). (2.16)
O

Proof of Theorem 2.2. (i) = (ii). Define for each integer k > 1, the set

Uk—{xGX: / |S(t):c|pdt<k}.
0

By hypothesis X = Uzozl Ui and because X is a complete metric space
ko >0, 3Fxg € Uy,, 3o > 0 such that B(xg,r9) C Uk,

where B(zg,79) is the ball of center zy and radius 7y (cf., for instance,
J. HorvATH [1, Corollary to Baire’s theorem, p. 62]. Hence

| 1800+l de < K. vy e B,
0

and for all y in B(0,79)
1Syl Le(0,00x) < I1SC) (@0 + Y)| e (0,00,%) + [1S()(@0) | Lo (0,00,%) < 20
So for all z in X, x # 0, we can apply the above inequality to y = roz/|x| and

2k
ISClzsooci) < lal

A

(ii) = (iii). We know that for all w > wg there exists M > 1 such that
vt >0, VexelX, |St)z|< Me|z|

Choose w > max{1l,wo}

1 t
1 —e Pt Stxp:/e_pmStxpdr
L= e IS0 = [ erisioal
t 00
_ / P |S()PIS (¢t — r)al? dr < Mp/ IS(t)alP dt < MPeP|a|P.
0 0
As a result o
VE>0, [SH)zlP < P MPcP|z|P.
1 — e pwt

Fix T > 0. As ||S(t)]| is bounded on any compact interval [0,T], T > 0, and
w > 0, then
JK > 0 such that vVt >0, |S(t)z| < K|z|,
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where
K = maox {max {[S(0)]: 0 < ¢ < T}, Me [po/ (1 - 7T)] /7).

As K is independent of x, we have ||S(t)|| < K for all ¢t > 0.
We now use a second estimate for ¢ > 0

t t
S (t)af? = / S(t)ap dr < / IS@IPIS(E — r)af? dr < KPe|af?,
0 0

which yields for all ¢t > 0
IS(t)| < Ket=/7.

But by definition of wy as an infimum over ¢ > 0
1
vt > 0, ; log ||S(t)]] > wo

and necessarily
VE>0, et <||S(t)| < Ket™ /P,

But this only holds for wy < 0.

(iii) = (iv). It is sufficient to choose v = 1 when wy = —o0 and a = — Jwp
when wy is finite.

(iv) = (i) and (iv) = (v) are obvious. To complete the proof we prove
that (v) = (iv). By definition of wy

V>0, [|S(t)| > et
But by hypothesis S(t) — 0 as t goes to co and necessarily
0= lim ||S(®)| > lim e“°’
t—oo t—o0
which in turn implies that wy < 0. a
We now prove the corollary.

Proof of Corollary 2.2. Notice that the type wo(S,) = wop —w < 0. So from
the equivalence between (i) and (iii) in Theorem 2.2

Ve e X, S,()ze LY0,00;X)
and

y(t):—/OtSw(s)xds%y:—/owsw(s)xds in X

as t goes to +o0o. Consider the expression
Sty —y = —Su(t) / S, (s)a ds + / S, (s)a ds
0 0
= —/ S’w(t—i—s)xds—i—/ Sw(s)xds
0 0

:—/tooSw(s)xds+/oooSw(s)xds:/OtSw(s)a:ds
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and

lim = .
t\.0 t

Therefore

y€ D(A) and [A—-wlly==x.
So A —wl: D(A) — X is onto. To show that it is one-to-one, consider y €
D(A) such that [A — wI]y = 0. Then

jtSw(t)y =S,(A—-wly=0, Yt>0

and this means that there exists a constant ¢ € X such that
V>0, S.{t)y=c

But {S,(t)} is exponentially stable and

c:y:SW(O)y:tligloSw(t)y:Oﬁy:O.

This completes the proof. O
A. Pazy [1] pointed out that for semigroups of negative type the quantity
|zlp = 1S()l L (0,00:%) (2.17)

defines a norm on X and that the property
Je>0, VxelX, |z]p < c|z] (2.18)

defines a continuous embedding of X into LP(0, 00; X). So it is natural to ask
when are the two norms equivalent.

Theorem 2.3 (A. Pazy [1]). Let X be a Banach space, p, 1 <p < 00, a real
number and S(-) a semigroup of negative type. Then the following conditions
are equivalent:

(1) the norms | -| and | - |, are equivalent on X, that is,
Im > 0 such that |x|, > m|z|;
(ii) the condition
Jto >0, 3¢ >0 such that Vx € X, |S(to)z| > ¢|x|.

Proof. (i) = (ii). For all z in X and ¢t > 0

o0

[e'e) t
mP|af? < / 1S(r)al? dr < / 1S(r)al? dr + / 1S(t + r)al? dr
0 0 0

t
< / ISP ]2f? dr + 7|8 (£)af?
0

< tMP|z|P + P|S(t)z|P.
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Choose tg = mP/2MP and & = m/2c.
(ii) = (i). Use the identity

t0|S(t0)x|p:/OU|S(t0—t)S(t)w|pdt

< max ||S(t)||p/ |S(t)x|P dt < MPcP|x|p
0

[0,t0]
and M
_ c
clx] < |S(to)z| < tl/p|:c|. O
0

Remark 2.7. When condition (ii) is verified for some ¢ > 0, it is also verified
for all ¢ in [0, t]. Indeed

clx] <1S(to)x| = |S(to — t)S(t)x| < M|S(t)x|.
Any t > 0 can be decomposed as
t=mnto+7, n an integer and 0 < 7 < tg.

Then
|S(t)x| = [S(to)" S ()| > ¢"|S(r)a| > ¢zl O

Corollary 2.3. Assume that the hypotheses of the previous theorem are veri-
fied, that S is of negative type and that for all t > 0 the image Im S(t) of S(t)
is dense in X. Then |- |, defines a norm equivalent to the norm |- | on X
if and only if the semigroup S on X has an extension to a group of bounded
operators on X .

Theorem 2.4. Let X = H be a Hilbert space with inner product (-,-), and let
S be a strongly continuous semigroup on H with infinitesimal generator A.
Then each statement in the Theorem 2.2 is equivalent to:

(vi) there exists a positive symmetric operator P € L(H) such that
Yo,y € D(A), (PAz,y)+ (Pz, Ay) + (2,y) = 0. (2.19)
Proof. Tt is sufficient to show that (i) with p = 2 implies (vi) and that (vi)

implies (ii) with p = 2.
(i) = (vi). For all t > 0 and = and y in H define

(P(t)z,y) = / (S(r)e, S(r)y) dr,  (Pa,y) = / " (S(r)e, S(r)y) dr.

By hypothesis P and P(t) are well-defined elements of £L(H). In addition they
are symmetric and positive. Moreover since (i) = (ii)



2 Linear evolution equations and strongly continuous semigroups 99

(P~ P()2y)| = \ / " (S S(r)y) dr

<SGl n2(t,00;m0) 1Syl L2(t,005m0) < €lyl [1S()al| L2(t, 003 H)

and, as t goes to oo, P(t)x — Pz in H for each z in H.
For all z and y in D(A)

(P(t) Az, y) + (P(t)z, Ay) /{ r)Az, S(r)y)+ (S(r)z, S(r) Ay)} dr
= [ sy, 50w dr = (50, SO0~ (2.0)
0

Therefore for y = x

tlim |S(t)z|* = |z|* + (PAx,z) + (Px, Az).

oo
/ S(t)af? di < 0o = liminf [S(0)2? = 0
0 e
and because the limit exists it coincides with its lim inf and
Vr € D(A), lim |S(¢t)xz| =0.
t—o0
We now go back to our previous computation for z and y

(P(t)Az,y) + (P(t)z, Ay) = (S(t)z, S{t)y) + (2,y)

and let ¢ go to +oo to obtain (vi).
(vi) = (ii). For each € D(A), S(t)x € D(A), ¥Vt > 0, and

(PAS(t)z, S(t)x) + (PS(t)z, AS(t)z) + (S(t)z, S(t)x) =0
or equivalently

d -
L (PS(z.S(0)) + |SW)al® = 0.

By integrating from 0 to T’

T
(PS(T)x, S(T)x) — (Px,z) = —/ |S(t)x|* dt.
0
Since P is positive for all z € D(A)
T
[ 181af dt < (P, :>/ (el dt < (Px, )
0

and we obtain (ii) for p = 2 with ¢ = || P||. By density of D(A) in H, the
result also holds for all x in H. O
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Remark 2.8. Notice that in the Hilbertian case, it is not necessary to use
Baire’s theorem to show (i) = (ii). Instead we show that (i) = (vi) = (ii).
O

Corollary 2.4. If P is a positive and symmetric solution of the Lyapunov
equation in L(H), then

Vo € H, (Px,x)> (Pz,z), (2.20)

where P in L(H) is defined as

Va,ye H, (Pa,y)— /OOO(S(t):v,S(t)y) dt. (2.21)

Proof. For all z in D(A) we proceed as in the proof of the previous theorem

and
d

i@t (PS(t)x, S(t)z) + |S(t)z|* = 0.

Hence
T B ') B
/ S()al dt < (Pr,a) — (Pr,x) = / S(t)al? dt < || P |«
0 0

where the transformation P, as defined in the proof of Theorem 2.4, is well
defined and for all « in D(A), (Px,z) < (Pz,z). So by density of D(A) in H
the corollary holds for all z in H. O

2.3 Spectral properties of the infinitesimal generator

Proposition 2.3. Let S be a strongly continuous semigroup in X. Assume
that there exist constants M >0 and w € R be such that

S| < Me*t, Vvt >0. (2.22)

Then the infinitesimal generator A of S has the following properties:

(i) C, ={A€C: ReA>w} Cp(4),
(ii) for any X € C,, the resolvent of A is given by

RN\ A)y :/ e MS(tydt, yeX. (2.23)
0

Proof. We have to show that, for any A € C, and any y € X, the equation
A — Az =y (2.24)

has a unique solution given by x equal to the right-hand-side of (2.23).
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FExistence.

For A € C, and y € X, x is well-defined as an elements of X by the right-hand
side of (2.23). Then we have

h
Qnx = ;L(S(h):c —x) = ;L(e)‘h -1z — }1Le)‘h/ ef)‘tS(t)y dt.
0

As h — 0, we find that Qnz — Az and that the right-hand side goes to Az —y.
Therefore Az —y = Az so that € D(A) and x is a solution of (2.24).

Uniqueness.

Let € D(A) be another solution of (2.24). Then we have

oo y - - B > 4 Y - -
z—/o e ALS”(lf)(/\JrA:zr)dt—/0 dt[e MS(t)z) dt = .

Thus z = 7. O

2.4 Hille—Yosida—Miyadera—Feller—Phillips theorem

We now give necessary and sufficient conditions on a linear operator A to
be the infinitesimal generator of a strongly continuous semigroup. For early
versions of this theorem, the reader is referred to E. HILLE [2, p. 238] and
K. Yosipa [1] and for modern versions to W. FELLER [1], I. MIYADERA [1],
and R. S. PHILLIPS [1].

Theorem 2.5. Let A: D(A) C X — X be a linear operator. Then the follow-
ing statements are equivalent:

(i) D(A) is dense in X, there exist real numbers M > 0 and w € R such
that p(A) D {\ € C: Re X > w} and the following inequalities hold:
[REN, A)|| < M(Red —w)™* VEEN, VARedA>w.  (2.25)

(i) A is the infinitesimal generator of a strongly continuous semigroup S and
there exist real numbers w € R and M > 0 such that

IS@)| < Me“t, ¥Vt >0. (2.26)

Proof. (ii) = (i). From Proposition 2.3 {A € C: Re A > w} C p(A) and from
formula (2.23) and inequality (2.26), we get condition (2.25) for k = 1. From
Proposition 2.1, D(A) is dense in X and A is closed. By differentiating (2.23)
k times with respect to A, we get

RO, A)y = (-1)‘9/ the = MS(t)yydt, ye X.
0
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It follows that
IR\, A)| < ME(Re A —w) 51 keN.

But from Proposition 2.3(ii) for all y € X
k A (=% L
R\, Ay = 11 € S(k)yydt = ! RY™W (X Ay
0 K !
and the conclusion follows.
(i) = (ii). We proceed in four steps.

Step 1. Construction of an approximate semigroup S,.
For any integer n € N such that n > w, we set

Jn =nR(n,A), A,=AJ, (2.27)

and recall that
A, =n*R(n, A) —nl.

The bounded operators A, are called the Yosida approximations of A. We
claim that the following identities hold:

lim Jyz =2, z€X, (2.28)
lim A,z = Az, x € D(A). (2.29)

We first prove (2.28). For xz € D(A), Jyo —x = R(n,A)Ax — 0 as n — oo
from (2.25). But ||J,|| < Mn(n —w)~! is less than a constant and by density
(2.28) is true for all z in X. Now (2.29) is an immediate consequence of (2.28)
since A,z = J, Az for any x € D(A). We now set

Sn(t) = exp(tA,) = e ™
k=0

R¥(n, A). (2.30)

By (2.25) it follows that
1Sn(®)|| < M exp(ntw/(n —w)) < Me**, ifn > 2w, t > 0. (2.31)

Step 2. Uniform convergence of Sy, (t)x to S(t)x for all  in X on compact
intervals in [0, ool.
Fix © € X and set u,(t) = S, (t)z. Then, if n,m > w, we have

d
ar
(um - um)(O) =0,

n — um) = An(un - um) + (An - Am)“ma

un(t) - um(t) = [3 exp((t - S)An) eXp(SAm)(An - Am)x ds,
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and, using (2.31), the estimate
[t (t) — U (t)] < M2*“t|Apz — Apz|, m,n > 2w (2.32)

follows. In view of (2.29), for all 2 € D(A) {u,(t)} is a Cauchy sequence. But
the same is true for any € X by virtue of (2.31). Thus the following limit
exists:

lim wu,(t) = lim Sy(t)x =u(t), =€ X, (2.33)

n—oo n—oo

uniformly in ¢ on the bounded intervals of [0, co[. Set now S(t)z = wu(t). It is
easy to check that S is a strongly continuous semigroup in X and that (2.26)
holds.

Step 3. If © € D(A), then S(-)x is differentiable and

d
dt

In fact by (2.29) and (2.33) it follows that

S(t)x = S(t)Ax = AS(t)x. (2.34)

d

dtu"(t) = exp(tAn)Anz — S(t)Axz as n — oo.

Step 4. A is the infinitesimal generator of S.

Let B be the infinitesimal generator of S. By (2.34) it follows that B is an
extension of A. Then it is sufficient to prove that if x € D(B) then z € D(A).
Let, in fact, x € D(B), Re A > w, and z = Az — Bx. Then R(\, A)z € D(A)
and

(A=B)R\,A)z=(A—A)RNA)z==z2

so that
x=R(\ B)z=R(\A)z € D(A). O

2.5 Adjoint semigroups and their generators

Given a semigroup of continuous linear transformations S(t), ¢ > 0, on X, it
is always possible to define the adjoint transformations S*(¢), ¢ > 0, on X’
and it is easy to check that

Vt>0, Vs>0, S*(t+s)=5*t)S*(s), S*(0)=1I,
Va* e X', t— S*(t)z*: [0,00[ — X' (weak) is continuous .

We shall say that S* is the adjoint semigroup associated with S. However S*
is not necessarily a strongly continuous semigroup on X. Fortunately we have
the following result in reflexive Banach spaces.

Proposition 2.4. If S is a strongly continuous semigroup on a reflexive Ba-
nach space X, the adjoint semigroup S* is also a strongly continuous semi-
group on X.
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Proof. Let A be the infinitesimal generator of S and let A* be the adjoint
operator of A. As D(A) is dense in X, R(\, A)* = R(\, A*) and p(A) = p(A*)
(cf. E. HILLE and R. S. PHILLIPS [1, Theorem 2.6.5, p. 56]). For all A in p(A),
R()\, A), and R(\, A*) are bounded and

RN, A%l 2xry = 1RO\ A% 2(xy = [|RA A) || 2ox)-

So if we can show that D(A*) is dense in X', all the estimates for A in Theo-
rem 2.5 will be true for A* and we shall conclude that A* is the infinitesimal
generator of a strongly continuous semigroup on X’. For z* in X’ we construct
the approximations z} = nR(n, A*)x*, n > 1. For all z in X

nlirrgo<x;,x) = nlla(w*,nR(n,A)x> = (a", ).
As X is reflexive we conclude that x}, — z* in X’ (weak). But in a reflexive
Banach space the strong closure D(A*) of D(A*) is weakly closed because
D(A*) is a closed linear subspace of X’. So we have proved that D(A*) is
(strongly) dense in X’ because the strong and weak closures of D(A*) coincide
(cf. K. YosIDA [2, Theorem 11, p. 125]). O

2.6 Semigroups of contractions and dissipative operators

A semigroup of contractions is a strongly continuous semigroup S such that
IS@I <1, vi>o0. (2.35)

If S is a semigroup of contractions, then condition (2.25) reduces to

IR(A, A) VA, Re) > 0, (2.36)

1

I < ;

Re A
because we can choose M =1 and w = 0.

In this section we shall give another characterization of linear operators
that generate semigroups of contractions. For this we need the definition of
dissipative operators.

We first recall that for any « € X the sub-differential 0|z| is defined by

Olz| ={2' € X': |2'| =1, (z,2') = |x|}, (2.37)

where X’ is the topological dual of X. By the Hahn—Banach theorem, it follows
that O|x| is never empty.

Definition 2.2. (i) We say that the linear operator A: D(A) C X — X is
dissipative if

Vz € D(A), 32’ € J|z| such that Re(Az,z’) <0.

(ii) The linear operator A: D(A) C X — X is said to be mazimal dissipative
if it is dissipative and has no proper dissipative extension. a
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Proposition 2.5. Let A be the infinitesimal generator of a strongly continu-
ous semigroup of contractions. Then A and its adjoint operator A* are maxi-
mal dissipative. Moreover

VAS0, RO —A)=X and RO —A%) = X",
Proof. Let x € D(A), 2’ € 9|z, and h > 0. Then in view of (2.37) and (2.35)
Re(S(h)z — z,z') = Re(S(h)z,2") — |z| <0

since ||S(h)| < 1. It follows that

Re(Az,z') = Re Jim i((S(h):v —xz,2')) <0.

By hypothesis, A is a closed densely defined linear operator on X. Hence its
adjoint A* is a well-defined closed linear operator on X’ with domain D(A*)
(cf. E. HILLE and R. S. PHILLIPS [1, Theorem 2.11.8, p. 43]). But from (2.36)
forall A > 0, A € p(A), AT — A has a bounded inverse R(A, A), RIA[—A) = X,
and

1RO, A < i VA > 0.
As D(A) = X and Al — A has a linear bounded inverse, then
R\ — A =X’
(cf. E. HILLE and R. S. PHILLIPS [1, Theorem 2.11.15, p. 45]) and
R\ A*) = (M — AL = (A — A7 = R\, A)*

(cf. E. HILLE and R. S. PHILLIPS [1, Theorem 2.11.14, p. 44]). So for A > 0,
A — A* has a bounded inverse and

* " 1
IR, A= IR, Al = IR Al <, ¥A>0.
Hence for all y* € X' and A > 0
*Y\ ok 1 *
[RO ATy [xr < [yl

For all z* € D(A*)
RA\AY) (M — A )z* =2~

and for all z* € D(A*), A >0
1
|

2" lx < I = A2

The dissipativity of A* now follows from the following lemma.
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Lemma 2.1 (A. PAzy [1, Theorem 4.2, p. 14]). A linear operator T is dis-
sipative if and only if

|(Al = T)x| > Az|, VYxe D(T), VA>O0.
Finally both A and A* are maximal dissipative because in both cases
VA>0, M—A:D(A)— X and M —A*: D(A") - X’

are bijective maps (one-to-one and onto). O
If A is maximal dissipative, it is generally not the generator of a strongly
continuous semigroup since its domain is not necessarily dense (cf. A. PAzY [2,
Example 4.7, p. 16-17]). Also if A is a dissipative closed densely defined op-
erator that is not maximal, then it will not necessarily be a generator. A
necessary and sufficient condition is given by the following theorem.

Theorem 2.6 (G. LUMER and R. S. PHILLIPS [1]). Let A: D(A) C X —
X be a linear operator defined on a Banach space X. A is the infinitesimal
generator of a semigroup of contractions on X if and only if:

(i) A is a closed linear operator with dense domain in X and
(i1) A and its adjoint operator A* are dissipative.

Proof. (<=) By Theorem 2.5 it is sufficient to prove that for any y € X and
for any A with Re A > 0 the equation

A — Az =y (2.38)

has a unique solution and that the following estimate holds:

|| < (2.39)

N
Re A"
Now, since A is dissipative we easily obtain the following a priori estimate:
there exists 2’ € J|z| such that

Re A|z| = Re(\z,z’) = Re(Ax,z") + Re(y, z')
< Re(y,2’) < y.

This proves the uniqueness of the solution of (2.38) as well as estimate (2.39).
It remains to prove that (A — A)(D(A)) = X if Re A > 0.

Step 1. (A — A)(D(A)) is dense in X if Re X > 0.

Let 2/ € X’ and Re A > 0 such that (Az — Az, 2’) = 0 for any = € D(A).
We have (Ax,z') = Mz, 2'), so that 2’ € D(A*) and (x, \2’ — A*z’) for any
x € D(A). Since D(A) is dense in X we have Az’ — A*2’ = 0, which implies
(by (2.39) with A replaced by A*) that 2’ = 0 so that (A— A)(D(A)) is dense
in X.
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Step 2. (A — A)(D(A4)) = X if Re X > 0.

Let ReA > 0 and y € X. Since (A— A)(D(A)) is dense in X there exists a
sequence {z,} C D(A) such that y, = \x,, — Az, — y as n — co. By (2.39)
it follows that

|In*$m|§ |yn7ym|

1
Re X
so that {x,} is a Cauchy sequence. Hence there exists z € X such that z,, — «
in X, Az,, = A\xy, — yn — Az — y. Since A is closed we have z € D(A) and
Ar — Az = y.

(= ). The converse is true by Proposition 2.5. This completes the proof.

O

In the last theorem the dissipativity of both A and A* are necessary to

obtain a semigroup of contractions. This arises from the fact that in a Banach

space a closed linear maximal dissipative operator A is not necessarily densely

defined even when R(A — A) = X for all A > 0. This difficulty disappears

when X is a reflexive Banach space (cf. A. PAzY [2, Theorem 4.6, p. 16]) and
we can restate Theorem 2.6 as follows.

Theorem 2.7. Let A: D(A) C X — X be a linear operator defined on a
reflexive Banach space X. A is the infinitesimal generator of a semigroup of
contractions on X if and only if:

(i) A is dissipative, and
(if) IXo > 0 such that R(Aol — A) = X.

Proof. (= ). From Proposition 2.5
(«<=) By invoking Lemma 2.1, it is easy to show that for a linear dissipative
operator, A is closed if and only if its range, R(Aol — A), is closed for some
Ao > 0. Then from (ii) and (iii) by A. PAzy [2, Theorem 4.6, p. 16], D(A) = X.
Finally the result follows from A. PAzy [2, Theorem 4.3a). O
To complete the picture we also quote the Hilbert space version of the two
previous theorems.

Theorem 2.8 (R. S. PHILLIPS [2, Theorem 1.1.3, p. 203]). Let A: D(A) C
H — H be a linear operator defined on a Hilbert space H. Then the following
conditions are equivalent:

(i) A is the infinitesimal generator of a semigroup of contractions on H;
(i) A is mazimal dissipative;
(i) A* is maximal dissipative.
In the above theorem we have made use of the fact that in a Hilbert space
a maximal dissipative operator is closed (cf. H. TANABE [1, Theorem 2.1.1,

p. 20]). The original theorem proved by R. S. PHILLIPS [2, Theorem 1.1.3,
p. 203] used the conditions

(ii) A is maximal dissipative and densely defined,
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(i) A* is maximal dissipative and densely defined,
which are equivalent to

(ii) A is closed and maximal dissipative,
(iii) A* is closed and maximal dissipative.

We complete this section with the important subclass of semigroups of
contractions that preserve the norm

Vo, Vt>0, [S(t)z| = ||

Theorem 2.9 (M. H. STONE [1]). Assume that X = H where H is a Hilbert
space:

(i) If A is a self-adjoint operator on H, then B = iA is the infinitesimal
generator of a strongly continuous group of unitary transformations.

(i1) Conversely if S(t) is a strongly continuous group of unitary transforma-
tions with infinitesimal generator B, then iB is self-adjoint.

Proof. (i) By definition of B
Re(Bzx,x) = Re(iAz,z) =0, Vz € D(A).

It follows that the linear operators B and B* = —B are dissipative. The
conclusion follows from Theorem 2.6.
(ii) Since S(t) is a unitary transformation

|S(t)al* = |al?, (2.40)

and if x € D(B), B the infinitesimal generator of S, then by differentiating
(2.40) at t = 0 we have Re(Bx,x) = 0 so that

Im(iBz,z) = Re(Bx,x) =0

and ¢B is self-adjoint. O

2.7 Analytic semigroups

Assumption A Let A be a closed operator with dense domain D(A) in X.
Assume that there exist w € R and 6y, w/2 < 0y < m, such that

A-1.
p(A) contains a sector S, g,

Sw,0o ={N€C: A #w and |arg(A —w)| < O},
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A-2.

There exists M > 0 such that

M
NA)| < AES,0,- 2.41
IR A< (L ve S (2.41)
Now define the operator
1
S(t) = / MR(N, A)dN, t>0, S(0)=1, (2.42)
27{2 Ye,0

where 7. ¢ is the path (oriented in the increasing direction of Im \) defined in
the following way (see Figure 1.1):

75,9:7;9U7;9U7£,97 96]2700]7
yjf@ ={z€C: z=w+ret? r>¢},
10y = {2 € C: 2 = w+ e, In] < ).
We notice that the integral in (2.42) is convergent because 6 > 7/2; more-

over it does not depend on the choice of ¢ and 6 as can easily be checked by
using the Cauchy theorem for holomorphic functions.

Theorem 2.10 (E. HILLE [1]). Let A be a closed linear operator in X with
dense domain D(A) in X such that assumptions A1-A2 are verified and let
S be defined by (2.42). Then the following statements hold:

(i) S is a strongly continuous semigroup with infinitesimal generator A.

Fig. 1.1. Sector S, 9, and path of integration ~. .
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(ii) There exist M >0, N > 0 such that

[S()| < Me*t, Vt>0, (2.43)
N

(A —wl)S(t)] < ; e“t, vt >0, (2.44)
SeC'(]0,00[; £L(X)) and S'(t)=AS(t), Vt>0. (2.45)

(iii) S has an analytic extension in a sector Sy g, /2 and

1 Az

S(z) = o eV R(A, A)dA,

L (2.46)

z=pe  0e0,6) — 72T[ and p > 0.

Proof. We can assume that w = 0 (otherwise we change A to A —wI and S(t)
to e“tS(t)). The proof is divided into five steps.
Step 1.5 € C'(]0,00[; £L(X)) and S'(t) = AS(t), t > 0.

It is clear that, from (2.42), S is of class C* in S,, ¢, and that

L / AeMR(N, A) d)
Ye,0

S'(t)

27

= 1,/ eMd\ + 1,/ AeMR(N, A)d) = AS(t)
271—7/ Ve, 0 271—7/ Ve, 0

because fv , erMd = 0.

Step 2. There exist M > 0 and N > 0 such that |S(t)]| < M, ||AS(t)]] < N/t.
Setting At = &, (2.42) becomes

S =, [ ERErAa= [ SR
tye,0 Ye,0
1

+oo
_ i0 i0 if
= o {/e exp(re*’)R(re* /t, A)e* dr/t

—+oo
- / exp(re Y R(re™ /t, A)e™" dr/t

o
+ / exp(ee™)R(ge™ /t, A)ice™ dn/t}
-6

from which

1 o0 ' 0 '
ISl <, {2/ Meretarfr+ [ Meemndn}
™ e o

1 0 ' 0 ‘
1S ()]l < 9 {2/ Mercobedr—kg/ MeEC%ndn}
Tt - 0
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as € — 0, we obtain

M
S'(t)] < :
IS@l = 7t| cos 0]
Step 3. S is strongly continuous.
As S(t) is bounded (by the second step), it is sufficient to prove that
lim; o S(t)x = x for any € D(A). Let x € D(A) and set y = x — Az. Then
x = R(1,A)y and we have

S(t)x = S(t)R(1, Ay = ! / MR\, A)R(1, A)y dX

o 2mi

1 “ 1 / “ X
= R()\ A - R(1, A

omi /me Ay 3~ o s LAy,

1 v dX\
= A .
2 /%,f ROAyy )
As t — 0 we have
1 dX

tms0e =, [ RO A, T < R0,y =

Step 4. S(t + s) = S(t)S(s),t,s,> 0.
We have

S(t)S(s) = ! / eMR(N, A) dA / e’ R(u, A) dp,

)
4m Y2e,0!

where 0’ € |7/2,0[. Tt follows, using the resolvent identity, that

Fig. 1.2. Paths of integration 7. ¢ and vy, ¢ .
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1 d\dy
S®S6) =, | HHE[R(N, ) — R(p, A)
A2 s 05 p=A
1 d
=, / MR(), A) d/\/ ens
47T Ye,0 Y2e, 0’ K= )\
1 / X
+ e"* R(u, A) d,u/ e =S(t+s)
42 ) o veo KA
because

1 d 1 dA
/ ers MM and / eM =0.
2 Yoe.o7 w—A 2mi Sy, p—A

Step 5. A is the infinitesimal generator of S.

Let B be the infinitesimal generator of S. By the first step it follows that
B is an extension of A. To prove that B = A we follow the same argument as

for the fourth step of the proof of Theorem 2.5.

Finally the proof of statement (iii) of the theorem is straightforward and

it is left to the reader.

a

Theorem 2.11. Let {S(t): t > 0} be a strongly continuous semigroup on X,

A be its infinitesimal generator, and w € R and M > 0 be such that

IS(H)|| < Me*t, Vvt > 0.

Then the following statements are equivalents:

(i) A wverifies the following conditions:

30 > g p(A) D Sugy = {1 € C: |arg(A — w)| < b}

and
M
dM >0, V8 €]0,600[, [R(NA)| < A —wl’ VA€ S0,
(ii) The map
t— S(t): [0,00[ — L(X)
belongs to C*(]0, o[ ; £(X)) and
—wt N
aN >0, V>0, (A —wl)S(t)e " < L

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(iii) S has an analytic extension in a sector Sp g, 0 < 0" < 7/2 and e~ **S(t)

is bounded in every closed subsector of Spgr.
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Proof. We have already shown in Theorem 2.8 that (i) = (ii).
(i) = (iii). Define G(t) = e"**S(t) and B = A —wI. By hypothesis G is
differentiable and for all n > 1,
GM(t) = B"G(t) = [BG(t/n)]" = [G'(t/n)]",
and G necessarily belongs to C>(]0, 00[; £(X)). Now from (2.51)
IGT @) < n"N"t"

and the series
oo

o =0T
ECED IRl
converges in the disk
Co=lzecizoq< ! (2.52)
t =< |2 Ne .

because the coefficients a,, = (nN/t)"™/n! are such that

a, t t

Ant1 N{(n—i—l)]" Ne
= —
n

By the Principle of Identity for analytic functions, one sees that F' is analytic
in the sector Sy g(sin@ = 1/eN), which is the envelope of the disks C}, t > 0.
As S is analytic in Sp ¢ so is S(t) = e“*G(t). For any €,0 < ¢ < 0, it is now
easy to show that F(z) is bounded in the closure of Sy g_. and hence on any
closed subsector of Sy g.

(iii) = (i). Again it is sufficient to prove that for w = —e,e > 0, there exists
w € R and 6y, 7/2 < 0y < 7, for which assumptions A-1 and A-2 are verified
in the sector Sp g,. The resolvent operator is given by the identity

R(\, A) :/ e MG(t)dt, VYA, Rel > 0.
0

By hypothesis S(z) is analytic in a sector Spg for some 6,0 < 0 < 7/2.
Consider the sector

0
SO,WH/Q:{)\E(C:)\750,0<arg)\< —;W} (2.53)

and observe that for A = |A|e’® in Sp (x16)/2 (A # 0 and 0 < & < 6 + 7/2) one
can get R(\, A) by integrating along the line {te=3/4: ¢ > 0}

R(\A) = / e MeT Yt G (1 310/4) o= 3i0/4 gy (2.54)
0
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because that line is contained in the sector Sy g. We know that S(z) is bounded
in any subsector. Hence there exists M > 0 such that

IR\, A)| < / e~ tReDT gy (2.55)
0
But ;
B = Re[Ae73/4) = |\| cos [a - 34}
and
0 0 ©m 0 0 0 0
- - - —37 | >mi i - ,
34<a 34< 974 :>cos{a 34} _mln{cos(34>,sm<4)} Bo>0
Therefore
B=|ABo>0
and
M
||R()‘7A)|| < 60|>\|, VA€ SO.,7T+9/27 ImA > 0.

By repeating the same construction for Im A < 0 with the line {te_3i9/4: t>
0}, we obtain the same inequality. Assumptions A-1 and A-2 are then verified.
O

Definition 2.3. A strongly continuous semigroup {S(¢): ¢t > 0} on X is said
to be analytic if it verifies any one of the conditions of Theorem 2.9. O

The variational case (which will be studied in detail in Chapter 2) is the
following situation. There exists a Hilbert space V' such that

V C H algebrically and topologically, and V' is dense in H. (2.56)

The space H is identified with its dual. So we cannot identify V', the dual of
V, to V. On the other hand we have the sequence of embeddings

VcH=H cV, (2.57)

each space being dense in the next one, with continuous injection. We denote
by (-, -) the duality between V and V', and by || - || the norm in V (recall that
| - | represents the norm and (-, -) the scalar product in H).

Let a be a continuous bilinear form on V', which is V—-H coercive

Jda>0, 3BeR, WwelV, a(v,v) + Blvf* > afv||*. (2.58)
Associate with a the operator A

D(A) ={v e V:wwr a(v,w) is H-continuous},

(A’U,’w) = —a(v,w), Yv € D(A)7 Yw e V. (259)
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In the variational literature it is customary to use — A instead of A. The choice
that we have made in (2.59) is more in line with semigroup theory.

We shall check that A generates an analytic semigroup and, thus, that
there exists a unique classical solution of (2.1). Notice that the change of
variable

ys(t) = e Py(t)
in the equation

dy
It y,  y(0) = yo,

yields
dy
o = (A= BDys. ys(0) = yo

and that
(A + B, v)v = a(v,v) + Blv[* > allv|*.

So it is sufficient to prove the result for g = 0.

Theorem 2.12. Assume (2.58) holds; then A generates an analytic semi-
group {S(t)} in H such that

IS@) < e (2.60)

Proof. Cf. H. TANABE [1, §5.4 and §3.6, Theorem 3.6.1]. O

2.8 Differentiable semigroups

Definition 2.4. Let S be a strongly continuous semigroup in X. We say that
S is differentiable at tg > 0 if the limit

S'(to) = Jim, | (S(to + ) = S(tc) (2.61)

exists in £(X). O

Proposition 2.6. Let S be a strongly continuous semigroup with infinitesi-
mal generator A. Assume that S is differentiable at tg. Then the following
statements hold:

(1) S(to)x € D(A) for any x € X and S'(to) = AS(to),
(ii) S is differentiable at any t > to,
(iil) for any n € N, S is n times differentiable at t > nty and

S (1) = A™S(t), t > nto.
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Proof. (i) Due to Proposition 2.1 we have
S'(to)xr = AS(to)x for all x € D(A).

Let now z € X and {z,,} C D(A) be such that z,, — z in X. As n — oo we
have
AS(to)xn = S'(to)xn — S'(to)z and  S(to)xn — S(to)z.

As A is closed S(tg)z € D(A) and AS(to)x = S'(to)z.
(i) For any ¢ > ¢y we have

li |, (S(+R)=5(0)) = i, 1S(to+h)-S ()] (—t0) = S'(10)S(t—to).

(iii) We only consider the case n = 2; the case n > 2 is treated analogously
by recurrence. We have

%1{% ;(S’(2t0 +h) — 5'(2ty)) = %1{% AS(to) ;1L (S(to + h) — S(2t0))
= AS(t0)S'(to) = A%S(2ty)

and S@)(2ty) = A2S(2ty). For t > 2ty we proceed as in part (ii). O
We shall now study some spectral properties of differentiable semigroups.

Proposition 2.7 (A. PAzy [1]). Let S be a strongly continuous semigroup
and assume that there exists a constant M > 0 such that for all t > 0,
IS)|| < M. If S is differentiable at to > 0, then the resolvent set p(A) of its
infinitesimal generator A contains the set

Y ={AeC: ReA<0,|ImAe R > 928t} (2.62)
Moreover there exists N > 0 such that
[RON A < NA+A), reX. (2.63)

Proof. For any t >ty we set

Bi(t)z = /Ot M98 (s)zds, AeC, z e X. (2.64)

We have
Bi(t)z = S(t)z + X / t =9 8(s)x ds, (2.65)
Br(t)(A—A)x :06)‘% —S(t)x. (2.66)

By differentiating (2.66) with respect to ¢, we obtain

BL(H)(\ — Az = AeMa — §'(B)z = A [I _ ie"\tS’(t)} 5 (267)
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Ayzlm)\

2K

—2K
y=—2Ke “'

Fig. 1.3. Set X contained in p(A) with K = ||S’(to)]|-

But if we choose ¢ and A such that

1 —At g/ 1
< 2.
HAe S<t>H_2, (2.68)

then [I — 1/\e *S'(¢)] 7! exists and is bounded. From (2.67) and (2.65)

-1
R\, Az = ie_)‘t [I - ie_)‘tS’(t)] B\(t)z

_ {1_ ie_)‘tS’(t)]_l{ie_MS(t)z~|— /O te_AsS(s)xds}. (2.69)

The right-hand side of the above identity is bounded and we conclude that for
t and A verifying (2.68) A € p(A). But for t = ¢y and A € X, (2.68) is verified.
Hence X' C p(A).

It remains to verify inequality (2.63). Set K = ||.S'(to)]||. For A € X

! exp(—toRe ) < K

A - (2.70)

From (2.69) with t = to
oM to
IROLA)] < | esp(—toRed) + 2M/ exp(— Re \s) ds.
0
But for all A € X, Re A <0 and
IRO\ A < 2M exp(—to Re A)[

L —|—t]
of-
R
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A Im A\

Y1
2K
\72 -
Jﬂ{
3

Fig. 1.4. Path of integration 1 U~z U 3.

Therefore from (2.70) we finally find
RN, A)|| < MEK[L+to|A]. 0
We now prove the converse.

Theorem 2.13 (A. Pazy [1]). Let A be the infinitesimal generator of a
strongly continuous semigroup S for which there exists a constant M > 0
such that, for allt > 0, ||S(t)|| < M. Moreover assume that there exist three
positive constants a, K, N, such that
p(A) D X ={AeC: |Im\e R > 2K}, (2.71)
[RON A < NA+A), deX. (2.72)
Then S is differentiable for t > 3a and we have for t > 2a

3

S =Y Gl =Y 271m, / MR, A) d), (2.73)

i=1 i=1 ¥i
where ~y; is defined by
7 ={AeC: Im\ =2Ke *Be}
VQZ{AGC:AZQK“G’GE {_gg” (2.74)
v3={A € C: Im\ = —2Ke *ReA}l

Proof. Set
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N LA - 1 v .
St =Y Sit), Si(t)= /e R\ A)dN, i=1,2,3.  (2.75)

271'1'

The integrals in (2.75) are meaningful for ¢ > 2a. To check this for the first
one, set A = x + iy. We have

~ 1 - .
G =t / e (3 4 iy, A)(1 — 2K ae="") da, (2.76)
0

211

and for y = 2Ke™ %", we obtain
N —ax
[151(t) 1+ |x| + 2Kae”**) dz, (2.77)

which is meaningful if ¢ > 2a.
Let us now show that S;(t) is differentiable for ¢ > 3a. In fact we have

d - 1

S t) = B 2K —ax\ jtx+ity
gt 1(t) 21./0 (x +2Kie ")e

R(z +2Kie **, A)(1 — 2iKae™ **)dx (2.78)

™

from which

d ~ N
Hdt : H / 14 o] + 2Ke ]

[|z] + 2Ke™*][1 + 2Kae™ **|dz, (2.79)

which is meaningful for ¢ > 3a.
It remains to show that S = S. By a direct computation (using several
times the argument employed to prove (2.62)) it is not difficult to check that

S'(t)x = AS(t)x, for any x € D(A®).

As D(A?) is dense in X, by the uniqueness of the solution of the Cauchy
problem (cf. Proposition 2.6), it follows that S = S. O

2.9 Spectral determining growth condition

Let A be the infinitesimal generator of a strongly continuous semigroup S of
type wo(9). We set

s(A) = {sup{Re)\: Aeo(A)}, ifo(A)#0

o0, if o(A) = 0. (2.80)

If s(A) = wo(S) we say that A verifies the spectral determining growth condi-
tion or spectrum determined growth assumption. In this case, by the Corollary
to Proposition 2.2, we can determine the asymptotic behavior of ||S(¢)|| by
the knowledge of the spectrum o(A) of A.

We start with a general result.
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Proposition 2.8. Let A be the infinitesimal generator of a strongly continu-
ous semigroup {S(t)} on a Banach space X and let wo(S) denote the type of
{S(t)}. Then

Vvt >0, {eM:Aeo(A)}C a(S()), (2.81)

and

s(A) < wp(S). (2.82)
Proof. Given an arbitrary A, consider the new semigroup
Sx(t)z = e MS(t)
with infinitesimal generator A — A\I. For all x € D(A),
[S(t) — eMI]x = eM[S\(t) — I,

[S(t) — eMI)x = M /t S(r)e  "[A — Nz dr, (2.83)
0
[S(t) = M T]a = eM[A — AT / S(r)e>z dr. (2.84)
0

If X\ € op(A), then [A — M| is not one-to-one and necessarily, from (2.83),
[S(t) — e 1] is not one-to-one. Hence e* € op(S(t)), V¢t > 0. If A € op(A) U
oc(A), then [A — A is one-to-one but R(A — M) # X and necessarily, from
(2.84), R([S(t)—eMI]) # X. So eM € ap(S(t)) Uor (S(t)) Uoc (S(t)), Vt > 0.
This proves (2.81).

To verify (2.82), we use the spectral radius theorem

lim [|S(1)"|Y" = sup{|A|: A € 0(S(1)) }.
In particular from (2.81)

sup{le*|: A € o(A)} <sup{|Al: A€ S(1)} = lim_ |[S(n)||"/".

Note that |e}| = eR¢* and that the direction of the above inequality is not
changed by taking the In of both sides:

In||S
s(A) = sup ReA < lim n ISl = wp(9).
A€o (A) n—00 n
This proves (2.82) and concludes the proof of the proposition. a

In general inequality (2.82) is not true in the other direction except for
special classes of semigroups.

Proposition 2.9 (R. TRIGGIANI [2]). Let S be an analytic semigroup. Then
wo(S) = S(A)
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Proof. Assume that (2.41) holds and that wo(S) = 0. This is not a restriction
because if wy(S) # 0 we can change S(t) to e~ “0(9*S(t). Suppose now, by
contradiction, that there exists € > 0 such that s(4) = —2¢. By assumptions
A-1 and A-2 in Assumption A there exists 6 € |7/2, 7] such that p(A) contains
the sector S, /o and by Cauchy’s theorem

1 1
S(t)= " / MRV A) AN+ / eMR(N, A) d),
2mi )y, 2 )y

where '
v ={A€C: A= —c+ peF p >0}

and 7 is chosen such that 7/2 < n < 6 and p(A) D S_. . Clearly ||R(), A)]| is
bounded in the sector S_. ,, and moreover, its behavior at infinity is as 1/|A].
Now it is easy to check that ||S(t)|| < constant e, which is a contradiction
since wy(S) = 0. O

The most general available results at the moment seem to be the following
ones.

Proposition 2.10. (i) If X is a Banach space and S is a strongly continu-
ous semigroup that is eventually uniformly continuous, that is

Jto >0, t S(t): [to,00] — L(X) is continuous,

then s(A) = wo(5).
(ii) If X is a Banach lattice and S(to) is compact for some to > 0, then
s(A4) = wp(9).

The proof of (i) can be found in G. GREINER and R. NAGEL [1, p. 87] and
the proof of (ii) in F. NEURANDER [1, p. 205].

Corollary 2.5. If X is a Banach space, the condition s(A) = wo(S) is verified
in any of the following situations:

i) A is bounded,

ii) 3to > 0, S(to) is compact,
(iil) S is a differentiable semigroup,
(iv) S is nilpotent,

v) S is analytic.

Remark 2.9. The property s(A) = wp(S) was known for X a Hilbert space
and A bounded (see I. DALECKII and M. KREIN [1]). It was proved in 1975
for analytic semigroups by R. TRIGGIANI [2, comments following Proposi-
tion 2.2] and for eventually compact semigroups (that is, there exists some
to > 0 for which S(t) is compact for all ¢ > o) by J. ZABCzYK [2]. This last
result was a generalization of what was already known for delay systems (cf.
J. K. HALE [2]). The generalization to semigroups that are eventually uni-
formly continuous seems to be due to R. NAGEL [1] and L. A. MONAUNI [1]
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in 1980-1981. For other conditions using the spectral mapping theorem see
E. HILLE and R. S. PHILLIPS [1, Section 16.7]. Several counterexamples are
available (for instance E. HILLE and R. S. PHILLIPS [1, Section 23.16] where
s(A) = —oo and wg(S) is an arbitrary real number). This example is con-
structed in an indirect way using fractional integration. Another example has
been given by J. ZABCZYK [2] where he shows that for any two real numbers
a < b, one can construct a complex group S(¢) with generator A such that

s(A) = a < b=uwu(9).

One question that remains open is to determine whether a similar example
can be constructed for a real group or semigroup. a

2.10 Examples of semigroups
2.10.1 Parabolic equations

Let H be a Hilbert space and A a self-adjoint closed operator in H with dense
domain D(A) in H. We assume that there exists w € R such that

(Az,x) < wlz|?>, Va € D(A). (2.85)

By Lumer—Phillips’ theorem, A is the infinitesimal generator of a strongly
continuous semigroup S in H such that

IS <evt, t>0. (2.86)
Proposition 2.11. S is an analytic semigroup.

Proof. First notice that, as A — wI is self-adjoint negative, then o(A4) C
]—o0,w]. Then for any A € C\]—oo,w] and any y € H there exists x € D(A)
such that

Ax — Az =y. (2.87)
Set A = w+ pe'?. Then multiply the identity pe?®z — (A —w)z =y by e~ /%z
and take the real part. We obtain

0 0 -
cos |z|? — cos 5 ((A—wl)z, z) = Re[e™/%(z,y)].

From (2.85) it follows that || < (pcosf/2)~t|y| so that

1

MA) < .
IR Al < A — w|cos6/2

So pick a sector S, g,, for some 8y, 7/2 < 6y < 7, and 6,0 < § < 6y. Then
cos(0/2) > cos(fy/2) and

1
A< forall A in S, g,.
RN A)|| < X — w] cos(f)2) or a in S, 0,

Thus S is an analytic semigroup. a
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Consider now an example.
Let Q be an open set of R with regular boundary 9. Consider the initial
value problem for ¢t > 0

where a i are real continuous functions in . Assume that there exists v > 0,
such that (strong ellipticity)

n

> apéis 2 vIEP, EeR™ (2.89)
G k=1

Set H = L?(Q2) and let A be the linear operator in H defined as

D(A) = H?*(Q) N Hy (%),

(Au)(x) = Z 8ik {ajk (x) 8(; u(t,x)}, (2.90)

Then A is self-adjoint and hypothesis (2.85) is fulfilled with w = Ag, where Ag
is the first eigenvalue of A (see for instance S. AGMON [2]).
By setting u(t) = u(t, ), problem (2.88) can be written as

u = Au, u(0) = ug

and we can solve it by Proposition 2.1. We shall give details in §3 for a more
general situation.

Remark 2.10. If A is an elliptic operator of order 2m, with general boundary
conditions, then, under suitable hypotheses, A generates an analytic semi-
group (see S. AGMON [1]). O

2.10.2 Schrodinger equation

Let Q be as in the previous examples. Consider for ¢ > 0 the problem
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then, setting B = iA (where A is defined by (2.90)), we can write problem
(2.91) in the form
u' = Bu, u(0) = up. (2.92)

By Stone’s Theorem 2.9, B generates a contraction semigroup and problem
(2.91) has a solution.

2.10.3 Wave equation

Let A be a strictly positive self-adjoint operator in the Hilbert space K. Con-
sider the Hilbert space H = D(v/A) @ K and denote by

v= [

the generic element of H. The inner product in H is defined by
Y, 2y = (V Ay, VAz) i + (y1, 21) k- (2.93)
Let A be the linear operator in H defined as follows

D(A) = D(A) @ D(VA),

AY = [_ﬁly] _ [_2 (1)} [yyl] ' (2.94)

Proposition 2.12. A is the infinitesimal generator of a strongly continuous
semigroup of contractions S on H, and S is given by

cos(vVAt ) A2 Sin(\//lt)] (2.95)

S(t) = [_A1/2 sin(\//lt) cos(\//lt)

Moreover A* = —A.
Finally assume that o(A) consists of a sequence {\;} of eigenvalues and
that {er} is a corresponding complete orthonormal set of eigenvectors. Then

we have
o(A) = {+iv/\e}, AEF = +iv/MEF, ke N, (2.96)

where E,:f = (ex, Vg ex).
Proof. Let ReX > 0, Y € H, then the equation AX — AX =Y is equivalent

to the system
AT — 11 =Y,
Ary + Az =y,

whose solution is given by

=AM+ A) 7y + (A2 4+ A) "Ly,
x1 = — AN+ A) 7Ly + AN+ A) "Ly
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Thus A € p(A) and

AN+ )71 (N2 A)7T

L
RO = 12402 + )1 a02 + )1

(2.97)
Formula (2.95) and the identity —A = A* are easily verified as well as the last
statement. O

We now give an example. Let Q be a bounded set of R" with regular

boundary 99, and let {a,x} be real continuously differentiable functions in
such that (2.89) holds. Consider the following problem for ¢ > 0:

NG 0
8t2u(t,;v) = Z . {ajk(x) ax_u(t,x)}, x €1,

J

0, €0, (2.98)

0,z) =ui(x), x€.

Let A be the linear operator in K = L?(f2) defined by
D(A) = H*(Q) N Hy (),

o« 0 oy O (2.99)

J

Then A is self-adjoint and strictly positive. Setting

l U(t, .) ‘|
Uit)y=|o ,
o)
problem (2.98) is equivalent to
U = AU, U(0)=U = [ZO} (2.100)
1

and can be solved by Proposition 2.12.

2.10.4 Delay equations
Let C and D be given in £(C™) and consider the problem

2'(t)=Cz(t)+ Dz(t—r), t>0,
2(0) = ho € C™, (2.101)
z(0) = hi(0), ae.0¢€[—r0],

where hy € L?(—7,0;C") and 7 > 0 is the delay.
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Problem (2.101) can be easily solved in successive steps on each time in-
terval of length r. We have

ha(t) ift e [-r0]
() = e!ho + fot e(t’s)tCDhl(s —r)ds ift € [0, 1],

(2.102)
=02 (1) + / e CDz(s —r)ds ift e [r,2r],

and so on.
We consider the Hilbert space H = C" x L?(—r,0;C") and denote by
h = (hg, h1) its generic element. We define a semigroup S on H by setting

St)h = (2(t),z), h=(ho,h1) € H, (2.103)

where z is the solution of (2.101) and z(0) = z(t + 0) for 6 € [—r,0]. The
semigroup properties S(t + s) = S(t)S(s), S(0) = I are easily checked.

Proposition 2.13. S is a strongly continuous semigroup in H that is differ-
entiable for any t > r. The infinitesimal generator A of S is given by

D(A)={h = (ho,ha)€H:hy € W"?(=r,0;C"), ho=h1(0)} (2.104)
Ah = (Ch1(0) + Dhy (=), h7)

and we have
o(A) ={\e C: det(A\ - C —e D) =0}. (2.105)
Proof. In several steps.

Step 1. S is strongly continuous.
For any h = (ho, h1) € H, we have S(t)h — h = (2(t) — ho, 2t — h1). But if
—r<f< -t
(2t — ha)(0) = ha(t + 0) — ha(0),

and if 6 > —¢

t+60
(20 — h)(0) = eTOCh / 0= Dhy (s — r)ds — hy (6).
0

Thus we can easily check that S(¢)h — h as ¢ > 0.

Step 2. S(t) is differentiable for ¢ > r.
Let t € [r,2r], h = (ho, h1); then S(t)h = (2(t), z:) where

t
2(t) = eCho + / e Dz(s —r)ds,
0

t+6
z(0) = eFDCh 4 / eH0=9C D2 (s — 1) ds.
0
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It follows that S’(t)h = (2/(t), (2¢)'), where

2(t)=Cz(t)+ Dz(t —r), (2)(0) =Cz(0) + Dz(t+60—r).
Thus S is differentiable for ¢ > r.

Step 3. Let B be the infinitesimal generator of S(t). We first show that A C B.
Indeed A is given by formula (2.104).

Let h = (hg,h1) belong to the right-hand side of (2.104). Since hy €
W12(—r 0;C") and h1(0) = hg = 2(0), the new function

[, telo,T),
wit) = {hl(t), t =0

belongs to W12(—r, T; C"). For each t € [0,T], let
wi(0) =w(t+0), 6¢€l[-r0.

Then
Sth—h  (w(t),w:) — (ho,h1)

t t
[ w(t) —w(0) w—w
- ()
— (w'(0),wp) = (Ch1(0) + Dha (=), hy)

in C" x L?(—r,0;C"). Hence we have proved that if h € D(A) then (S(t)h —
h)/t goes to Ah as t goes to 0, Therefore B O A. Finally we can check that
for A sufficiently large, we have (A — A)(D(A)) = H so that A = B.

Step 4. Equation (2.105) holds.
It is sufficient to prove that A € p(4) if and only if the matrix

AN =X —-C —eD
is invertible. The complex number A belongs to p(A) if and only if
Vk = (ko,k1) € H, 3h € D(A), such that \h — Ah = k. (2.106)
Given k = (ko, k1) € H, the equation Ah — Ah = k is equivalent to the system
Ahg — Chg — Dhy(—r) = ko, (2.107)
Ay — Ry =ki,  hi(0) = ho. (2.108)
This is also equivalent to

0
hi(8) = e*hg —|—/ MOk (s)ds, 6 € [—r,0], (2.109)
o

/\h() - Cho - Dhl(—’l") = ko.
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By substituting the value of hy(—r) given by (2.109) in the last equation, we
obtain

0
A=C—eD)hg=ko+D [ e 2+9k (s)ds. (2.110)

Thus, if (2.106) is true, then for each k = (ko, k1) in H, (2.110) has a unique
solution hg. Therefore A()) is invertible. Conversely if A(A) is invertible, then
for each k there exists a unique hy given by (2.109) and a unique h; given by
(2.109) such that (2.106) be verified. O

The following corollary is an immediate consequence of Proposition 2.9.
Corollary 2.6. The type of S is given by
wo(S) = s(A) = sup{Re \: det(A — C — e *"D) = 0}. (2.111)

Remark 2.11. For more general examples and results for delay systems, see
Chapter 4. O

3 Nonhomogeneous linear evolution equations

3.1 Setting of the problem and definitions

In this section A represents the infinitesimal generator of a strongly continuous
semigroup S in X. We shall consider the following initial value problem:

?mszmo+ﬂm te 0,7,

w(0) = (3.1)

for x € X and f € L'(0,T; X) and approximations u,, to its solution u given
by the following approximating initial value problem:

{u;(t) = Anun(t) + (1),

o) s (3.2)

where A,, = n?R(n, A)—nl is the Yosida approzimation of A. As A,, € L(X),
problem (3.2) has a unique solution given by

Un(t) = et + /t (=940 £(5) ds. (3.3)
0

We now give several definitions of a solution of problem (3.1) for z € X
and f € L'(0,T;X). The concept of solution for rougher data (z, f) will be
discussed in Chapters 2 and 3.
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Definition 3.1. (i) u is a strict solution of problem (3.1) in L?(0,T; X) if u
belongs to W'(0,T; X) N LP(0,T; D(A)) and

{u’(t) = Au(t) + f(t) ae. in [0,T],
u(0) = x.

(ii) w is a strong solution of problem (3.1) in LP(0,T; X) if there exists a
sequence {uy} in WHP(0,T; X) N LP(0,T; D(A)) such that
up — u, and uj — Aux — f in LP(0,T;X),

up(0) -z in X, as k — oo.

(3.4)

(iil) w is a classical solution of problem (3.1) in LP(0,T; X) if for alle > 0
ueWhr(e,T; X)N LP(e,T; D(A)) N C([0,T]; X) and

{u'(t) = Au(t) + f(t) a.e.in [0,T],
u(0) = x.

(iv) The function

u(t) = S(t)ﬂc—i—/o S(t—s)f(s)ds

is called the mild solution of problem (3.1) if u belongs to C([0,T]; X).

(v) u is a weak solution of problem (3.1) if u belongs to LP(0,T; X), for
all k in D(A*), (k,u(-))x belongs to W17 (0,T), and for almost all ¢ in [0, T
and k in D(A*)

d *
g o ul®)) = (A%k, u(t) + (k, £(2),
u(0) =z,
where A*: D(A*) — X' is the dual operator of A. O

Remark 3.1. The notion of weak solution for arbitrary Banach spaces was
introduced by J. BALL [1] with the difference that he requires that u belongs
to C([0,T]; X) rather than LP(0,T; X). O

When X is a reflexive Banach space, strong solutions can be characterized
in a slightly different way. Recall that for a reflexive Banach space, the family
of adjoint transformations {S*(t) € £(X’): t > 0} is a strongly continuous
semigroup on X’ and that the domain D(A*) of its infinitesimal generator
A* is dense in X'. The injection D(A*) C X’ is continuous and dense when
D(A*) is endowed with the graph norm topology defined by the norm

|x|D(A*) = |l’|X* —+ |A*CE|X/

As a result the injection X = X" C D(A*)’ is also continuous and dense since
the elements of the bidual X" of X can be identified with those of X.
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Remark 3.2. When X is a reflexive Banach space A* is the generator of the
adjoint semigroup S*(t) and the notion of weak solution is equivalent to the
existence of a function u in WP(0,7T; D(A*)) N L?(0,T; X) such that

u = (A")*u+ f in LP(0,T; D(A*)),

u(0) =2 in X.

This is the usual setup for parabolic equations in the variational framework,
where the operator — A arises from a variational problem. a

3.2 Existence and uniqueness of a strong solution

Proposition 3.1. Assume that x € X and f € LP(0,T;X). Then problem
(3.1) has a unique strong solution u in LP(0,T;X). Moreover u belongs to
C([0,T); X) and is given by the formula

u(t) = S(t)r + /0 S(t—s)f(s)ds. (3.5)

Finally if uy, is the solution of problem (3.2), then
up, — u in LP(0,T;X) as n — oo.

Proof. Let u be the function defined by (3.5). Clearly w is continuous. To
check that u is a strong solution of (3.1), set

up(t) = kR(k, A)u(t), fr(t) =kR(k,A)f(t), xr=kR(k,A)z.

By (3.5) it follows that

ur(t) = S(t)ar + / S(t — s) fuls) ds;

by differentiating with respect to ¢ we see that uy is a strict solution of the
problem

() = Augk(t) + fi(t),
ug(0) = xg.

By (2.28) in Theorem 2.5 it follows that ux — u, fr — f in LP(0,T; X ) and

xzr — x in X. Thus u is a strong solution.

We now prove uniqueness. Let u be a strong solution of (3.1) and let {uy}
be a sequence such that (3.4) holds. We set fi, = u}, — Auy and zp = uk(0).
By integrating the equation

d

ds (S(t—s)ur(s)) = St —s)fu(s), s€0,1]

between 0 and t and letting k go to infinity, we find that wu is given by (3.5).
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As for the last statements we have
t
[u(t) — un(t)] < |S(t)x — ema] + / |S(t = 5)f(s) — e~ f(s)| ds
0

and the conclusion follows from Theorem 2.5. O

Remark 3.3. In the literature a strong solution is generally called a mild so-
lution. We shall also use this terminology in Parts IV and V. a

Proposition 3.2. Given x € X and f € LP(0,T;X), 1 < p < oo, problem
(3.1) has a unique weak solution u that coincides with the strong solution given
by (3.5).

FExistence.

Let u be given by (3.5). By definition v € C([0,T]; X) € L?(0,T; X). Given
k in D(A*) and ¢ in D(]0,T[), the vectorial distributional derivative of u is
given by

- /()T<k,u(t)>D(A*)¢’(t) dt = — /T [<k S(t)k + /Ot S(t—s)f(s) ds>] @' (t) dt

0

T
. / (k. SR (1) dt

T T
—/ ds/ dt{k,S(t —s)f(s))¢'(t).
0 s
)

Now for all z in D(A) and k in D(A*
d
dt

and by density of D(A) in X, this extends to all  in X. In view of this
technical result, we can now integrate by parts in the previous equations

T T
- / (k. S(kY (1) dt = — / (A%k, S(t)2) o(2) dt
0 0

(k, S(t)$> = <k7AS(t)x>X = <A*k75(t)x>X

and

T T
- / (k. S(t — $)1())¢/ (1) dt = / (A7, S(t — ) (5)d(t) dt + . F(5))(5).
So finally

T T
- / k() poaey 8 (1) dt = / (A%, u(t)) + (k. F(£)]6(8) dt.

Asu € C([0,T); X) and f € LP(0,T; X), (k,u(-)) belongs to W?(0,T) and
for each ¢ in [0, T

O u0)) = (A", u0) + (k, F(0)

So u is a weak solution of problem (3.1).
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Uniqueness.

It is sufficient to prove that « = 0 when z = 0 and f = 0. By definition of a
weak solution for all k¥ in D(A*) and ¢ in [0, T

kv u0) = (A", u(0)
and
tli{r(l)(k, u(t))y = 0.
Therefore .
(k,u(t)) = <A*k:,/0 u(s)ds> = (A%k, z(t)),
where

We need the following lemma.

Lemma 3.1 (Cf. S. GOLDBERG [1, p. 127]). Assume that A is a closed linear
densely defined operator on X. Let u and z in X satisfy

(k,u) = (A*k,z), Yk e D(A").
Then z € D(A) and u = Az.

In view of the lemma for each ¢, z(t) € D(A) and u(t) = Az(t). Moreover
since u € LP(0,T; X), z € L?(0,T; D(A)) and

dz
dt

Therefore z € L?(0,T; D(A)) N WP(0,T; X) and

() = u(t) = A=(t) € LP(0,T; X).

dz
dt
z(0) = 0.

(t) = Az(t), te[0,T],

So z is a strict and hence a strong solution. By Proposition 3.1 this solution
is unique and equal to zero. The uniqueness now follows from the fact that
u(t) = Az(t) = 0 for all ¢ in [0, T.

Remark 3.4. The key points of the above proof have been borrowed from
J. BALL [1]. We see that for initial conditions  in X and right-hand-sides f in
L?(0,T; X) the two definitions of weak solutions coincide. In fact J. BALL [1]
proved the following theorem for a closed linear densely defined operator A
on X: For each x € X, there exists a unique weak solution wu(t) of (3.1)
(u € C(0,T); X)) satisfying u(0) = x if and only if A is the generator of a
strongly continuous semigroup {S(¢)} on X. O
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Remark 3.5. The last two propositions show the equivalence of a solution in
L?(0,T;X) and a strong solution that is the limit in C([0,7]; X) of strict
solutions. For reflexive Banach spaces the application

u— (u' — (A%)*u,u(0))

: WhP(0,T; D(A*)) N C([0,T]; X) — LP(0,T; D(A*)') x X
is injective and invertible on the subspace

LP(0,T;X) x X of LP(0,T; D(A*)) x X.

So it is not an isomorphism, but its image is at least dense. a

3.3 Existence of a strict solution

In order to obtain a strict solution of problem (3.1), we need more regularity
in z and f.

Proposition 3.3. (i) If = € D(A) and f € LP(0,T;D(A)) then prob-
lem (3.1) has a unique strict solution that belongs to WHP(0,T;X) N
C([0,T]; D(A)).

(ii) If z € D(A) and f € WYP(0,T; X), then problem (3.1) has a unique
strict solution that belongs to C*([0,T]; X) N C([0,T]; D(A)).

Proof. (i) Let u be the strong solution of problem (3.1) and let the solution w,,
of (3.2) be its associated approximating sequence. By hypotheses the problem

{v’(t) = Av(t) + Af(t),

v(0) = Az (3.6)

has a strong solution v € C([0,T]; X). Let v, be the solution of the problem

vy (1) = Apun(t) + An f (1),
v (0) = Apz.

(3.7)
Clearly, v, = A,u,. By Proposition 3.1, we have
Up = u, Apup,=v, —v inC([0,T];X),
that is,
nR(n, A)u, —u and A,u, = AnR(n, A)u, — v in C([0,T]; X).

Since A is closed this implies that v = Au. Then u € C([0,T]; D(A)). More-

over

u, € WHP(0,T;X) and u), = Apu, + f — v in C([0,T]; X).
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So u, — u in WHP(0,T; X) and v’ = Au + f.
(ii) Due to the hypotheses the problem

Z'(t) = Az(t) + f'(t),
2(0) = Az + £(0)

has a strong solution z € C([0,T]; X ). Moreover let z, be the solution of the
problem

{z;a) = Apza(t) + f(1),
20 (0) = Anz + £(0).

Clearly z, = u/, so that, by Proposition 3.1,

Up — u, u, =2z, — 2 inC([0,T]; X).

n

It follows that u € C*([0,T]; X) and u’ = 2. Moreover Au = u’ — f belongs
to C([0,T]; X) so that u € C([0,T]; D(A)). O

3.4 Perturbations of infinitesimal generators

Consider the problem

(3.8)

{u’(t) = Au(t) + F(u(t) + f(t), te[0,T),
u(0) ==

under the following hypotheses:

(i) A is the infinitesimal generator of a strongly continuous
semigroup S, and

(ii) F is a mapping from [0,T] into £(X) (3.9)
which is strongly continuous, that is F'(-)z belongs to
C([0,T]; X) for any z € X.

Set S, (t) = exp(tA,). By Theorem 2.5 there exist M > 1 and w € R such
that
S| < Me“t, [|Su(t)| < Me*?, t>0. (3.10)

Moreover, by the uniform boundedness theorem, there exists K > 0 such that
1P| < K, te0.T]. (3.11)

If f belongs to LP(0,T; X), p > 1, then the function F'f, (Ff)(t) = F(t)f(t),
is Béchner measurable, as easily checked, and belongs to LP(0,T; X'), whereas
if f is continuous then F'f is continuous.

The definitions of strict, strong, classical, and weak solutions in Definition
3.1 can be extended in an obvious way to problem (3.8). We say, in addition,
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that u is a mild solution of problem (3.8) if u is continuous in [0, 7] and verifies
the integral equation

u(t) = S(t)r + /0 S(t— s){F(s)u(s) + f(s)}ds. (3.12)

Lemma 3.2. The following statements are equivalent:

(i) w is a strong solution of problem (3.8) in LP(0,T;X).
(i) w s a mild solution of problem (3.8).

Proof. (i) = (ii). Let u be a strong solution, then there exists a sequence
{up} € WHP(0,T5 X) N LP(0,T; D(A)) such that
up — u, uyp— Aup — Fup = fr — f in LP(0,T; X),
up(0) — z in X.

Then uy, is a strict solution of problem (3.1) with =z and f = fi + Fuy;
by Proposition 3.1 it follows that

ug(t) = S(t)xy + /0 S(t—s){F(s)ur(s) + fe(s)}ds

and, as k — oo, we find that u verifies (3.12).

(ii) = (i). Let u € C([0,T]; X) be a mild solution. Then, again by Propo-
sition 3.1, u is the strong solution of problem (3.1) with f replaced by f+ Fu.
Thus, there exists a sequence

{ur} € WHP(0,T; X) N LP(0,T; D(A))
such that
up —u, uyp — Aug — Fup — f+ Fu, in L?(0,T; X),
ug(0) >z in X.

It follows that
u), — Aug — Fug, — f

so that w is a strong solution of (3.8). O
We now solve problem (3.12). For this it is useful to introduce the approx-
imate equation

un(t) = Sp(t)z + /0 Sn(t = $){F(s)un(s) + f(s)}ds, (3.13)

which is clearly equivalent to the system

(3.14)

{u;(w = Apun(t) + F()un(t) + £(t), te€[0,T],
un (0) = x.
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Proposition 3.4. Assume that F verifies (3.9), x € X and f € LP(0,T; X).
Then the following results are true:

(i) Problem (3.8) has a unique solution w in LP(0,T;X) that belongs to
C(]0,T); X). Moreover for each n, problem (3.14) has a unique solution
up € C([0,T]; X) and un, — u in C([0,T]; X).

(i) If X is a reflexive Banach space, problem (3.8) has a unique weak solu-
tion in WLP(0,T; D(A*))NC([0,T); X) which coincides with the strong
solution in LP(0,T; X).

Proof. (i) Problems (3.8) and (3.14) are respectively equivalent to the equa-
tions
u=w(u), Up=wn(uy), (3.15)

where the mappings w and w,, are defined as
w(@®) =50+ [ S-IFE) +16) ds
wp (u)(t) = Sp(t)z + /Ot Sn(t — s){F(s)u(s) + f(s)} ds.

Now w and w, map C[0,T]; X) into itself and, if k € N,

w* (u) — w*(@)|c(o,7)x) < 71! (MEKe ™)™ fu — @l o(o,7:x):

[wi (u) = wy (@) o(o,71:x) < i! (MK e )" |u = @l (o ry:x),
where w™ = sup{w, 0}. Now the conclusion follows by the Contraction Map-
ping Principle.

(ii) Ezistence. We know from part (i) that (3.12) has a unique solution u
in C([0,T]; X). We show that u belongs to W1P(0,T; D(A*)") and that

u' = [(A*)* + F()Ju+f in LP(0,T; D(A*)).

We compute the vectorial distributional derivative of u: for k in D(A*) and
¢ € D(]0,T)

T T, t
—/0 e, u(t))é (t)dt:—/O<k,S(t)a:+/0S(t—s)[F(s)u(s)+f(s)] ds>¢ (1) dt
T
_ /O (S* (0, 7)) (8) dt

T
- dt/ds(S*(t—s)k,F(s)u(s)—i—f(s))(b’(t)
0

0
_ /OT<25*(t)k,x>¢(t) dt
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T T d
+ dt/ ds<dtS*(t - s)k,F(s)u(S)+f(S)>¢(t)
0 s
T

- / (S*(8) Ak, 2) (1) dit

0

+/0 dt/ ds{S*(t—s)A*k,F(s)u(s)+ f(s))o(t)
.
+ / (k. F(s)u(s) + 1(5))6(s) ds
T t
-/ <k 4y [S(tm + [[S-s)F$uts)+1(5))
0 0

+ F(t)u(t) + f(t)>¢(t) dt] .

So finally
u' = (A*)*u(t) + F(t)u(t) + f(t) € LP(0,T; D(A*)) (3.16)

and u € W([0,T]; D(A*)) n C([0,T]; X).

Uniqueness.

The proof is similar to the one of Proposition 3.2. It is sufficient to prove that
for x = 0 and f = 0, (3.16) has only the solution v = 0. So first note that
u = 0 is a solution of (*) with u(0) = 0 in W1P(0,T; D(A*)") N C([0,T]; X).
We fix T' > 0 and k in D(A*) and introduce the function v(T,t) = S*(T —t)k.

Then
d

dt <’U(T, t)vu(t»X = <U(T7 t)vF(t)u(t»X

and
T
(T, T),u(T))x = (v(T,0),u(0)) +/O (v(T,t), F(t)u(t)) dt.

So for all k in D(A*)

T
e u(T)) x = /O e, ST — ) F(H)u(t)) dt

and necessarily
T
u(T) = / S(T — t)F(t)u(t) dt.
0

But this means that « is a mild solution for z = 0 and f = 0. So v and 0 are
mild solutions. However since the mild solution is unique u(7T) = 0, VI' > 0.
This completes the proof. a

We now study strict solutions. The proof of the following proposition is
the same as the one of Proposition 3.3 and will be left to the reader.
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Proposition 3.5. The following statements hold:

(i) Assume that F verifies (3.9) and that F(-)x € C([0,T]; D(A)) for any
x € D(A). If, in addition, z € D(A) and f € L?(0,T;D(A)), then
problem (3.8) has a unique strict solution

u € WhP(0,T; X)NC([0,T]; D(A)).
(ii) Assume that F wverifies (3.9) and that F(-)xr € C'([0,T]; X) for any
x € X. If, in addition, v € D(A) and f € WHP(0,T; X), then problem

(3.8) has a unique strict solution

ue CY([0,T); X)NC([0,T]; D(A)).

3.5 Evolution operators

Consider the systems

W/(t) = Au(t) + F(tyu(t) + f(t), t€ [s,T],

{u(S) =z, s€[0,T], (3.17)
u (1) = Anun(t) + F(Hun(t) + f(t), t€[s,T],

{un(S) =z, sel0,T]. (3.18)

The generalization of Propositions 3.4 and 3.5 to these systems is straight-
forward. Then, by Proposition 3.4 we know that system (3.17) (resp. (3.18))
has a unique strong solution. We define the transformations U and U,, of X
as follows:

U(t,s)r =u(t), Up(t,s)z =u,(t), t>0, reX.

As easily seen U(t, s) and U,(t, s) are linear bounded operators in X. The
mapping U
(t,5) = Ult,s): Ar — L(X),

where
Ar ={(t,s): s €[0,T],t € [s,T]},

is called the evolution operator associated with A 4+ F'.

Proposition 3.6. Assume that A is the infinitesimal generator of a strongly
continuous semigroup on X and that F verifies (3.9). Let U be the evolution
operator relative to A+ F and U, the evolution operator relative to A, + F.
Then the following statements are true:

(i) U(-)x is continuous in Arp for any x € X.
(ii) For any x € X, limy, .00 Uy (¢, 8)x = U(t, 8)x uniformly in (t,s) € Ar.
(i) If T >t>s>r>0, then U(t,s)U(s,r) =Ul(t,r), U(s,s) =1I.
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(iv) For any (t,x) € Ar, we have
|U(t,s)| < MeHEE=9) U, (¢, 5)|| < Me@HE =) (3.19)

where K = sup{||F(t)||: 0 <t < T}.
(v) If f € LP(0,T; X)) the strong solution of (3.8) is given by

u(t) :U(t,O):c—i—/O Ut 5)f(s) ds. (3.20)

Proof. Let ws and wg, be the mappings in C([s, T]; X) defined by
t
ws(u)(t) = St —s)x + / S(t —r)F(r)u(r)dr,
t

Wen (w)(t) = Sp(t — s)x + / Sp(t —r)F(r)u(r)dr.

S

If Kk € N we have

_ 1 wtTn _
wh (u) — wf(u”C([s,T];X) < (MKe T)u— Ul ([s,17:X) 5
n!

k k

_ wHTn _
[wg,, (u) — we, (@)] e (s, 17:x) < o (MEe VM =l e s, 135

where wt = sup{w,0}. Thus the statements (i) and (ii) follow by the Con-
traction Mapping Principle. Moreover (iii) and (v) follow from (ii) (since the
analogous statements for U,, are well known). Finally (iv) is a consequence of
the Gronwall lemma. O

3.6 Maximal regularity results in Hilbert spaces and main
isomorphism

We go back to the problem

{u’(t) = Au(t) + f(t), te0,T),

2(0) = = (3.21)

By Maximal Regularity we mean that u’ and Au have the same regularity as
f. We assume that
(i) H = X is a Hilbert space and that
(ii) A is the infinitesimal generator of an analytic semigroup (3.22)
of negative type.
The hypothesis that the type of S be negative is not restrictive since by
the transformation v = e?*u we can change A to A — 6I (cf. Theorem 2.11).

Therefore since S is an analytic semigroup of negative type, there exists M > 0
such that

M
IR\, A)|| < A if ReA > 0. (3.23)
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Remark 3.6. We shall see in §3.7 that maximal regularity can also be studied
in a general Banach space. a

In the first part of this section we study problem (3.21) with «(0) = 0,
that is
"(t) = Au(t t t T
W) = Aul) + £(1), e [0.7) o)
u(0) = 0.

In the second part we will consider the problem (3.21) with u(0) = x and we
shall give conditions on z and f such that maximal regularity holds. This will
naturally lead us to interpolation spaces, which will be studied in detail in §4
and the construction of the main isomorphism.

Assume that f € L*(0,T; H), then by Proposition 3.1, problem (3.24) has
a unique strong solution given by

u(t) —/0 S(t—s)f(s)ds. (3.25)

In order to study the regularity of u it is convenient to use the Fourier trans-
form in H.
For any u € D(R, H) we set

a(k) = / o e~ kty(t) dt. (3.26)

Let {eq}aer be a complete orthonormal system in H. By Parseval’s equality
applied to the scalar function (u(t), e, ), we have

+o0 +oo
1/ |<ﬁ(k),ea)|2dk:/ (u(t), ea) 2 dt, (3.27)

27 —o00 —o00

which implies that

“+o0 +oo
1/ |a(k)|2dk:/ u(t)|? dt. (3.28)

27T — 00 — 00
Then the mapping
u— y(u) =4: DR, H) — L*(R; H)

is continuous with respect to the L?(R, H)-topology and can be uniquely
extended to all L?(R, H). We shall denote by ~(u) or 4 such an extension.

3.6.1 A priori estimates for Au

We first assume that f € D(]0, 00 ; H) and consider the problem
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{u’(t) = Au(t) + f(t), teR,

0 =0 (3.29)

N

where
o Jf(@) ifte]o, T,
1) = {o if t )0, 7.

Due to Proposition 3.1, problem (3.29) has a unique strong solution given by
u(t), if t € [0,T7,
a(t) =<0, ift <0, (3.30)
eT=D4(T), ift>T,

where u is the strong solution of problem (3.24). Since S is of negative type,
we have

a, Au, @ € L*R;H). (3.31)
Lemma 3.3. We have for all f in W42(0,00; H) and T > 0

T T
/ |Au(t)>dt < (M + 1)2/ |f (1)) dt. (3.32)

0 0

Proof. By (3.29) it follows that
+oo ) +o0 ) +oo
/ e My dt = / e Au(t) dt +/ et f dt.
0 0 0

Denote by 4 and f the Fourier transforms of v and f, respectively. Then

iki(k) = Aa(k) + f(k),

so that R
(k) = R(ik, A) f(k),
which implies that A
[Ad(k)] < (M +1)[f(k)],
and by Parseval’s inequality, we obtain (3.32). O

3.6.2 Main result for the case u(0) = 0

As S is a semigroup of negative type, |Az| is a norm on D(A) equivalent to
the graph norm and A is an isomorphism for D(A) onto H. As a result

”u”%/z(O,oo;H) = ||Au||%2(O,OO,H) + Hu/Hiz(O,oo;H)
is a norm on the space
W(2,0; D(A),H) = W"?(0,00; H) N L*(0, 00; D(A)). (3.33)

Such spaces will be studied in more detail in §4.
In view of the previous a priori estimates, we have the following result.
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Proposition 3.7. Assume that (3.22) holds and that f belongs to L?(0,00; H):

(i) Problem (3.24) has a unique strict solution w in W(2,0; D(A), H) and
the following inequality is verified:

[ullw < V2(M + 2)|| £l £2(0,00:) (3.34)
(ii) The linear map
ur—u — Au
: Wo ={veW(2,0;D(A),H): v(0) = 0} — L*(0,00; H) (3.35)
is an isomorphism.

Proof. (i) Given f in L?(0,00; H), we know that (3.24) has a unique strong
solution in all intervals [0,7], T > 0, for which inequality (3.32) holds. In
particular we can let T' go to co and

||AU||2L2(0,OO;H) < (M + 1)||f||2L2(0,oo;H)-
Moreover because u’ = Au + f

||u/||%2(0,oo;H) < (M+ 2)||f||%2(0,oo,H)
and we get inequality (3.34). So u is a strict solution because

u € WH2(0,00; H) N L?(0,00; D(A)).

(ii) As the map u — u(0): W12(0,00; H) — H is linear and continuous,
W is a closed subspace of W. The map (3.35) is clearly linear and continuous.
It is bijective from part (i) because for all f in L?(0, 0o; H), (3.24) has a unique
solution in Wy. Hence (3.35) is an isomorphism. O

3.6.3 The case u(0) = z and the main isomorphism

We now consider the problem

{u’(t) = Au(t) + f(t), tel0,T],

2(0) = (3.36)

In order to complete the isomorphism (3.35) and stay in the space of solu-
tions W(2,0; D(A), H), it is necessary to introduce appropriate interpolation
spaces, which will be studied in details in §4.

Consider the following subspace:

Da (},2) € {u(0): uw e W(2,0; D(A), H)} (3.37)

of H endowed with the quotient norm
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|zl p = inf{||u||w: v W(2,0; D(A), H) and u(0) = x}. (3.38)

D 4(1/2,2) is the space of traces T'(2,0; D(A), H), that will be studied in §4.2.
It will be shown in Proposition 4.3 that this space of traces is isomorphic to
the space of averages (D(A), H )1/2,2 as defined in (4.14). In the variational
literature this space is also written [D(A), H]; /2. It is readily seen that the
map

u— u(0): W(2,0;D(A),H) — Da (},2)
is linear continuous and onto.

Theorem 3.1. The following statements hold:
(i) Assume that (3.22) holds; then the map

urs (v — Au,u(0)): W(2,0; D(A), H) — L*(0,00; H) x D4 (3,2) (3.39)

is an isomorphism. In particular for all f in L*(0,00; H) and x in Da(1/2,2),
problem (3.36) has a unique strict solution in L*(0,00; H).

(ii) Assume that S is an analytic semigroup in the sense of Definition 2.3
in §2.7. Then for each T > 0, the map

U +— (u' — Au, u(O))
s W20, 75 H) 0 L*(0,T3 D(A)) — L*(0,T: H) x Da (3,2)  (3.40)

is an isomorphism. In particular for all f in L*(0,T; H) and x in Da(1/2,2),
problem (3.36) has a unique strict solution in L*(0,T; H).

Proof. (i) The map (3.39) is clearly linear and continuous by construction.
We show that it is surjective and hence an isomorphism by the Open Map-
ping Theorem (cf. K. YosIDA [2, §5, pp.77]). This is equivalent to prove
that for each (f,z) in L?(0,00; H) x D4(1/2,2), there exists a unique so-
lution in W (2,0; D(A), H) to problem (3.36). So for each = in D(1/2,2),
there exists u; in W(2,0; D(A), H) such that u;(0) = z and v} — Au; €
L?(0,00; H). For each f in L?(0,00; H), there exists a unique strict solution
uz in W(2,0; D(A), H) to

uh — Aug = f — (v} — Auq), u2(0) =0

by Proposition 3.7. The sum u = uj+ug belongs to W(2,0; D(A), H), u(0) = x
and

u =u) +uhy=u) + Aus + f — (u] — Auy) = A(ug +ug) + f = Au+ f.

We have constructed a solution u in W(2,0; D(A), H) to problem (3.36).
Therefore the map (3.39) is surjective. It is injective if for f = 0 and z = 0
the only solution uw in W (2,0; D(A), H) is w = 0. But this is true by Proposi-
tion 3.7 (ii).
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(ii) The term u — u’ — Au is well-defined linear and continuous. We only
have to check that for u in W*2(0, co; H)NL? (0, 00; D(A)), u(0) € Da(1/2,2)

or equivalently that there exists @ in W12(0,00; H) N L? (0, 00; D(A)), such
that «(0) = @. It turns out that

Vit tT
G =
u( ) 1+ tu 1+
is such a function since

A&l 2(0,00:21) = 1 AullZ2(0 7.1)

0= LT () - ()
) < T VT ,< tT )‘+ VT < tT )‘

and moreover

U U
1+¢ 1+t 1+1 \1+¢

So @' € L*(0, 00; H) since each of two terms on the right-hand side does.
Now first assume that S is a semigroup of negative type. The map (3.40)

is bijective since for all z € D4(1/2,2) and f € L?(0,00; H) there exists a

unique solution ur in W2(0,00; H) N L?(0,00; D(A)) to the equation

wy — Aup = fr, up(0) ==z,
where fr in L?(0,00; H) is given by
f) f0<t<T,
t) =
fr(®) {o ift>T.
Its restriction u to [0,77] belongs to W2(0,T; H) N L?(0,T; D(A)) and
u=Au+ f, u(0)=ux.

The existence implies the surjectivity and the uniqueness the injectivity.

When S(¢) is not of negative type, wo = wo(S) > 0, fix w > wy and define
S,(t) = S(t)e= @+t Then wy(S,) < —1 and A, = A — (w + 1)I. Consider
for f in L?(0,T; H) and = in D4(1/2,2) the problem

u, — Auy, = fo, uu(0) ==,

where
fot) =e @HDtrw), 0<t<T.

Since S, is of negative type we are back to the previous situation and we
know that there exists a unique solution u,, in W*2(0,T; H)NL?(0,T; D(A))
since D(A,) = D(A). Define
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u(t) = e@tVty (1), 0<t<T.
Then u belongs to W'2(0,T; H) N L?(0,T; D(A)), and it is readily seen that
u=Au+ f, u(0)=ux.
So again we have a bijection and an isomorphism. a

Corollary 3.1. When S is an analytic semigroup in the sense of Defini-
tion 2.3 in §2.7, then for all T >0

{u(0): w e W"2(0,T; H)N L*(0,T; D(A)) } = Da (3,2).

Concerning classical solutions, we have the following results.

Proposition 3.8. Assume that f € L*(0,T;H) and x € H; then problem
(3.36) has a unique classical solution in L?(0,T; H).

Proof. Let u be the strong solution of (3.36). Set
u(t) = S(t)x + v(t).
Then, due to Theorem 3.1, v is the strict solution of the problem
{v’(t) = Av(t) + f(t), t>0,
v(0) = 0.

As S(t)x is analytic for ¢ > 0, it follows that w is a classical solution of problem
(3.36).

To show uniqueness, it is sufficient to show that 0 is the unique classical
solution of the problem

{z’(t) = Az(t), (3.41)

Let z be a classical solution of (3.41); then z verifies (3.41) for any ¢t > 0. We
have

;S(S(t —5)z(s)) =0 forall 0 <s <t
By integrating this between ¢ and ¢t — ¢, we obtain
S(e)z(t —s) =S(t —e)z(e).

As z is continuous, letting ¢ tend to 0 we find z = 0. O
More information on problem (3.36) will be given in §4.
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3.7 Regularity results in C([0,T]; X)

Let X be a Banach space and let A: D(A) C X — X be the generator of an
analytic semigroup S. Let M > 0, N > 0, and w € R be such that

N

ISO1 < M, fA-eDSOI< et om0

3.42
N
1Sl < Met, [(An —w)Su(B)ll < ) €, £>0.
We consider here the problem
!/ —
u(0) =z € X,

where f belongs to C([0,T]; X). We know that the mild solution of (3.43) is
given by

¢
u(t) = S(t)r + / S(t—s)f(s)ds. (3.44)
0
The following results are well known (see, for instance, A. PAazy [1]).

Proposition 3.9. Assume that f € C*([0,T]; X), a € ]0,1[, and z € D(A).
Then problem (3.43) has a unique strict solution

ue CH([0,T); X) N C([0,T]; D(A)).
Moreover
(1) = S(0) (Az + f(2) / AS(t - $)(f(s) — £(1)) ds. (3.45)
Proof. By making the change of variable v(t) = u(t)e™*t, ¢t > 0, it is sufficient

to prove the theorem for a semigroup S(¢) such that w = 0. We first note that
formula (3.44) is meaningful because, by (3.42), we have

|AS(t = 5)(f(s) = F(1)| < Nllflleao.mxlt — 5|77

up(t) = Sp(t)x + /0 Sp(t —s)ds

Then it is easy to check that

Now set

u

() = Sn(t) (Anz + £(2) /A Sult — 5)(f(s) — () ds.

As z € D(A) and |A, S, (t = s)(f(s) = f(1)| < N fllewo.rpxlt = [, we
have, by the Dominated Convergence theorem,
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lim uy, () = S(t)(Az + f(t)) +/0 AS(t —s)(f(s) — f(t)r)ds

n—oo

uniformly in ¢ € [0,7]. It follows that v € C*([0,T]; X) and (3.45) holds.
It remains to prove that u € C([0,T]; D(A)). We have in fact Apu,(t) =
ul, (t) — f(t) so that A(nR(n, A)u,(t)) — u'(t) — f(t) as n — oo uniformly

innt € [0,T]. As A is closed and nR(n, A)u,(t) — w in C([0,T]; X), it follows
that w € C([0,T]; D(A)) and v — Au = f. O

Proposition 3.10. If f € C([0,T]; X) and z = 0, we have u € C*([0,T]; X)
for any o €10, 1].

Proof. Let t > s > 0; then by (3.44), we have

u(t) —u(s) = / S(t—r)f(r)dr+ /OS dr /:T S'(a)f(r) do.
By (3.42) it follows that

lu(t) —u(s)| < MelwlTHf”c([o,T];X)ﬁ — s+ NLelwlTHfHC({O,T];X)a

where
s t—r s t—r
L:/ dr/ do §/ (s—r)*o‘/ o' "% do
0 s—r O 0 s—r
1 S Tl—a t _ (e}
< / (s —r)~%dr|t —s|* < (t=s) .
a Jo l-a «
Thus, the conclusion follows. |

Consider now the special case f = 0. We have the following results.

Proposition 3.11. Set u(t) = S(t)z, and let o € ]0,1] ,T > 0. Then the
following statements are equivalent:

(i) w € C*([0, T}; X),
(ii) supsejo,mt~|S(t)r — x| < oco.

Proof. (i) = (ii) follows from
7 S(t)r — 2| < |lullcao,;x)-
(ii) = (i). If ¢ > s > 0, we have
S(t)x — S(s)z = S(s)(S(t — s)z — )
so that there exists a constant C' > 0 such that

|S(t)x — S(s)x] < Ct — s|°. O
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We set
|z|a = sup {t7¢|S(t)z —z|: a €]0,1[}, (3.46)
+€]0,T)
Dy(a,00) ={z € X: |z|o < 00} (3.47)

D 4(a, 00) is an interpolation space (see §4).
The following maximal regularity result was proved by E. SINESTRARI [1]
(see also G. DA PrATO and P. GRISVARD [1]).

Theorem 3.2. Assume that f € C*([0,T]; X), a €]0,1[, z € D(A). Let u be
the solution of (3.43). Then the following statements are equivalent:

(i) Az + f(0) € D4(a,00),
(ii) w', Au belongs to C*([0,T]; X). Moreover, if (i) or (ii) holds, we have
u'(t) € Da(a,00) and

sup |u'(t)]a < oc.
t€]0,T]

We complete this section with a simple analyticity result.

Proposition 3.12. Let f € C([0,00[; X) and © € X. Assume that f has an
analytic extension in a sector Sy = {\ € C: |arg A\| < 0} for some 0 > 0. Let
0o € 10,7/2] such that the semigroup S is analytic in Sg,. Then if u is the
solution of (3.43), u has an analytic extension in Spng, -

Proof. Follows immediately from (3.44). O

3.8 Examples of nonhomogeneous problems
3.8.1 Parabolic equations

Let 2 be an open set of R with smooth boundary 9€2. Consider the following
initial value problem with Dirichlet boundary conditions: For all ¢ > 0

n

ou ou o0
9t (t,z) = 2 P (ajk(x) oz (t,a:)) + f(t,x), ze€Q,
Jik=t (3.48)

u(t,x) =0, x€ 09,

u(0,2) = uo(z), =€,

where a;i are real continuously differentiable functions in Q and verify the
ellipticity condition (2.89).

Let H = L*(Q2) and let A be the linear operator defined by (2.94). As
proved in §2.9, A is the infinitesimal generator of an analytic semigroup in
H = L?(2). The interpolation space D4(1/2,2) coincides with Hg(€2) (cf.
J. L. LioNs and E. MAGENES [1]).

By using Propositions 3.7 and 3.8, we find the following result.
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Proposition 3.13. The following statements hold:
(i) If f € L3([0,T] x Q) and ug € L*(Q); then problem (3.48) has a unique

classical solution u that belongs to
C([0,T]; L*(Q)) NW2 (e, T; L*(Q)) N L? (e, T; H*(Q) N Hy (),

for any € €10,T].
(ii) If f € L*([0,T] x Q) and up € HE (), then the solution u is strict and

ue WH?(0,T; L*(Q2)) N L*(0,T; H*(Q) N Hy (12)).

For characterization of several interpolation spaces between the domain of
an elliptic operator and LP(€2) or C*(2), see respectively P. GRISVARD [2]
and P. ACQUISTAPACE and B. TERRENI [2]. Similar results can be obtained
for Neumann or more general boundary conditions.

3.8.2 Schrodinger equation
We shall use here the notation of §2.10. Consider the problem: For all ¢ > 0

0 T~ 9 0
8tu(t,:v) = zj;l . (ajk(ac) 8Iju(t,:1c)> + f(t,z), zeq,

u(t,x) =0, x€ 99,
u(0,z) = uo(x), x €.

(3.49)

By using Propositions 3.1 and 3.3, we find the following results.

Proposition 3.14. The following statements hold:

() If f € L?([0,T] x ) and ug € L*(2), the problem (3.49) has a unique
strong solution
u e C([0,T); L*(Q)).

(ii) If f € L*(0,T; H*(Q) N HY(Q)) and ug € H*(Q) N HJ(Y), then the
solution u 1is strict and

w € WH(0,T; L) N C([0, T]; H*(9) N Hy (42)).

(iii) If f € W2(0,T; L3(2)) and uo € H*(Q) N H(Q), then the solution u
is strict and

ue C'([0,T]; L*(Q)) N C([0, T); H*(Q2) N H)()).
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3.8.3 Wave equation

We use here the notation of §2.10 and consider the problem: For all ¢ > 0

9? "9 0
opultz) = > <ajk<sc> . u(t,x>), reQ

et aTk j
u(t,z) =0,z € 99, (3.50)
uw(0,2) = uo(x),
0

We now prove the following result.
Proposition 3.15. The following statements hold:

(i) Assume that f € L*([0,T] x Q), uop € HL(Q), and u; € L*(2). Then
problem (3.50) has a unique strong solution u that belongs to

C ([0, T); Ho () N C* ([0, T); L*(9)).

(i) Assume that f € L*(0,T; H*(Q) N HY(Q)), uo € H2(Q) N HF (), and
uy € HE(Q). Then u is a strict solution that belongs to

C([0,T); H*(Q) N Hy(2)) N CH([0,T]; Hy(2)) N W*2(0,T; L*(2)).

(iii) Assume that f € WY2(0,T5L*(Q)), uo € H*(Q) N Hj(Q), and uy €
H} (). Then u is a strict solution that belongs to

C([0,T); H*(Q) N Hy(22)) N C* ([0, T); Hy(2)) N C> ([0, T; L*(2)).

Proof. Setting

problem (3.50) is equivalent to
U' =AU+ F(t), U(0)= Uy,

where the operator A is defined by (2.94). Now all conclusions follow from
Propositions 3.1 and 3.3. O
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3.9 Point spectrum operators
If L: D(L) C X — X is a linear operator, we set

“(L)y={Neo(L):ReX <0}, (3.51)
t(L)={\€0o(L): ReX> 0}, (3.52)
%(L)={\€a(L): Re) = 0}. (3.53)

g
g

The elements of o~ (L) are called the stable points and those of o* (L) the
unstable points of the spectrum of L.
In this section we are interested in solutions of the equation

u'(t) = Au(t) + f(t) (3.54)
either on all the real line or in [0, +00[. Given
feL*R;X) (resp. L*([0,+o00[ ; X)),

we say that u € L*(R; X) (resp. L?(0,400; X)) is a mild solution of (3.54) if

t
u(t) = eV (a) + / =941 (s)ds (3.55)
for all @ and all ¢ in R (resp. in [0, 400[) such that a < ¢. We will study this
problem under hypothesis (P) below.
We say that a linear operator L: D(L) C X — X in X verifies Assumption
(P) if the following conditions are verified:

Assumption (P).

(i) L is the infinitesimal generator of a strongly continuous semigroup e‘*
on X,
(ii) o°(L) is empty and o (L) consists of a finite set of eigenvalues of finite
algebraic multiplicity,
(iii) there exists € > 0, Nz, > 0 such that

sup{ReX: A€o (L)} < —¢
and
e’ (I = IT)|| < Npe™' vt >0, (3.56)

where 17, is the projector on the subspace of all eigenvectors correspond-
ing to the eigenvalues in o7 (L) defined by

1

H =
L™ oni

/R(/\, L)d\ (3.57)

and « is a simple Jordan curve around o (L) in the open half plane of
all X such that Re A > 0.
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We set
er =X, X, =(-1I.)X. (3.58)

Remark 3.7. Assume that L fulfills (P). Then by hypothesis (ii), X; is finite
dimensional and there exists n > 0 such that

ReA >mn, forall A€ o™ (L). (3.59)

Moreover the subspace er is stable for the semigroup e’, which can be
extended for ¢t < 0 by the formula

1
et = / e RN\, L)d\, teR. (3.60)
211 ~

Finally, by (3.59)—(3.60), it follows that there exists N; > 0 such that
e LT || < Nje™ vt <O0. (3.61)
O

Remark 3.8. Assumption (P) holds in the following cases:

(a) H has a finite dimension and o(4) NiR = @.
(b) el is compact for any ¢t > 0 and o(A) NiR = O,

where (a) is a special case of (b). O

We first study solutions of (3.54) on all the real line.

Proposition 3.16. Assume that A wverifies hypothesis (P). Then if [ €
L*(R, X), equation (3.54) has a unique mild solution u € L*(R; X) that is
given by the formula

—+oo

u(t) = /t eI — I1a) f(s) ds — / eU=IAIT 4 (s) ds. (3.62)

—00 t

Proof. First of all, we notice that formula (3.62) is meaningful due to (3.56)
and (3.61).

Step 1 (Ewistence). Assume first that f € L?(R; D(A)) and let u be the func-
tion defined by (3.62). Then we have

u'(t) = (I —I2)f(t) + A/ AT — 114 f(s) ds

+ ITaf(t) — A/_Oo eI f(s) ds = Au(t) + f(t).

Thus we have proved that if f € L?(R; D(A)), then u is a solution of (3.54).
To prove the existence in general, it is sufficient to approximate f(t) by
kR(k,A)f(t) and let k tend to infinity.
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Step 2 (Uniqueness). It is sufficient to prove that if
ue W (R; X) N L*(R; D(A))

is such that u/(t) = Au(t) for all ¢t € R, then u(t) = 0 for all ¢. In fact for

such a u, we have u(t) = e*u(0), so we must have ITau(0) = 0 and then

IT4u(t) = 0 for all ¢. It follows that for all ¢t > s
u(t) = e — a)u(s),
and, as t — +o00, we find u(t) = 0 by (3.56).

Now we consider solutions of (3.54) in [0, +oo].

Proposition 3.17. Assume that A wverifies hypothesis (P). Then if f €
L?(0,+00; X), the mild solutions of (3.54) in L?(0,+oc0; X) are given by the
formula

t
u(t) = AT~ o+ [ eI~ L)) ds
0
+oo
- / ATy f(s)ds, z€X. (3.63)
t

Proof.  The fact the function in (3.63) defines a solution of (3.53) in
L?(0,+00; X) can be easily checked. Conversely, let u € L?(0,+o00; X) be
a mild solution of (3.54) in L?(0,4+00; X). Then we have

u(t) = et te(t_S)A s)ds
() = e u(0) + [ 0= p(s)a

= NI — IT4)u(0)

t +o0
+ / I — ITa) f(s) ds / AL f(s) ds + v(t), (3.64)
0 t

where

o(t) = ¢4 (nAu(O) + /O T AL (s) ds). (3.65)

Now, v is bounded in L?(—o00,0; X) and by (3.64), v in L?(0, +-00; X ). Thus v
is a bounded solution of (3.54) with f(t) = 0, and, by the uniqueness proved
in Proposition 3.16, it follows that v(¢) = 0 for all ¢. In conclusion u is given
by (3.63) and the proof is complete. O

Corollary 3.2. Assume that A verifies Assumption (P). Let x € X, f €
L2(0,+00; X) and let u be the mild solution of problem (3.1) in L?(0,+o00; X).
Then the following statements are equivalent:

(i) f € L*(0,400; X);
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(ii) the following compatibility condition holds
+oo
Iz +/ e AT f(s)ds = 0. (3.66)
0

Proof. The conclusion follows from (3.64)—(3.65) and Proposition 3.17. O

4 Interpolation spaces

4.1 Notation

We shall consider two Banach spaces Xy and X7 with X continuously and
densely embedded in X;. Denote by |- |o and | - |1 the respective norms of X
and X;. Let £ > 0 be a constant such that

For any p > 1 and i = 0 or 1 we shall denote by LY(X;) the Banach space of
all Bochner measurable mappings u: [0, +00[ — X7 such that

| o

We shall use Hardy’s inequality, which we recall below.

dt
. , < oo (4.2)

Lemma 4.1. Let u: [0, +oo[ — R be measurable and such thatt*u € LP(0, 00)
for some o € 10, 1]. Setting

t
Mu)(t) = / (o) do, (4.3)

0
we have t*M (u) € LP(0,00) and there exists a constant c(c«,p) > 0 such that

£ M (w)]| Lr(0,00) < c(a, )|t || Lr(0,00)- (4.4)

If Z and W are two Banach spaces, we write Z = W to indicate that they
are isomorphic and Z C W if Z is continuously embedded in W.
We shall now give two equivalent definitions of interpolation spaces.

4.2 Spaces of traces T'(p, o, Xo, X1)

For any a € R and p € [1, 00 we shall denote by W (p, r, Xo, X1) the set of
all mappings u: [0, 00[ — X7 such that

t%u € LP(0,00; Xo), t*u’ € LP(0,00; X1), (4.5)

where
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,  du
u =

dt’
When W (p, a, Xo, X1) is endowed with the norm
Bl 0y = N0 0y + 10 W0 o rys (46)

it is a Banach space.
Clearly if u € W (p, a, X, X1), then u is a.e. equal to a continuous function
u in ]0, oo[ with values in X;. We prove now the stronger result.

Proposition 4.1. Letp > 1,0 < a+1/p <1, u € W(p,a, Xo, X1). Then the
limit of u(t) exists, as t — 0, in X1. Moreover, for any T > 0, there exists a
constant Cp > 0 such that for allt, 0 <t < T,

|u(t)|X1 < CTHUHW(p,a,Xo,Xl)- (47)

Proof. We first prove (4.7). Let 0 < a+p !t <1, ' =1—p 1, T > 0 fixed,
s, t € [0,T]. By integrating with respect to s, between 0 and T the identity

we obtain
T T
u(t) =T>"1 {(a + 1)/ s%u(s)ds + / o/ (o) do
0 0

T
—/t [Tt — T/ (o) da}

from which

T T
() gT‘O‘_l(oH—l)/o |sau(s)|ds+2/0 ' ()] dor

As s7* € L9(0,T), by using the Hélder inequality, we find

lu(t)]1 < kT_a_l/p(oH'l)”SQUHLF’(O,oo;Xo)_"HS_a||L‘1(07T)HSQUI”LP(Opo;Xﬂ

and (4.7) is proved. Set now u,(t) = u(t + 1/n); then, as easily checked, u,,

belongs to W(p, «, Xo, X1) and u, — u in W(p, o, Xo, X1). Now by (4.7) it

follows that {u,} is a Cauchy sequence in C([0,T]; X1) and the limit of u(¢),

as t — 0, does exist. |
We now assume that 0 < a +p~! < 1 and consider the mapping

u— yu = u(0): W(p, a, Xo, X1) — X7, (4.8)

which is well-defined by Proposition 4.1. We define the spaces of traces
T(p, o, Xo, X1) by setting
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T(paavXO;Xl) = {.’L‘ € X1: Ju € W(p,a,XO,Xl),u(O) = (E}
T(p, o, X0, X1), endowed with the norm

|x|T(;D,0¢,Xo,X1) = inf{llu”W(p,a,Xo,Xl): U(O) = ,T}, (49)
is a Banach space. We clearly have
Xo C T(p,Oé,Xo,Xl) C X;. (410)

Remark 4.1.1f v € W(p,a, Xo,X1), then clearly, for any ¢ > 0, u(t) €
T(p,OL,XO,Xl) and

[u(®)l7(p.a.x0,x1) < [[Ullw(pa.x0,x1)- (4.11)

It follows by a density argument that
u € C([0,00[; T(p, v, Xo, X1)) for any u € W(p, ar, Xo, X1). (4.12)
O

Proposition 4.2. Letp > 1, 0 < a+1/p < 1. The following statements hold:

(i) The embedding of T(p, o, Xo, X1) in X3 is continuous.
(ii) The embedding of Xo in T(p, o, Xo, X1) is continuous and dense.

Proof. (i) Due to the Closed Graph theorem, it is sufficient to prove that the
embedding
x—x: T(p,a,Xo, X1) — X1

is closable. Let ,, — 0 in T'(p, o, Xo, X1) and z,, — y in X;. We have to show
that y = 0. Let in fact u, € W(p, a, Xo, X1) be such that

1
w0 =0, Jnlwasosy < (14 )lonlrpasos:

This can always be done by definition of the norm in T'(p, «, Xo, X1) as an inf
(cf. (4.9)). Then u,, — 0 in W(p, a, Xo, X1), so that by (4.7) z,, = u,(0) —
0=y in X;.

(ii) Let z € Xo, ¢ € C*°([0,00[: R) such that ¢(t) = 1 if ¢t € [0, ] and
o(t) = 01if t > 1. Setting u = ¢x we have

1 1
T ——— /0 [t ()l dt + /0 [t/ (t)alt dt < const. [af%,

It follows that |#|7(p,a,x,,x) < const.|z|o. This proves the continuity of the
embedding Xo — T'(p, o, X0, X1).

We now prove the density. Let © € T (p, «, Xo, X1). By definition there
exists u € W (p, a, Xg, X1) such that «(0) = x and we can construct a sequence
en > 0, g, — 0, such that u(e,) € Xg. For any such € > 0 define the function
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() ue(t) —u(t), 0<t<e,
=0, t>0.

By construction
2 (t) = =/ (t)x[0,¢1 (1),

where x[o, is the characteristic function of the interval [0, e]. Moreover
122l e = l[t%u'l| Lo (0,6

and t*z. — 0 in LP(0,00; X;) as € — 0. Similarly z. is a measurable function
from [0, oo[ to Xy and we wish to show that the LP-norm of t“z. goes to zero

as ¢ — 0. By definition
p € €
dt = / top / u'(s)ds
0 t

(e o)
ezl = |
0

andfor 0<t<eg l<p<oo,andp l+¢g =1

e 15 1/q
t t

But 1 — ag > 0 and

p

dt

€
e [ 5 dsxio a0
t

because by hypothesis
1—aq=
p—
Therefore

”ta ||p < gl—aq r/q /st P t” [e% /Hp
zZ 3 dt ||s%u Lp-
SR = 1 aq 0 ’

Again by hypothesis ap + 1 > 0 and

€ Eap—i—l
/ tP dt =
0 ap—+1

because
ap+1=plat+pt)>0.
Finally
c(l—aq)l/q  (ap+1)l/q ,
tOt P < « P
|| ZEHL — (1_aq)1/q (Oép+1)1/q HS u HL
and ) 41
-« Q
TP gt =1

q p
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This shows that t*z. € LP(0, co; Xo, X1) and
[t%2c]| 2o < (1 — ag) ™ (ap+1)719||s%U| .
Therefore z. € W(p, o; Xo, X1) and z. — 0. Hence by Remark 4.1
T — 2 =u(ey) —u(0) = 2., (0) — 0

in T(p, a; Xo, X1) as &, — 0.
When p = 1, we have by hypothesis —1 < a <0

€ €
[[t%z]| L2 = / t / u'(s) ds
0 ¢

€
< / t*max s~ dt ||s“u'|| 1
0

t,e)

dt

£
g/ t* e dt||s*u/|| o
0
because
t<s<ege=t*<s¥<e™

Therefore because a« +1 > 0
a+1

lezellr < e ls el = s,
and we reach the same conclusion as for p > 1. This proves the density of X
in T(p,OZ;Xo,Xl) o

Example 4.1. Let Xo = H'(R), X; = L?(R), p =2, a = 0. Then
W(2,0, H'(R), L*(R)) = {u € L*(0,00; H'(R): v’ € L*(0,00; L*(R)) }.
For any u € W(2,0,H'(R),L*(R)) we set a(t,x) = u(t)(z) and RY =
{(t,x) € R®: ¢ > 0}. Then, by Fubini’s theorem, we have
= ot Ot
Tot’ Ox
so that & € HY(RZ) and W (2,0, H}(R), L*(R)) = H*(R?}), whereas
T(2,0, H'(R), L*(R)) = H'/*(R?). 0

e I*(R3)

We now give the Interpolation Theorem.
Theorem 4.1. Let Xy — X1, Yy — Y1 be Banach spaces. Let

7 € L(Xo, Yo) N L(X1,Y1).
Then ifp>1and 0 < a+p~! <1, we have
S L(T(p7a7X07X1)3T(p7a7Y0;Y1))

and

171 o 0y i) < Ity 7y} (413)
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4.3 Spaces of averages (Xo, X1)o,p
For any 6 € ]0,1[ and any p € [1, oo set
Ju;: [0,00] — X;, i=0,1,
t=%uy € LY (Xy),

=% € LE(X1),
x=up(t) =ui(t) ae.

(XO, Xl)g,p =dx € Xy: (414)

and moreover
%] (x0,5x1)0,, = E{I[t ol Lrexo) + £ uall Loy
ct % € LP(Xo), t' "%y € LP(X1)}.  (4.15)

In the variational literature, it is customary to denote by [Xo, X1]¢ the space
(Xo0,X1)g,2. This notation will be used in Chapter 2 and occasionally in the
other parts of the book.

Proposition 4.3. Letp> 1,0 < a+p ' <1,0 =a+p~t. Then we have
(Xo, X1)op = T(p, v, Xo, X1). (4.16)

Proof. We proceed in two steps.

Step 1. We have
T(p, a, Xo, Xl) C (XQ,Xl)gm. (417)

Let z € T(p, o, Xo, X1) and u € W(p, a, Xo, X1) such that x = u(0). Set

— uo(t) :uC) w(t) = —/Ol/tu’(s)ds Zx—u(i). (4.18)

We first check that
t=%4 € LP(Xy). (4.19)

In fact we have
oo dt oo 1\ [P dt
/ [t~ %uo ()]} :/ ‘t‘eu( )
0 t 0 t)]pt

o0 d
=/|&w%3
0 S

o0
= [ o)l ds <l x, x,

and (4.19) is proved. Then we check that

1%, € LP(X,). (4.20)
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0o dt 00 1/t
| ietmer = [ e [T
0 0 0
:/ 59_1/ u' (o) do
0 0
oo 1 S
:/ s* / uw'(o)o
0 $Jo

o0
const./ |s*u' ()|} ds
0

P
const. [Jul[g,

We have

IN

N

a,X0,X1)
due to Hardy’s inequality. Thus the inclusion (4.17) is proved.

Step 2. We have
(X0, X1)op C T(p, v, Xo, X1). (4.21)

Assume that = = ug(t) + u1(t) with t=%ug € LY(Xy), t'7%u; € LE(X1). We
first regularize ug and u; by setting

1

tio(t) = .

t o
/Ouo(s)ds, a1(t) = t/o ui(s)ds. (4.22)

We still have z = g(t) + u1(t). We now set

u(t)—ﬂ0<1) zz—ﬂ1<1) :tfol/tuo(s)ds (4.23)

and prove successively that for § = o+ p~!

tu € LP(0,00; Xo), t*u’ € LP(0,00;X1), u(0)=z.
This will prove inclusion (4.21).

We show (4.24). We have

[ el = [ g
0 0

1/t
:/ té) 1/;D+1/ d0|pdt
0
:/ l/p 0— 1/ UO
0
:/ 7'_9/ o(o )da
0 0

T 2dr

-1 > —0 pdt
dr < counst. [t uo(t)[5 ;
0

0
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and (4.24) is proved.
To show (4.24) consider the following identity:

u'(t) = — /Ol/tul(s) ds + 1u1 (1) (4.24)

and set

J:/ [tu' (t)[}] dt.
0

We have J < AYP 4+ BY/P where
p 00
d, B:/
1 0

o 1/t 1
A :/ ta/ up (o) do to‘_lu1< )
0 0 t

Now, setting 7 = ¢t~ and using once again Hardy’s inequality, we have

A:/ 7'1701/ u1 (o) do
0 0

-
= const. |[t' 7%,

P
dt.
1

P

oo
77Ydr < const. / |71 %%, (1) Prtar
1 0

LY(X1):

oo
BZ/ [T Cun () [Fr 7 dr = ([t ua |l xy-
0

Thus (4.24) follows.

It remains to show (4.24). By Proposition 4.1 the limit o = lim;_.o u(t)
exists in X;. By (4.23) it follows that lim; .o u1(t) = 2 — o = . So we have
to prove that 3 = 0. By Hardy’s inequality we have t'~%%; € LE(X) so that
Jo 7 ==y (¢)[} dt < oo, which implies 8 = 0. O

We now prove some inclusions.

Proposition 4.4. Let p,q € [1,00[,0,w € ]0,1[; then:

(i) if p < q, we have (Xo, X1)o,p C (Xo, X1)o,¢,
(ii) if 0 < w, we have (Xo, X1)o,p C (X0, X1)w,q -

Proof. Let x € (Xo, X1)o,p, ® = uo(t) + w1 (t) with t=ug € LY(Xo), t'~%us €
LE(X1). Choose ¢ € D(]0,00[) such that ¢(t) >0, [° ¢(s)s™ds =1 and set

v (t) = /OOO ¢(S)uj(z> Cf, j=0,1

We have x = vy(t) + v1(t). Moreover, due to Young’s inequality,

t=%j € LP(Xo) N L™®(Xp) C L(Xo),
1%, € LP(X,) N L®(X,) € LY(Xy),

and (i) is proved. Let us now prove (ii). Due to (i) it is sufficient to prove that
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(X0, X1)o,p C (Xo, X1)w,1- (4.25)

Let € (Xo,X1)o,p,  — u(0),t*u € L?(0, 00; Xy), t*u' € LP(0, 00; X1), for
a+p~!t=0. We can assume u(t) = 0 for any ¢ > 1. Using Holder’s inequality
we have

t*~lu € L'(0,00; Xo), t* "'’ € L'(0,00; X1). (4.26)

In fact we have, for instance

1 1
/ 1L (t) o dt = / P10y (o dt
0 0
1 1 1/q ! 1/a p1
/ o u(t)|? dt [ / sw—l—awds} - (W ) / eu()? dt < o.
0 0 p—1 0
Now (4.26) implies that € T'(p,w — 1, X0, X1) = (X0, X1)w,1- O

4.4 Interpolation spaces between the domain of a linear operator
A and the space X

Let X be a Banach space and A be a closed linear operator in X with dense
domain D(A) in X. We assume that p(A) D ]0, +oo[ and that there exists a
constant C' > 0 such that

c
IRA Al <, A>0. (4.27)

Proposition 4.5. Let p > 1, 6 € ]0, 1[; then we have

(D(A), X)ap={z € X: N'PAR(\, A)x € LP(X)}. (4.28)
Moreover the norm |z|(p(ay,x),, 5 equivalent to

2l + NP AR, Az 1o ) (4.20)

Proof. The proof proceeds in several steps.
Step 1.
We have the following inclusion:

(D(A), X)p, C{z € X: N'7PAR(\, A)z € LP(X)}. (4.30)
Let © = ug(t) + uy(t) with t~%ug € LY(D(A)), t'~%u; € LE(X). We have

'O AR(t, A)z =t P (tR(t, A)) Auo(t) + ' (AR(t, A))us (¢).

It follows that

[t~ AR(t, A)z| < Ot ol

1-60 p
(i) L Ol

p
LE(X)

and (4.29) is proved.
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Step 2.
We have
{z € X: N1PAR(\, A)z € LP(X)} C (D(A), X)g.p- (4.31)

Assume that ' “?AR(t, A)x € LE(X) and set

0 ift <1, x ift <1,
uo(t) = . uy(t) = .
tR(t,A)x ift>1, —AR(t,A)z ift>1,

so that ug(t) + ui(t) = z. We have t %ug € LY(D(A)). In fact

< dt < dt
|t = [ et AR A

= [P ARt A2, -

We finally prove that t1=%u; € LE(X). We have in fact

> dt ! > dt
/0 [ty (1) % . :/0 tPA=0=1) 2| dt+/ [t' P AR(t, A)x|? .

< [P AR(t Az} p ) + )|x|x.

p(1— 8

4.5 The case of a strongly continuous semigroup

Proposition 4.6. Assume that A is the infinitesimal generator of a strongly
continuous semigroup S in X of negative type. Then, if p > 1 and 0 € ]0,1],
we have

(D(A), X)p,p ={z € X: 17 [S(t)x — x] € LA(X)}. (4.32)
Moreover the norm |z|(p(ay,x),, 5 equivalent to
2| x + (177 (S () — @) Lr (x)- (4.33)

Proof. Again the proof proceeds in several steps.
Step 1.

We have
z € (D(A), X)g, = t*"1(S(t)x — x) € LP(X). (4.34)

We set

1(5’(75)95 —x)= ! /0 g(s)ds, (4.35)
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where g(s) = (I — S(t — s))u/(s) + S(t — s)Au(s) and u is a function in
W (o, p, D(A), X), a + p~ =6, such that u(0) = z. We have

t%u € LP(O, 00; D(A)),

which is equivalent to tu € LZ(D(A)). Therefore t’g € LY(X) so that
t9=1(S(t)x —z) € LE(X) by virtue of Hardy’s inequality and (4.34) is proved.

Step 2.

We have
7St —z) € L2(X) = 2 € (D(A), X)a,,p- (4.36)

Let v(t) = t~1(S(t)z — ) € LY(X); we have to prove (Proposition 4.5 that
M=YAR(N, A) € LE(X), which is equivalent to show that

AR\, A)x = )\/ e (S(s)x — x)ds.
0
We have

t‘g_lAR(i,A)x = t0_2/ e/t =0 (s) ds :/ v(s)zﬂ(t) ds,
0 0 S S

where ¥(¢) = ¢972¢7¢ € LL(X). By Young’s inequality it follows that
t"“YAR(1/t, A)x € LE(X) and the proof is complete. O

4.6 The case of an analytic semigroup

Proposition 4.7. Assume that A is the infinitesimal generator of an analytic
semigroup S of negative type. Then if p > 1 and 0 € 10, 1], we have

(D(A), X)p, ={z € X: tPAS(t)z € LP(X)}. (4.37)
Moreover the norm |z|(p(ay,x),, 5 equivalent to
| x + [P AS(t)z|| Lo (x)- (4.38)
Proof. Again we proceed in several steps.
Step 1.
We have
t? AS(t)x € LP(X) =t 1(S(t)x — z) € LP(X). (4.39)
As

t=H(S(t)x — x) /AS )z ds,

if tY AS(t)x € LE(X), we have, by Hardy’s inequality, identity (4.37).
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Step 2.

If v(\) = M7PAR(\, A) € LE(X), we have t=? AS(1/t)x € LY(X) and then
t? AS(t)x € LE(X). The conclusion follows from Young’s inequality and the
following identity:

1 1 dX
—0 A/t 0
t AS(t):c o /76 (A/t)v(N) )\

where the path 7 is chosen as in §2.7 (Theorem 2.10). O

Remark 4.2. By (4.12) in §4.1, if H is a Hilbert space and A is the infinitesimal
generator of an analytic semigroup, then

W20, T; H) N L*(0,T; D(A)) c C([0,T); Da(3,2)),
where D4(3,2) =T(2,0;D(A),H) = (D(A),H)1/22. O

Ezample 4.2. Let X be a Banach space and set E = LP(R; X), p > 1. Then
the linear operator on E defined as

Au=1/, D(A)=W'P(R;X) (4.40)
is the infinitesimal generator of the semigroup
(S(t)u)(s) = u(t + s). (4.41)

By Proposition 4.6, it follows that u € (D(A), X)) , if and only if

0,
oo —+oo

/ / tep—p—1|u(t +5) —u(s)|Pdtds < +o0. (4.42)
0 —00

We set
(WHP(R; X), LP(R; X)), = W' PP(R; X), p>1,0€]0,1[  (4.43)
O

Example 4.3. Let H be a Hilbert space and A be a self-adjoint negative oper-
ator on H. Then A is the infinitesimal generator of an analytic semigroup S
(see §2.2.1). Given the spectral family E) associated with A, we have

0

AS(t)x = / NeMdE\(z), t>0, x€ H (4.44)
_0

AS(t)a]? :/ N2ePMA|Ey ()2, t>0, z € H. (4.45)

Let z € (D(A), H)g,2. Due to Proposition 4.7, this is equivalent to
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+oo
/ t20- Y AS(t)x)? dt < co. (4.46)
0

On the other hand, we have

“+o0 0 400
/ t29—1|AS(t)x|2dt:/ d|E,\(:z:)|2/ NZPALg20=1 gy
0 0

0
=102 [ (AP TdE @)
=TI(20)27%|(—A) 2%, (4.47)
that is
(D(A)v H)0,2 = ((714)176)7 (448)
where (—A)!=? is the (1 — #)-th fractional power of the positive self-adjoint
operator (—A) (cf. F. RiESz and B. Sz.-Naagy [1]). O

4.7 The interpolation space [X,Y ]y

In §4 we have described the so-called “real interpolation methods” to construct
the interpolation space (X,Y )y p. “Complex interpolation methods” can also
be used to obtain interpolation spaces that are denoted by [X,Y]s. The nice
feature of [X,Y]y is that it only depends on one parameter. In general real
and complex methods yield different interpolation spaces (cf. H. TRIEBEL [1,
p. 15 and pp. 55-59]). However, for p = 2 and two Hilbert spaces X and Y
such that X C Y, the spaces coincide

[X,Y]o = (X,Y)go

(cf. H. TRIEBEL [1, Remarks 3 and 4, p. 143]).

This discussion is important because in the variational literature, the nota-
tion [X, Y]y is widely used. For instance, in J. L. LIONS and E. MAGENES |1,
Volume I, Chapter 1, §15, p. 108 and comments in §17, pp. 113-114], the
authors use as a definition of [X, Y]y for two Banach spaces X and Y (which
are contained in a locally convex topological vector space @, X C &, Y C &,
with continuous injection of X into Y')

{a:ae X +Y,t7OHVDK(t a; X,Y) € L(0,00)},
where

K(t,a; X,Y) = inf_[|aolk + t2flar]|7]'2

oTair=a
for ap € X and a; € Y. But this coincides with the definition of (X,Y)g o
given by H. TRIEBEL [1, §1.4.2, p. 29].
As a result in Remark 4.2

DA(%J) = (D(A)aH)l/Z,Q = [D(A)aH]l/Q
and in Example 4.3 (cf. Equation (4.48))
[D(A), H]p = (D(A),H)g» = D((—A)').
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5 Fractional powers of dissipative operators

We shall not attempt to duplicate the general theory, which is available else-
where. We simply quote a certain number of definitions and results from
H. TANABE [1, Chapter 2, §2.3] and A. Pazy [2, §2.6] for operators defined
on a Hilbert space H. Our objective is to use this material in §6 to establish
the connection between the interpolation space [D(A),H]g = (D(A),H)g2
and the domain D ((—A)'~?) of the fractional power of (—A) for the infinites-
imal generator A of a strongly continuous semigroup. It turns out that when
A is the infinitesimal generator of a strongly continuous semigroup, we shall
always speak of the fractional powers of the operator —A. To avoid carrying
a minus sign everywhere, it is customary to present the theory for a general
operator A instead of —A. With this warning we proceed in the traditional
manner.

Definition 5.1 (H. TANABE [1, Definition 2.3.1, p. 32]). Let A be a closed
linear operator densely defined in a Hilbert space H. The operator A is said
to be of type (w, M) if:

(i) Jw, 0 < w < m, IM > 1, such that
p(A) D {X\: |arg | > w}, VA<O0, [AA-N"1 <M,
(ii) and Ve > 0, M, > 0 such that
[AMA=XN)"Y < M., VA |arg)| > w +e. O

Remark 5.1. The type (w, M) of an operator A is not to be confused with the
type wo(S) of a strongly continuous semigroup {S(t)} as defined in (2.8) of
§2.2. O

For analytic semigroups {S(¢)} such that
Je>0, Ja>0, [SH)z|<ce x|, VzeH, (5.1)

with infinitesimal generator A, (—A) is of type (w, M) for some w < 7/2 and
M > 0 (cf. Assumption A in §2.7). It is also known that an operator A is
maximal dissipative if and only if (—A) is of type (7/2,1). Thus the class of
operators of type (w, M) is certainly not empty.

Assume that A is a linear operator of type (w, M) on H and that A~! is
bounded. In this case, there exists a neighbourhood U of 0 such that

p(A) DS dof {A\: |argA| > w}UU. (5.2)
With this assumption we can construct a contour I similar to the one in §2.7
and define for all & > 0 the bounded linear operator

1

AT =
2711

/ AT(A =) "ta (5.3)
r
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It is easy to see that Ker[A~*] = {0} and that the following definition is
meaningful for a > 0:

D(AY) = R(A™®), A®=(A"*)"1
For oo = 0, we set A =T.

Proposition 5.1 (H. TANABE [1, pp. 35-39]). Given a linear operator A of
type (w, M) such that A=t is bounded, then:

(i) A% is a closed operator with a dense domain,
(ii) if 0 < a < B3, then D(A®) D D(AP),
(iii) for all @« >0, 5 >0

AP = A AP = AP A~ (5.4)

(iv) if 0 < e < 1, then A% is of type (aw, M),
(v) for 0 < o < B < 1, there exists ca,3 > 0 (dependent only on M, «, 3)
such that

Vu € D(AP), || A% < capl| APul| /P ||u|t—/5. (5.5)
We now specialize the above results.

Definition 5.2. The operator A is said to be accretive (resp. mazimal accre-
tive) if -A is dissipative (resp. maximal dissipative). O

The reader is referred to §2.6 for a study of the properties of dissipative
operators.

Lemma 5.1 (T. KaTO [3, Lemma A.6, p. 272]). If A is a closed and mazimal
accretive operator in the Hilbert space H and

36 > 0 such that Yu € D(A), Re(Au,u) > §(u,u), (5.6)
then for o, 0 < a < 1,
Vu € D(A%), Re(A%u,u) > 0%(u,u). (5.7)

Theorem 5.1 (T. KATO [3, Theorem 3.1, p. 258]). If A is a closed mazimal

accretive operator in the Hilbert space H, then for o, 0 < a < ;, A% is a
closed maximal accretive operator and
D(A%) = D(A*) (5.8)
and there exist constants m1 > 0 and mo > 0 such that
Vu € D(A), m| A% < ||A*ul] < malA%u||. (5.9)

For analytic semigroup such that (5.1) is verified, we have the following
results.
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Theorem 5.2 (A. PAzY [2, Theorem 6.13, p. 74]). Let —A be the infinitesi-
mal generator of an analytic semigroup T(t). If 0 € p(A); then:

(i) T(t): X — D(A*), Vt > 0, Va > 0,

(ii) V& € D(A%), T(t)A% = A°T(t)z,

(iii) Vt > 0, A*T'(t) is bounded and there exist My, > 0 such that

AT (t)|| < Mot~ %e™°, (5.10)
(iv) for all @, 0 < a« < 1,

Jea >0, Vz€ D(AY), |T()z— 2| < cat®|A%z]. (5.11)

6 Interpolation spaces and domains of fractional powers
of an operator

In this section we use the notation [X, Y]y as introduced in §4.7 with X and
Y two Hilbert spaces with continuous injection of X into Y.

We have seen that for a negative self-adjoint operator on a Hilbert space,
it is possible to define the a-th fractional power (—A4)%, 0 < a < 1, of —A.
Example 4.3 in §4.6 shows that the domain D((—A)®) of the operator (—A)®*
is isomorphic to the interpolation space

[D(A)vH]lfa = (D(A)vH)lfa,Q- (61)

The same type of construction can be repeated for maximal dissipative oper-
ators, and J. L. LIoNs [2] showed that

D((—=A)*) 2 [D(A),H)i—a, 0<a<l. (6.2)

Moreover it was also known (cf. T. KATO [2, Theorem 3.1, p. 258]) that for
that class of operators

D((=A)*) =D((-4")™), 0<a<3. (6.3)

These results were extended by A. YAGI [1] to include differential operators
that are not generally maximal dissipative.

In this section we essentially give an English translation of A. YAaI [1]’s
note to the Comptes Rendus. It is useful to recall the following definitions,
notation, and relations, which have been used in §3 through §5 (cf. (3.37)—
(3.38), (4.14)—(4.15)), for a Hilbert space H

DA(6,2) ¥ T(2,0; D(A),H), 0<0<1,
[D(A),H)g = (D(A),H)g2, 0<6<1.
Moreover by Proposition 4.3 we know that for all 8, 0 < 6 <<1

Da(60,2) =T(2,0; D(A), H) = (D(A), H)p.2 = [D(A), Hlp. (6.4)
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Theorem 6.1 (A. Yacr [1]). Let A be a linear operator of type (w, M) on a
Hilbert space H such that A~ is bounded in H. Denote by A* the adjoint of
A. Then the following conditions are equivalent:

(i) for all 6,0 <6 <1,

D(A”) = [D(A),H]i—¢ and D(A*") = [D(A*), H]i_o; (6.5)
(ii) there exists o, 8, 0 < o, 8 < 1, such that

D(A%) C [D(A),H)1_o and D(A*P) C [D(A*),H]1_5;  (6.6)

(iil) there exists o, 5, 0 < a, 3 < 1, and there exists constants M, > 0 and
Mﬂ* > 0 such that

) 1/2
{ / A%-lnAl-a(A+A>—1f||%ds} < Mallfllu, Vf e H: (67)
0
00 1/2
{ [ ia000 0 glds | < M3lola, voe H. 68)

(iv) the holomorphic function A=%: {z : Rez > 0} — L(H, H) (and hence the
holomorphic function A*(_Z)) can be extended to a strongly continuous
function from {z: Rez >0} to L(H, H).

Theorem 6.2 (A. YAa1 [1]). Assume that A is a linear operator that verifies
the conditions of Theorem 6.1:

(i) If there exists v, 0 < v < 1, such that
Ve, 0<6<~, [D(A),H]1_o=[D(A"),H]i-¢, (6.9)

then condition (ii) of Theorem 6.1 is verified.
(ii) If there exists v, 0 < v < 1, such that

Vo, 0<0 <y, DA% =D(A*), (6.10)
then condition (iii) of Theorem 6.1 is verified.

Corollary 6.1. Under the hypotheses of Theorem 6.1 and for some v, 0 <
v < 1, the following statements are equivalent:

(1) VG, 0<f< ) [D(A)vH]l—G = [D(A*)vH]l—ea
(ii) V0, 0 < 6 < v, D(A?) = D(A*9).

With the above results and Theorem 5.1 in §5 we can now complete the
picture for closed maximal accretive operators.
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Proposition 6.1. Assume that A is a closed mazximal accretive operator in
the Hilbert space H for which A™' is bounded in H. Then

D(A%) = [D(A), H1 9, D(A*") = [D(A%),H]; 4, 0<0<1, (6.11)
and
[D(A),H]1—¢ = D(A?) = D(A*") = [D(A*),H)1—9, V0, 0<6 < 1. (6.12)

Proof. From Theorem 5.1 D(A?) = D(A*%), 0 < 6 < 1/2. Thus from Theo-
rem 6.2(ii) and the equivalence of (i) and (iii) in Theorem 6.1 we obtain (6.11)
and a portion of (6.12). O

Therefore Proposition 6.1 generalizes the result of Example 4.3 in §4
for negative self-adjoint operators that generate an analytic semigroup on
a Hilbert space.

Using the results of P. GRISVARD [1], we can now complete the theory
on elliptic operators corresponding to regular boundary problems. We quote
from A. Yacr [1]. Let Q be a bounded open domain in R” with an infinitely
differentiable boundary I'. Let A(x; D) be a differentiable operator of order
2m with infinitely differentiable coefficients in 2, and let {B;(x; D)}1<i<m
be m boundary differential operators of order m; < 2m — 1 with infinitely
differentiable coefficients on I'. Assume that

(a) A(x; D) is properly elliptic in © (cf. J. L. Lions and E. MAGENES [1,
Volume 1, Chapter 2, §1.2, Definition 1.2]),

(b) {Bj(z; D)}1<j<m is a normal system on I" (cf. J. L. LioNs and E. Ma-
GENES [1, Volume 1, Chapter 2, §1.4, Definition 1.4]),

(¢) A(z; D) and {B;(x;D)}1<j<m verify the conditions in H. TANABE [1,
Chapter 3, Theorem 3.8.1] for § = 7.

Under the above assumptions define an operator A in L?(Q) as follows:

D(A) ={ue H*™(Q): Bj(z;D)u=0 on I,1<j<m},
Au = A(z; D)u. (6.13)

Ais called a realization of A(x; D) in L?(Q) under the boundary conditions
{Bj(z; D)} 1<j<m. Its adjoint is given by

D(A*) ={ve H*™(Q): Cj(z;D)v =0 on I,1<j<m},
A*v = A(z; D) v, (6.14)

where {C}(z; D) }1<j<m is the adjoint system of {B;(x; D)}1<;<m. The space
D(A) (resp. D(A*)) will also be denoted HZ™(£2) (resp. HZ™(2)) when they
are identified with a subspace of H?™(£2). In fact from the a priori estimates
for elliptic operators the two spaces coincide because the graph norm of D(A)
(resp. D(A*)) is equivalent to the one of H?™ ().

To check condition (i) in Theorem 6.2, it is sufficient to find a constant =,
0 < v < 1, such that
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[HE"(Q), HO(Q)],_, = [HE"(Q), H(Q)],_,, 0<0<~. (6.15)

But according to P. GRISVARD [1] or J. L. LioNs [3, Volume 2, Chap-
ter 4,Theorem 14.4], the interpolation spaces are specifically characterized
by

[HE™(Q), H ()], _,
Bj(z;D)u=0 onlI, m;<2mf— %}

= e H™9(Q):
{u ) Bj(z; D)u ELgl/Q(Q), m; = 2mbh—

where L%l/Q(Q) denotes the space of functions ¢ such that d(z, I')~/2p €

L2(£2). A similar characterization holds for [HZ™ (), H(2)]1—_¢. So in partic-
ular for all 6,0 < 6 < 1/4m,

[HE"(Q), H(Q)],_, = H*°(Q) = [HF"(Q), H*(Q)],_, - (6.16)
Hence from Theorem 6.2 (i)
Ve, 0<6< 1 , DA% = D(A*) (6.17)

dm
and from the equivalence of (i) and (ii) in Theorem 6.1 for all 6, 0 < 6 < 1,

D(A?%) = [HE"™ (), H°(Q)] D(A*) = [HE™ (), H°(Q)]

1-6" 1-6"
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Variational Theory of Parabolic Systems

1 Variational differential equations

A complete treatment of variational differential equations is beyond the scope
of this book. We shall mainly quote some results from the books of J. L. Li-
oNs and E. MAGENES [1]. In order to motivate the chosen constructions and
models, we give a series of classical examples. We assume that the reader is
familiar with Sobolev spaces and their properties.

In this chapter we use a notation that is slightly different from Chapter 1.
This notation is standard in books using the “variational theory.”

Notation 1.1. Let X and Y be two Hilbert spaces such that X C Y. In that
case the interpolation spaces (X,Y )y, with p = 2 and [X,Y]y coincide for
0 <6 <1 (cf. Chapter 1 §4.7). We shall use the notation [X,Y]s, 0 < 6 < 1.

O

In addition recall that the operator A that will be used throughout this
chapter will correspond to —A in Chapter 1 whenever it describes the same
system (cf. Chapter 1, §5 and §6).

1.1 Distributed control

Let T > 0 be a real number and let Q be a bounded open subset of R” (n > 1,
an integer) with “sufficiently smooth” boundary I". We use I" rather than 9%
as was done in Chapter 1 because the notation is more in line with the liter-
ature on variational equations. Following J. L. LioNs and E. MAGENES [1],
introduce the cylinder

Q=0x]0,T[, X¥=TIx]0,T], (1.1)
the coefficients

aij € LOO(Q), 1<, 5<n, apg € LOO(Q) (12)
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and the bilinear form

Op 0
t;p, ) = Z/a” x,t) aia;/}i daer/an(:c,t)cm/)d:z:. (1.3)

1,7=1

1.1.1 Homogeneous Dirichlet boundary conditions

Choose L*(Q) or equivalently L?(0,T; L?(2)) as space of control functions u.
Consider the boundary value problem

oy .
A(t)y + at =u mn Qa
y=0 onl, (1.4)

y(x,0) =y (z) inQ,
where .
At =-32 " (aij (2,1) §Z> + aolz, ). (1.5)
Introduce the spaces
V =H}Q), H=L*Q) (1.6)

and the continuous dense injection
iV — H. (1.7)

Identify the elements of the dual H' of H with those of H. This results in the
injections

viE=H SV, (1.8)
where i* denotes the (topological) transposed of the continuous linear injection
1.

The system of equations (1.4) can now be written as a “variational differ-
ential equation” in V', the topological dual of V. A more precise definition
of this terminology will be given in §2. To see this multiply both sides of the
first equation (1.4) by an arbitrary element v in V' and use Green’s formula
for the term A(t)y

/A tyvdx = a(t;y(t),v). (1.9)
For allvin V

/8tvdx_ (t), ), (1.10)

_ya

where (-, -) denotes the inner product in H. This readily suggests to interpret
the time derivative of y as an element dy/dt of V' because the linear functional
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Ay "
v 8tvdx: (T u(t),v)v —a(t;y(t),v): V—-R (1.11)
Q

is continuous ({-,-)v denotes the duality pairing between V' and V). Thus
(1.10) is equivalent to the following equation in V"

dy

At =1

By + 5 =i

where A(t) is now interpreted as the continuous linear map from V to V'
defined by

u, y(0) =", (1.12)

The idea is now to look for a solution y of (1.12) in the space

dg

wqmzu_.{¢ezﬂ«LIzV):dteJPaszvq}, (1.14)

where the time derivative must be carefully interpreted as a distributional
derivative with values in V’. It can be shown that system (1.12) has a unique
solution y in W(0,T) for every y° in H under the following “coercivity” hy-
pothesis:

Ja >0 such that V¢ € R",

n

Z a;j(z,t):& > 04251-2, a.e. in Q. (1.15)

i,j=1 i=1

From the control point of view, the space of controls is U = L?*(2) = H, the
space of control functions is i = L2(0,T;U), and the control operator

B:U—H (1.16)
is the identity operator. With this notation system (1.12) can be rewritten as

dy

A(t)y + it

=i*Bu, y(0)=1y". (1.17)

In general when the control operator is continuous on H = L?(£2) we say that
it is a “distributed control operator.”
1.1.2 Homogeneous Neumann boundary condition

As in the first example we choose control functions w in L2(0,7; L?(£2)) and
consider the following boundary value problem:

dy .
A(t)y + o = u in Q,
“ =0 onlk, (1.18)
Ovy

y(z,0) =y"(z) inQ,
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where A(t) is given by (1.5),
v= V1, yVn)
is the unit external normal to I, and
n

9y _ Z aij(;g,t)gjj vj (1.19)

i,j=1
is the conormal derivative of y with respect to the operator A. Here we choose

V=HYQ), H=L*Q) (1.20)

and still denote by ¢ the continuous injection of V' into H. We proceed as in
the first example and obtain the variational differential equation (1.17). To
obtain the existence of a solution here, we need to add to hypothesis (1.15)
that

ap(z,t) > «, a.e. in Q. (1.21)

1.2 Boundary control condition

1.2.1 Control through a Neumann condition

In this example the space of control functions u is L?(X) or equivalently
L?(0,T;U) with U = L?(I'). The associated boundary value problem is

Oy .
A(t)yy + ot =0 inQ@,
% _ . on 5, (1.22)
81/A

y(@,0) =y°(z) nQ,

where A(t) is given by (1.5) and dy/dv,4 is the conormal derivative (1.19)
with respect to the operator A. We choose the same space V and H as in the
example of §1.1.2.

To transform system (1.22) into a variational differential equation in V’
we again use Green’s formula: For all v in V = H'({)

/A tvdx = a(t;y(t) /3y dr
(91/,4
=a(t;y(t),v) — / u(t)vdrI.

r

So for all v in V

+/Q fﬁvdx = /Fu(t)v dr, y(0) =" (1.23)
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Here we define the control operator B: U — V' as follows:
(Bu, )y = / upirdl, uweL*(I'), ¢ €V. (1.24)
r

It is linear and continuous because the trace operator
¢ — ¢lr: V=HYQ) — HY*(I) (1.25)
and the injection of H'Y/?(I') into L?(I") are continuous. The final result is

the variational differential equation

Aty + ° = Bu, y(0)=y". (1.26)

dt

By its very nature, B is a “boundary control operator.” It is never a continuous
linear map on L?(2). System (1.26) has a unique solution in W (0,T') under
hypotheses (1.15) and (1.21).

1.2.2 Control through a Dirichlet condition

Consider the boundary value problem

Altyy + gﬁ —0 nQ,
y=u on X,

y(z,0) =y’(x) inQ,

where A(t) is given by (1.5). Here the control enters as a Dirichlet condition
on I'. This problem cannot be transformed into a variational problem by
integration by parts. We shall see in §2.1 and §2.4 that this more delicate
problem can be handled by the Method of Transposition. However, after a
change of variable, it can also be put in variational form.

1.2.3 Point controls

Another boundary value problem that is not amenable to a variational equa-
tion by integration by parts is when the control is achieved through a finite
number of points (or locations) in the domain . We shall see in §2.2 and §2.4
that this problem can be handled by the Method of Transposition for domains
in R", n <3.

1.3 Main theorem

The main theorem that we shall quote is one of several isomorphism theorems,
which can be found in J. L. L1oNSs and E. MAGENES [1], Volume 1, Chapter 3,
Theorem 1.1 and Examples in §4.7].
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Let V and H be two Hilbert spaces with the following notation:

|| (vesp. || - ||) is the norm in H (resp. V),

H' (resp. V') is the topological dual of H (resp. V),
(+,-) is the inner product in H,

(-, )y is the duality pairing on V' x V.

We assume that there is a continuous injection i: V' — H and we identify the
elements of H' with those of H:

VS H=H <V, (1.27)
Given a fixed real number 7" > 0 and a family of continuous linear operators
Aty e L(V,V"), 0<t<T, (1.28)
we make the following assumptions:
Yo,w eV, t— (A(t)v,w)y is measurable on ]0,T'[ (1.29)
and for all ¢ € [0,T], 3¢ > 0, such that

[(A@)v, w)v| < cfv]| : [Jwl] (1.30)
and Ja > 0 and 3X € R such that
Yo eV, (A(t)v,v)y + N> > a|jv|?. (1.31)
Assumption (1.31) is known as the V—H coercivity of A. Define the space
d
W(0,T) = {y € L2(0,T;V): dlt’ € LQ(O,T;V’)}, (1.32)

where the derivative is to be interpreted as a vectorial distributional derivative
with values in V.
Given
fer?*o,1;v"), e, (1.33)

we consider the variational differential equation

A+ Y =1y =y (134

Notation 1.2. In this chapter we use the notation A(t) of the variational lit-
erature. When A(t) = A (independent of ¢), the infinitesimal generator of the
associated semigroup will be —A (cf. Chapter 1, §2.7, Thm 2.10). O

Theorem 1.1. Under assumptions (1.27) through (1.33), equation (1.34) has
a unique solution y in W(0,T) and the map

dy

Y - (A(t)y + y(O)) L W(0,T) — L*(0,T; V') x H (1.35)

is an (algebraic and topological isomorphism).
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Proof. See J. L. LIONS [4, p. 116, Theorem 1.2] for the case where V is
separable. For a more general and modern proof, the reader is referred to
J. L. Lions and E. MAGENES [1, Volume 1, Chapter 3, §4, Theorem 4.1]. O

Remark 1.1. It is important to notice that the operators A(t) are neither
assumed to be self-adjoint nor invertible. In particular when H = R" (n > 1,
an integer) and the elements of the matrix A are L*°-functions, the V-H
coercivity assumption (1.31) is verified along with all other hypotheses. O

Each element of W(0,T) can be identified with a unique function in
C([0,T]; H) and the injection

W (0,T) < C([0,T); H) (1.36)

is continuous (cf. J. L. L1ioNs and E. MAGENES [1, Volume 1, Proposition 2.1,
p. 18 and Theorem 3.1, p. 19]). This gives a pointwise meaning to y(t), 0 <
t < T, as an element of the space H so that y(0) in (1.34) is well defined.

If we define the adjoint operator A*(t)

(A*(t)v,w)y = (A({t)w, v)y, (1.37)
then the map
v (A*(t)v - ‘Z,U(T)> L W(0,T) — L*0,T;V") x H (1.38)

is also an isomorphism. In §2, we shall see how a smooth version of the “adjoint
isomorphism’ can be “transposed” to deal with examples that cannot be
directly modeled by the variational differential equation (1.34).

1.4 A perturbation theorem

Theorem 1.2. Assume that the hypotheses of Theorem 1.1 are verified. Let
6 €10,1] and
K(t): [V,Hlg — [V,H],_y, 0<t<T, (1.39)

be a family of continuous linear operators such that
Vo € [V,H]g, t~— K(t)v belongs to L>(0,T;[V,H]{_g). (1.40)

Then the operator A + K is V-H coercive and the variational differential
equation

dy

(AW + KOy + ) =

feL?0,7;v), y0)=y"cH (1.41)

has a unique solution y in W(0,T).
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Proof. Tt is sufficient to show that A + K is V—H coercive: there exist g > 0
and p € R such that

Yo eV, ([A(t) + K(t)]v,v)v + plof® > pol|*.
By hypothesis on A
Ja >0, IAeR suchthat Yo eV, (A(t)v, v)v + Av]? > aflv|*.
So for any p € R
@ = ([A0) + KO, o)y + ol
> alloll® + (= N> = 1K@l v, m.v.m1_plvlelvlie,

where |v]g is the norm in [V, H]p. By hypothesis (1.40), there exists a constant
k > 0 such that

ess sup | K (t)| (v, myp,(v.m1,_,) < k-
[0,7]

Moreover from J. L. LioNS and E. MAGENES [1, Volume 1, Proposition 2.3]
or Proposition 5.1(v) in Chapter 1 (cf. also §4.3)

YweV, |vlg=vly.m, <cllv]’]'°.
Therefore there exists ¢ > 0 such that

klololvl1-¢ < cflv]|v]

and

1 o c @ c o c?
ellollel = 2e5 /oy ot < 01 + o] = ol + € o

Finally

2 2
o c 3a c
o alll 4 (= NP2 = 1ol = ol = *5 ol + (1= A= o

for 4 > A+ c?/a. So we can choose 3 = 3a/4, and this completes the proof
of the V—H coercivity of A + K. O

1.5 A regularity theorem

We now present a regularity result for variational differential equations due to
C. BARDOS [1]. This type of result is useful at various stages in the analysis of
optimal control problems. It can also be used in the construction of “smooth
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adjoint isomorphisms” that are the primary ingredients in the “Method of
Transposition.”
We go back to the definitions, notations, and hypotheses (1.27) to (1.32)
of §1.3. We denote by
Ax(t) = A(t) + AT (1.42)

the operator associated with the A for which the V-H coercivity assumption
is verified. So for each ¢
Ax(t) € L(V, V') (1.43)

is an isomorphism that also induces an isomorphism
Ay € L(L*(0,T;V), L*(0,T; V")), (Axv)(t) = Ax(t)v(t). (1.44)
For each t € [0,T], we define the domains of A(t), A, Ax(t), and Ay

D(A

(t)) ={veV:Alt)ve H},
D(A) = {we L*0,T;V): Aw € L*(0,T; H)},
(A)\(t)) ={veV:A\(t)v € H},
D(Ay) = {w € L*(0,T;V): Ayw € L*(0,T; H)}.
It is readily seen that
D(AA(t)) = D(A(t)), D(Ay)) = D(A). (1.45)
The unbounded operator
Ax(t): D(A(t)) — H(resp. Ax: D(A) — L*(0,T; H)) (1.46)

is an isomorphism when D(A(t)) (resp. D(A)) is embedded with the graph
norm topology of A(t) (resp. A) (cf. T. Karo [2], T. Karo [3], J. L. LI-
ONS [2]).

Define the adjoints A*(t) and A* of A(t) and A

(A*(t)v,w)y = (A(t)w,v)y, Yo,w eV,

(1.47)
(A*f,9)r20.1v) = (A9, rz01v), V. g€ L*(0,T; V).
Similar definitions for A, (¢t) and Ay yield
AS(t) = A*(t) — M, Ay = A5 — ). (1.48)
Moreover, for t € [0,T], Ax(t) and Ay are isomorphisms
Ay(t) e L(V, V'), A} e L(L*(0,T;V),L*(0,T;V")). (1.49)
As we did for A define
D(A*(t)) ={veV: A*(t)v € H}, (1.50)

D(A*) ={f € L*(0,T;V): A*f € L*(0,T; H)}.
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Analogous definitions for A, (t) and Ay yield
D(A3() = D(A*(1), D(43) = D(A"), (1.51)
and the unbounded linear operator
A5(t): D(A*(t)) — H, A}: D(A*) — L*(0,T; H) (1.52)

are isomorphisms when D(A*(t)) and D(A*) are endowed with their respec-
tive graphs norm topology.

The adjoint of Ay (t)* (resp. A}) can be considered as an extension of A (t)
(resp. Ay) because it coincides with it on D(Ax(t)) (resp. D(Ay)). With that
convention the linear maps

AN(t) € L(D(A®), H) N LV, V)N L(H, D(A* (1)),
A\ € L(D(A),L*(0,T; H)) N L(L*(0,T;V),L*(0,T; V"))
NL(L*(0,T; H),D(A*)") (1.53)

are isomorphisms. Similarly,

A5(t) € L(D(A*(t), H) N L(V, V') N L(H, D(A(t))"),
A} € L(D(A*),L*(0,T; H)) N L(L*(0,T; V), L*(0,T; V"))
NL(L*(0,T; H), D(A)) (1.54)

are isomorphisms.

Remark 1.2. Tt is possible to interpolate between the different isomorphisms
(1.53). So for each « € [0, 1] the maps

AN() € L([D(A®)), H] ,, [D(A*(#)), H]| ),

’ (1.55)
Ax € L([D(A), L*(0,T; H)]a, [D(A"), L*(0, T: H)]1 _q)

are isomorphisms. However it is generally not true that

[D(Ax1). H], , = [D(A3(0). H], ,, = V

1/2 = 1/2 =

or
[D(A)), L*(0,T; H)]y 2 = [D(A}), L*(0,T; H)]y o = L*(0,T;V). O

As A (t) is maximal positive (that is, —Ax(t) is the generator of a strongly
continuous contraction semigroup), the fractional powers A% (t) and A (¢),
0 < a < 1, are well defined (cf. Part II, Chapter 1, §5 and T. KaTO [1,
T. KATO [2]). They are also isomorphisms

A3(0): D)  H - Ae0): D& (1) - )

) (1.56)
AS: D(AY) — L?(0,T; H), A3>: D(A3®) — L*(0, '

H)
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whose domains coincide with the appropriate interpolation spaces (cf. Part I,
Chapter 1, §6, Proposition 6.1)

D(AS(t)=[D(A(t)),H], ., D(A3)=[D(A),L*(0,T; H)}ia,
(A*a(t)) [D(A*(t)),H],_,, D(A)=[D(A*), L*(0,T; H)]:—

Remark 1.3. In view of Remark 1.3 and (1.56)—(1.57), for all o € [0, 1]

~(157)

An(t) € L(D(AL (1)), D(A3(1))'),  Ax € L(D(AL®), D(A3*)). (1.58)

O
J. L. Lions [2] has shown that
D(AS(t)) = D(A(t)), 0<a<; (1.59)
and given sufficient conditions under which
D(AYR (1)) = D(A}2 () = V. (1.60)
One of them is
D(A45(t)) = D(Ax(t)); (1.61)

another one is more technical but covers the so-called regular elliptic boundary
value problems.

Theorem 1.3. Assume that there exists a Hilbert space X, X C H, such that
V is a closed subspace of [X, H]1/2, D(Ax(t)) C X, D(A5(t)) C X. (1.62)

Then
[ (AA( )) }1/2 D(Al/Q( )) =V,

[ (AA( )) }1/2 D(A*l/Q( )) =V

Proof. Cf. J. L. L1ONS [2, Theorem 6.1, p. 238] and Proposition 6.1 in Part IT,
Chapter 1, §6. |

(1.63)

Ezample 1.1. Let Q be a bounded open subset of R™ with smooth boundary
I'. Let V be a closed subspace of H™()) such that

HP(Q)cV c H™(Q). (1.64)
Assume that A(t) = A is generated by the bilinear form

Z /apq )DYuDPv dz,

Ipl,lg|<m
(Au,v)y = a(u,v),
Ja >0, YveV, alv,v)>a|v|?
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for sufficiently smooth functions a,, on € and an appropriate choice of V' (cf.
J. L. LIONS [2, Section 6.2, p. 239] for more details).
The triplet {V, H, a(u,v)} is said to be “regular” if

D(A) c H*™(Q), D(A*)c H*™(Q). (1.65)
O

Remark 1.4. (1962, J. L. LioNs [2, Remark 6.1, p. 240]) It is important to
recall that for mixed boundary value problems the relationship (1.63) does
not hold. For instance it is not known whether

D(A1/2) — D(A*I/Q)

is true for a second-order elliptic operator that is not self-adjoint with a Dirich-
let condition on part of the boundary and a Neumann condition on the other
part. This also applies to the Dirichlet boundary value problem with an irreg-
ular boundary. O

Remark 1.5. In 2002, P. AUSCHER, S. HOFMANN, J. L. LEwIs, and PH. T'CHA-
MITCHIAN [1] proved Kato’s conjecture for elliptic operators on R™. More pre-
cisely, let M = M (x) be an n X n matrix of complex, L coefficients, defined
on R" and satisfying the ellipticity (or “accretivity”) condition

Ag* < ReM¢ - ¢ and |ME-C*| < Af¢][¢], (1.66)
for &, ¢ in C" and for some A, A such that 0 < A < A < oo; that is, M¢-(* =
>k @k (7)8kC;. Define

Af € —div(MV ), (1.67)

interpreted in the usual weak sense via a sesquilinear form. Under the accretiv-
ity condition (1.66), one can define a square root A'/? = \/A. They establish
that the domain of the square root of A is the Sobolev space H!(R") in any
dimension with the estimate |[v/Af||2 ~ ||V f|l2. A version of that result also
holds for an operator A with lower order terms (Theorem 6.1). O

In view of identities (1.59), we can rewrite the isomorphisms (1.58) as
follows: For 0 < a < é

AN(B) € L(D(A}(1)), D(A5(1)"), AxeL(D(A}"), D(43)). (1.68)
A5 () e £L(DA (1), D(A52 (1)), A5 e £(D(AN ™), D(AY). (1.69)
The next proposition completes the picture.

Proposition 1.1. Assume that

D(AY?(1)) = D(A2(1)). (1.70)
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e (D(A®). ], - D(AY*(0) = V.
(DUA(). ), = DUA(0) = v a7
and
AV () e L(V,H), ALM2(t) € L(V, H) (1.72)
are isomorphisms.
Proof. Cf. J. L. Lions [2, Corollary 5.2]. O
Corollary 1.1. The following maps are isomorphisms:
A2 () € L(D(A®)),V) N LV, H) N L(H, VYN L(V', D(A*(t))"), 179
AM2(4) € L(D(A* (1), V) N L(V, H)n LH, V') N L(V', D(A(t))"),
AY? € L(D(A), V)N LV, H) N LH, V') N LV, D(AY)), w70

A2 e L(D(A%), V) N LV, H) N L(H, V') N LV, D(A)),
where
V=1%0,T;V), H=L*0,T;H)=H, V =L%0,T;V'). (1.75)

Given two Banach spaces X and Y and a continuous dense injection ¢ from
X to Y, define

d
W(0,T;X,Y) = {y € L*(0,T; X): d‘i{

€ LQ(O,T;Y)}, (1.76)

where dy/dt is to be interpreted as the vectorial distributional derivative of
the function iy, (iy)(¢) = iy(t). Similarly let

d
W (0, T; D(A), H) = {y € D(A): dgt/ € L2(0,T;H)}. (1.77)
Our next objective is to show that under appropriate conditions on A(t), the
linear operator
A2 W (0,T; D(A), H) — W(0,T;V, V') (1.78)

is an isomorphism. This will first necessitate giving a meaning to the time
derivative Ay (t)" of the operator valued function Ay (t).

Proposition 1.2. Assume that hypotheses (1.27) to (1.31) and hypothesis
(1.71) are verified. Assume that the operator-valued function

A:[0,T) — L(V, V) (1.79)

has a derivative A(t)" in L(V,V') almost everywhere in [0,T] such that
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e>0, [JA®)lzvvy <e  ae in[0,T) (1.80)

and for all v and w in 'V
t = (A(t)v,w)y belongs to WH>(0,T;R), (1.81)
Z(A(t)v,w)v (A, why. (1.82)

Then Ai/Q: [0,T] — L(V,V') has a derivative A;/Q(t)' e L(V,V') almost
everywhere in [0,T] such that

Fe >0, A2 ey < e (1.83)

and for all v and w in 'V
t— (Ai/z(t)v, w)y belongs to WH>°(0,T;R), (1.84)
i(A}\m(t)v,wW = (A (1) v, w)y . (1.85)
Proof. Minor adaptation of C. BARDOS [1, Proposition 1.1]. O

This proposition gives a meaning to the derivative A}\/ 2(t)’ of the operator

valued function A}\/ 2(t).

Ezample 1.2. When A(t) is given by a bilinear form

= Ou Ov
a(t;u,v) = ijzzl ai;(z,t) dz; O + ao(z, t)uw,
where 9
a
ap, 3t0 S LOO(Q)u Qi S Wl)OO(Q)a
then
2. day; ou Ov  Odag
Al(t = Y (x,t t
(A ), viv ijzzl ot (@, )8a:j ox; * ot (, tJuv
and conditions (1.73) and (1.74) are verified. O

Let y belong to W(0,T; D(Ax), H). Then from Proposition 1.1, Ai/Qy €
L?(0,T;V). In view of Propositions 1.2 and 1.1

thi/ Py =4} ‘f;j +(AYH)y € L0, T; V") (1.86)
because
dy

d
€ L(0,T5 H) — Al? d?; e L2(0,T; V"),

y € L2(0,T; D(Ay)) CL*(0,T; V) = (AY*)'y € L*(0,T; H) C L*(0,T; V).

By construction, the mapping is continuous. The surjectivity is obvious.
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Proposition 1.3. Under hypotheses (1.27) to (1.31) and (1.71) on A and
hypotheses (1.80) to (1.82) on A’, the linear map

A2 W(0,T; D(Ay), H) — W(0,T; V, V") (1.87)
s an isomorphism.

Corollary 1.2. Under the hypotheses of Proposition 1.3, A}\/2 is also an iso-
morphism from W(0,T;V, V') to W(0,T; H, D(A})"), where

W(0,T; H, D(A})) = {y € L*0,T; H): fg € D(A;)’}. (1.88)

We finally quote the regularity result from C. BARDOS [1].

Theorem 1.4. Assume that hypotheses (1.27) to (1.31) and (1.71) on A and
hypotheses (1.80) to (1.82) on A’ are verified. Consider the variational differ-

ential equation
dy

dt
for f in L?(0,T; H) and yo in V:
(i) Then (1.89) has a unique solution y in W(0,T; D(A)), H) and the map-
ping

Aty + froy(0)=4° (1.89)

Y <A(t)y—|— Zzt/,y(O)) : W(0,T; D(Ay),H) — L*(0,T; H) x V (1.90)

is an isomorphism.
(ii) Moreover z'fD(A)\(t)) is independent of t, the solution y of (1.89) belongs
to C([0,T]; V).

Proof. Slight adaptation of the proof of C. BARDOS [1] or directly by using
the isomorphism Ay of Proposition 1.3, Theorem 1.2 and Theorem 1.1. a

Corollary 1.3. Assume that the hypothesis of Theorem 1.3 are verified. Then
the mapping

v (A*(t)u — CZ,U(T)) : W(0,T; D(A}),H) — L*(0,T; H) x V. (1.91)

is an isomorphism.

Remark 1.6. The isomorphism in part (i) for time-varying systems is to be
compared with the ones in Theorem 3.1 in Chapter 1 and Theorem 1.1 in
this chapter for time-invariant analytic semigroups in a Hilbert space and the
so-called maximal regularity results. O
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Example 1.3. Let © be a bounded open subset of R” with a C°° boundary.
Let a(t;u,v) be the bilinear form (1.3),

V =Hy(2), (At)u,v)yv = a(t;u,v).
Assume that

6;0 € L>(Q), aij € WH(Q), 1<i, j<n,

ag,

and
n

Ja >0, VEER", Y ay(a )& >ay €2

i,j=1 1=1

The operator A is V—H coercive. Moreover for all u, v in V'

/ o - 8aij ou Ov 80,0
((A(1) u7v>v = ijzzl ot (w,t)axj oz, + ot (z,t)uw
belongs to L>°(0,T;R) and (A(t))/ verifies (1.79) and (1.80). Moreover
H;(Q) =V c H'(Q)

and
D(A3(t)) = D(Ax(t) = H*(Q) N H(Q) C H*(Q).

So the last corollary applies to this problem. Here
D(A}) = L*(0,T;D), D= H?*(Q)NH})
and the isomorphism (1.90) goes between the spaces
W(0,T;D,H) — L*(0,T; H) x V. O

The reader interested in additional regularity theorems is referred to The-
orems 1.2 and 1.3 in C. BARDOS [1], which essentially say that under appro-
priate hypotheses on A(t)’, additional regularity in the space or time variables
yields additional regularity in the solution. When A(t) = A is time-invariant,
we recover the usual results.

2 Method of Transposition

2.1 Control through a Dirichlet boundary condition

As in the example of §1.2.2, the space of control functions u is L?(X) or
equivalently L2(0,T;U) with U = L?(I"). The boundary value problem is
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dy .
A(t)y + o= 0 in Q,
y=u on X, (2.1)

y(x,0) = y°(z) in Q,
where A(t) is given by (1.5) with the following hypotheses on the coefficients:
ap € L=(Q), a;; € WH(Q), 1<i, j<n, (2.2)

and the coercivity (1.15). We also set V = Hy(Q2), H = L?*(f2), and define the
injection ¢ as in (1.7) and (1.8).

In this example it is not possible to directly obtain a variational differen-
tial equation in V’. The method that naturally arises in this context is the
“Method of Transposition.” To see this it is useful to perform the following
formal computation. Pick an arbitrarily sufficiently smooth function v(x,t)
defined on @ such that v(x,t) = 0 on X. Multiply the first equation (2.1) by v
and integrate over (). Use Green’s formula twice on the term A(t)y and inte-
gration by parts on the term dy/9t. The result is as follows for all appropriate
functions v:

/Q y[A*(t)v— ?ﬂ da dt + /Q y(T)o(T) dz

:—/ u v dE—l—/ y%v(0) dz, (2.3)
5 Ova- Q

where

"9 1o}

A () = — Z . <aij (x,t) 8;/}) + ap(z,t)yy in Q (2.4)
igj=1 "1 v

and the co-normal derivative with respect to the operator A* is given by

ov - ov

Buan (x,t) = ”2::1 a;j(z,t) oz, (x,t)vi(z) on X, (2.5)
with v = (v1,...,v,) the unit external normal to I'. In the form (2.3), the
data 1° and w explicitly appear in the equation and the unknowns are

y, y(T). (2.6)

In the process we have exhibited the two terms that usually appear in the

adjoint system
v

A*(t)v — 9t

o(T). (2.7)
If we introduce the space

H*Y(Q) = L*(0,T; H*(Q)) N H'(0,T; L*()) (2.8)
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and its subspace
&= {ve H*(Q): v|x =0}, (2.9)

then under appropriate assumptions we shall see that the map

ov

v <A* (t)v — e v(T)) 1 ® — LA(Q) x Hy () (2.10)

is an isomorphism. Moreover for
we LA(E) and y° e (HH(Q) = HH(Q), (2.11)

the linear map

UH/ u dZJr/yOv(O)dQ:QSHR (2.12)
y Ova- Q

is continuous.
If we denote by D, the isomorphism (2.10) and by ¢ the continuous linear
functional (2.12) on @, equation (2.3) is now equivalent to find

7= (y,yr) € L*(Q) x H1(Q) (2.13)

such that
(7, Dav) r2(@)xmi () = £(v), VvE P (2.14)

But this is equivalent to find § in (L?(Q) x HO(Q))I such that
(Do) § =0 ind. (2.15)

This problem has a unique solution because the transposed of the isomorphism
D, is also an isomorphism.

So the idea behind the Method of Transposition is to construct a “smooth”
adjoint isomorphism and transpose it in order to make sense of the original
boundary value problem for “rougher” data. When data are smoother we
naturally recover the usual results.

The other ingredient associated with the Method of Transposition is the
theory of interpolation, which enables us to “interpolate” between a “smooth”
and a “rough” version of the same isomorphism.

2.2 Point control

Let {z1,22,...,2n} be aset of points in the domain Q. Consider the boundary
value problem
Jy al
A+ 0 = 3 b)),
=1 (2.16)
yls =0,
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where A(t) is given by (1.15) with hypotheses (2.2) and (1.15), d(z;) is the
Dirac delta function at z;, 1 <i < N, and u;: [0,7] — R, 1 <4 < N, are the
components of the control function u: [0,T] — U with U = RY.

By repeating the construction in the previous section, it is easy to show
that (2.16) is equivalent to

/Qy [A*(t)v - gﬂ dx dt + /Q y(T)v(T) dx

T N
= i(t)v(x; 0y v )
_/0 ;uz(t) (@i, t)dt +/Qy (0)dz (2.17)

for all v in @. The right-hand-side of (2.17) is a continuous linear functional
on ¢ when the map

v Z ui(t)v(z,, t) dt + / y%0(0)dQ2: & — R (2.18)
Q
is continuous. This happens when y° belongs to H~1() and when the eval-
uation map

w— w(z;): H*(Q) — R (2.19)
is continuous, that is when the dimension n of the space R™ that contains €2 is
less or equal to 3 (cf. J. L. LioNs and E. MAGENES [1, Volume 1, Theorem 9.8,
p. 45] . As a result for dimensions n = 1,2, and 3, we can use the Method of
Transposition.

2.3 Main result

In its crudest form the technique used in the previous examples rests on the
following classical lemma.

Lemma 2.1. Given an (algebraic and topological) isomorphism L: X — Y
between two real Banach spaces X and Y, its transpose L*:Y' — X' is also
an isomorphism between the topological dual spaces Y' and X' for Y and X
endowed with their respective norm topologies. Hence for each x’ in X', the
variational equation

(L, x)x = (' 2)x Vreux (2.20)

has a unique solution y' in'Y' that is equal to (L*)~12’. Moreover the solution
is continuous with respect to the datum x'.

Proof. Cf. N. DUNFORD and R. S. SCHWARTZ [2, Vol. 1, p. 479, Lem. 7]. O

There are many ways to exploit the transposition of a smooth adjoint
isomorphism. For instance, the reader is referred to J. L. LIONS and E. MaA-
GENES [1, Volume 1] for applications to elliptic (Chapter 2, §6, p. 166) and
parabolic problems (Chapter 3, p. 225). Recently this technique has also been
used by M. C. DELFOUR [1] for systems with delays in state and control
variables.
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2.4 Application of transposition to the examples of §2.1 and §2.2
We now make precise the constructions of §2.1 and §2.2. Define

H>(Q) = L*(0, T3 HA(%)) N H (0,75 L3()),

2.21
¢ ={ve H*'(Q): v|z =0} (2.21)
and consider the continuous linear map
v Lov = (A* (t)v — g:,v(T)) c D — LA(Q) x Hy(Q), (2.22)
where for all ¢ in H?(Q)
N
. 0 oY
A* () = — i]zz:l or; <aij(:1:,t) (’“):ci> + ap(z, ). (2.23)
Assume that
80‘0 o) 1,00 ..
a0, € L*(Q), ai € W(Q), 1<i4,5<n, (2.24)

and
n

Ja >0, VEeR", Z aii(z, )& > aZﬁf a.e. in Q. (2.25)

Q=1 i=1
Then A* is V—-H coercive.

Lemma 2.2. Assume that Q0 is bounded C*° domain and that the a’s verify
properties (2.24) to (2.25). Then the map L, is an isomorphism.

Proof. Cf. C. BARDOS [1], L. TARTAR [1], and A. BENSOUSSAN and J. L. L1-
ONS [1]. O

The map L, is the isomorphism we shall transpose. Introduce the addi-
tional notation

V=H}Q), D=HQ)NH;Q), H=L*). (2.26)

Given any two Hilbert spaces X and Y with a continuous linear injection from
X into Y, we define the space

W(0,T;X,Y) = {v € L*(0,T; X): fl: € LQ(O,T;Y)}. (2.27)

Notice that @ coincides with the space W (0,T; D, H).

Remark 2.1. In fact Lemma 2.2 can be obtained directly from the Corollary
to Theorem 1.4 and, in addition, because
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D(Ax(t)) = D (independent of )

the solution of

OV~ feI20,TiH), w(T) =0T eV

belongs to C'(0,T; V). O

A*(t)y —

We also know from interpolation theory (cf. J. L. LIONS [2]) that
(D, H)1jo = [H*(Q) N Hy (Q), L2 ()12 = Hy () = V. (2.28)

Consider the following functional w on &:

w(v) = / () 0(0)p dt + (5°, 0(0))y (2.29)

for f in L?(0,T;D’) and y° in V', where (-,-)x denotes the duality pairing
on X’ x X. The functional w is linear and continuous. So we conclude from
Lemma 2.1 that

3 a unique (y,yr) € (L*(Q) x H&(Q))/ =L*Q) x V' (2.30)
such that for all v in @
T O T
[ (wactro= 3y ) e+ oro@iv = [ {f0pd+ 6 w). @30
0 0
So we are now ready to refine this first result.

Proposition 2.1. Under the hypotheses of Lemma 2.2, the map

dy

v Dy = ((4°0) s+ al0)): W01 .0
— L*(0,T;D") x V' (2.32)
is an isomorphism. Moreover, we have the following identity:

for ally e W(0,T; H,D’) and veW(0,T;D,H)

[ )

T * * dy
:/O <(A )"y + dt,v>Ddt+<y(0),v(0))v7 (2.33)

where y(0) and y(T) are to be interpreted as values of the function y in
C(0,T; V"), which is almost everywhere equal to y in W (0,T; H, D') (here
(A* (t))* denotes the topological transposed of the linear map A*(t): D — H).

! Recall the notation C(0,T;V") for C([0,T]; V').
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Proof. We have seen that the pair (y, yr) is the unique solution of the equation

/O <y,A*(t)v - ZDHdH {yr,v(T))v
T
:/ (f,v)pdt+ (y°,0(0)v, Yoed. (2.34)
0

Let v(t) = ¢(t)w for some w in D and ¢ in D(]0,T[). The function v belongs
to @ and its substitution in (2.34) yields

T T
| w0n 'y 0= [ (0= (4°0) vt .

But the right-hand-side is precisely the definition of the distributional deriv-
ative D,y for the vector distribution y:

T T
() who = [ O wleO dt. Do) u)p== [ we)wn 'y O
From (2.34) we conclude that

d

@O0 = () = (4" 1) 'y, w) ,

= Dy = f(t)— (A*(t)) 'y € L*(0,T;D’). (2.35)
Therefore y belongs to W(0,T'; H, D') as predicted. Moreover the injection
W (0,T;H,D") — C(0,T;V") (2.36)

is continuous (cf. J. L. LioNs and E. MAGENES [1 , Volume 2, p. 34, Theo-
rem 6.2]) because

[H,D'l1j2 = [D, H]} 5 = [H*(Q) N Hy(Q), L*()]1/2 = Hy ()

(cf. J. L. Lions and E. MAGENES [1, Volume 1, p. 204 and p. 178]). As a
result y in W(0,T; H, D’) is almost everywhere equal to a continuous function
y in C(0,T; V') and y(0) and y(T') make sense as elements of V.

Going back to (2.34) and substituting (2.35) into it we obtain

/OT{ (y g::)H + <Dty7’U>D} dt = (yr,o(T))y — (4°, v(T))y.

Choose v(t) = wip(t) for some w in D and v in H(0,T;R) and substitute it
into the previous equation:

/OT{(y(t)vw)H dip (t) + (Dyy, w>D¢(t)} dt

dt
= (yr, wyvp(T) — (y°,v(0))v1p(0). (2.37)
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Recall from (2.35) that

(), w)m € 20, T R)

<Dtya w>D = dt

so that (2.37) reduces to

T
| 60 0(©} it = r )bl - 00y 0)

As for each w the map
t— (y(t), w)n
belongs to H'(0, T; R), we conclude that

(yr,wyv = (y@t), w)gp=r, (Yo, w)v = (Y(t), w)mj=0- (2.38)

It remains to interpret the right-hand sides in (2.38) correctly because in
principle y € L?(0,T; H) has no pointwise character. However we know that
the injection (2.36) is continuous and that the function

t=y(t) = ivy(t)
is continuous on [0, T with values in V'. So (2.38) yields
yr =y(T) € V' and y(0) = y° € V. (2.39)

This shows that D as defined in (2.32) is indeed an isomorphism. This com-
pletes the proof of the Proposition. O

If we go back to the Dirichlet boundary control to §2.1 and to (2.3), we
have to show that the linear map

v —/ w 2% 4z 120,1:0) - R
g Ovas
is continuous. Indeed for almost all ¢, the map

ow

. :D=H*Q)NHYQ) — HY*(I')
ale*(t)

w

and the injection of H'/?(I") into L?(I') are continuous. This defines the
control operator B(t): U = L*(I") — D' as follows:

<B<t>u,w>pz<u, Ow ) (2.40)
Wa-) ) 12(r)

and the adjoint operator B*(t): D — L*(I)

ow

B*(t)w = .
() al/A*(t)

(2.41)
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They are both linear continuous and strongly measurable and bounded as a
function of ¢ because the a;;’s belong to W1>°(Q) and € is bounded and C°.

With the above definitions we see that the solution y in W (0,T; H, D') of
the operational differential equation

(A% (1)) y + W _ B(t)u, we L*0,T;U),U = L*I),

dt (2.42)
y(0) =y’ e V'
coincides with the solution of problem (2.1).
Similarly for the example of §2.2, the control functions are
u=(u,...,uy) € L*(0,T;U), u= RN
and the control operator is
N
(Bu,w)p = Zuiw(wi), weD, ucRY. (2.43)

i=1
In other words

Bu(t) = Z i (t)0z,,

where 0, is the Dirac delta function in z;. For domains Q in R", 1 < n < 3, the
operator B: U — D’ is continuous and the operational differential equation
(2.42) is a good model for point control.

Notation 2.1. The operator (A*(t))* € L(H, D') is an extension of the opera-
tor A(t) € L(D, H) as defined in (1.5). In the sequel we shall write A(t) instead
of (A* (t))* and keep in mind that A(t) € L(D,H)NL(V,V')NL(H,D"). O
2.5 A change of variable
It is a natural question to ask whether the operational differential equation
d
Al + ) = f € 120,15 D),
y(0) =y’ e V', yeW(0,T;H,D')

(2.44)

is fundamentally different from a variational differential equation of the form

g+ %Y = fe r20.1:v)
HO) =i € H, §eWO.T:V.V)

(2.45)

of the type we studied in §1.3.
It turns out that we can go from (2.44) to (2.45) by making the following
change of variable:
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G(t) = [47 ()] 'y (t) = A )y (), (2.46)

where
Ax(t) = A(t) + I
and X\ € R is the number for which the V—H coercivity is verified. By Propo-
sition 1.3,
g€ W(,T;V,V").
Moreover
dy
dt

dy

— A2 (t) 0

+(472(1)"y.
But
(4377(0) = =420 (A1) AV 0)
and the derivative of Ai/ *(t) makes sense as an element of £(H, V') and
y € L*0,T; H) = (A'*(1)'y € L2(0,T; V).
As for the first term

AVVR () e (D, V),
dy

Y e 120, T;D) = A 1/2()d

L*0,T;V'
P € L7( )-

Multiply the first equation (2.44) by A;l/Q(t)

dy

AP Ay + AP = AP0 f € L20,T; V),

dt
A2 (0)y(0) = A7 (0)y° € H.
Then
AR A() = A1) A (1)
and i
A + ) = (A72(0) 47 (05 =
4(0) = 7",
where
F=A2)f e L20,T;V), §°=A;*(0)y° € H. (2.47)

The operator
K(t) = — (A7) A2 () = A7) (AP (1) € £(V, H)

is a perturbation of the operator A(t), and we know from Theorem 1.2 that
for such a perturbation, A + K is V—H coercive.
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From this quick analysis we conclude that § given by (2.46) is the unique
solution in W (0,T;V,V’) of (2.44) with

At) = A(t) + AP () (AP (). (2.48)

To complete the picture, the control operators in the two examples of §2.1
and §2.2
B(t) € L(U, D) (2.49)

are transformed into
B(t) = A 2(4)B(t) € LU, V') (2.50)

and we are back to variational differential equation (1.26).

Thus the examples of §2, although quite different from those of §1, do
not require a fundamentally new theory and appropriate changes in the state
variable bring a significant simplification in the general analysis.

2.6 Other isomorphisms

Other isomorphisms can be used as starting points under the hypothesis

8;0 € L>(Q), ai; € WH(Q), 1<i, j<n,

ao,

and the coercivity hypothesis

n

Ja>0, > ay(rt)g&G>ay &, VEER™

i,j=1 i=1
For instance the isomorphism

v <A*(t)v—g: |3, U(T)) C H2HQ)— L2 (Q) x H3/*3/4(2)xH' (), (C.R.)

where C.R. stands for the “compatibility relations” among the three spaces,
or

B ov Ov
(915’ (91/,4*’

v (A* (t)v U(T)> C H2HQ) — L2(Q) x HY*Y4(2) x HY(Q)

(cf. A. BENSOUSSAN and J. L. Lions [1, Chapter 2, §6]).

3 Second order problems

Second order problems are usually not variational and do not fall within the
framework of this chapter. For example the wave equation
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furon=1 -

y(0) =yo, ¥'(0)=un
or Schrodinger’s equation are not variational. However in some cases when

damping is added, some second order problems become variational.
The simplest example

1 2A/ A —
{y+”yy+ y=1 (3.2)

y(0) =yo, ¥'(0)=wm
for v > 0 falls into this category. In fact (3.2) is known as the parabolic
regularization of (3.1). J. L. Lions [4, Chapter 5, §1, p. 380] shows that
as 7y goes to zero the solutions in (3.2) converge to the solutions of (3.1). In
structure theory, (3.2) is often referred to as a structure with viscous damping.

To see that (3.2) is variational we first rewrite (3.2) as a first order equation
by introducing the new variables

W=y, y =y (3.3)

LR

Let V and H be two Hilbert spaces with continuous injection of V into H. So
without loss of generality assume that

ol <|lofl,  VveV.

This defines a new operator

A= [2 2_;4] , (3.5)

where A € L(V, V') is generated by the bilinear continuous form on V'
(Av,w) = a(v,w), (3.6)
which is symmetrical, positive, and V—H coercive

a(v,w) = a(w,v), alv,v) >0, (3.7
Ja >0, INER, alv,v) + Av|% > aljv|?. (3.8)

As we have two components we need two new spaces V and H that will play

the role of V and H. The space H will be the product space V x H endowed

with the inner product: For all v = (¢°,0') and w = (w°, w')

— —; def

[v,w] = a(@®,w’) + A0°,w°) g + (0!, wh)g. (3.9)
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The space ‘H will be our new pivot space, and it remains to specify the space
V. To do that we look at the continuity of the bilinear form

a(v,w) = [Av,w]. (3.10)

By construction
a(v,w) = a(—v', w’) + (=o', w’) 4+ (Av° + 2y Avt, w?) (3.11)
= —a(v',w?) = X', w?) + a(v®, w') + 2va(vt, wh). (3.12)

It is clearly continuous on V x V for ¥V =V x V. Moreover,

a(v,v) ==X v°) + 2va(vt, o) (3.13)
and
T(3,7) + 1[5, 7] = ~A@4, %) + 2ya(vl, o1) + plae®,0)
+ A 4 o]

= 29[a(v,v") + A' 2] + pla(v,0%) + Ap° ]

+ = 29[ = A", 07)
> a2 [0 [5 -+l [F ]+ (n =290 o' P = A", 0°)
> o[t} + [1°]17]

(3.14)

for > max{2y\, y+A? (4ya2)}. Thus @ is V —H coercive and all the results
of the previous sections apply.

Another example that is of special interest is the so-called “structural
damping,” which is of the form

"y 9 A1/2 "4 Ay =
Y+ 2y y/+ y=f (3.15)
y(0) =yo, ¥'(0) =y,
and more generally for 0 < a <1
1 2 Aoc ! A —
Yy + 27 A%y ﬂt y=f (3.16)
y(0) =yo, ¥'(0) =y1.

It is known (cf. S. CHEN and R. TRIGGIANI [1, 2, 3]), that for 1/2 < o < 1,
the corresponding semigroup is analytic, but it is not yet known whether the
problem is variational for 1/2 < a < 1.
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3

Semigroup Methods for Systems With
Unbounded Control and Observation
Operators

1 Complements on semigroups

Let {S(t)} be a strongly continuous semigroup on the Hilbert space H. Let |- |
and (-, ) be the norm and inner product in H. Denote by A the infinitesimal
generator of {S(¢)} and by D(A) its domain. When D(A) is endowed with
the graph norm of A

Ial% = [A* +]ARI%, ke D(A), (1.1)
it becomes a Hilbert space and
A:DA—H (1.2)

is a continuous linear operator.

1.1 Notation

Let X and Y be two Hilbert spaces such that X C Y. In that case the
interpolation spaces (X,Y ), with p = 2 and [X,Y]s coincide for 0 < 6 < 1
(cf. Chapter 1, §4.7). We shall use the notation [X,Y]s, 6, 0 < 6 < 1.

For all data of the form

W0 € D(A), f € L2(0,T; D(A)), (1.3)
the function .
y(t) = S(t)y° + / S(t—s)f(s)ds (1.4)
0
is the unique solution in the space

dy

V(0,T;D(A),H) = {y € C([0,T); D(A)): dt

€ L2(0,T;H)} (1.5)
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of the differential equation

dy
a =~ (1.6)
y(0) = °.

The notation in (1.5) will be used on several occasions. Given two Banach
spaces with a continuous linear injection of X into Y,

fg € L2(0,T;Y)}, (1.7)

vo.7:x.v) = {y < Cl0. 13 )
where dy/dt is to be interpreted as the vectorial distributional derivative of y
in C([0,T]; X) considered as an element of L?(0,T;Y).
It is well known that, by density of D(A) in H, the variation of constants
formula (1.4) makes sense for data

e H, felL*0,T;H), (1.8)

and such a solution is usually referred to as a “mild solution” of system (1.6)
(cf. Chapter 1, Definition 3.1 (iv)). It is useful to be more explicit and precise
about this. We first identify the elements of the dual H’ of H with those of
H,
H=H.

Let {S*(t)} be the adjoint semigroup on H' = H and let A* be its infinitesi-
mal generator with domain D(A*). When D(A*) is endowed with the graph
norm of A*, the restriction of {S*(¢)} to D(A*) is also a strongly continuous
semigroup on D(A*)

5*(t) € L(D(A*), D(AY)). (1.9)

For simplicity we still denote by {S*(¢)} the semigroup on D(A*). Its topo-
logical transposed
S*(t)* € L(D(A*)', D(A*)) (1.10)

is also a strongly continuous semigroup on D(A*). It can be viewed as an
extension to D(A*)" of the semigroup {S(¢)} on H. For this reason we shall
use the same notation {S(¢)} and keep in mind that it can be viewed as a
strongly continuous semigroup on either one of the three spaces

D(A) — H=H"— D(A"). (1.11)

For data as specified in (1.8), let y in C([0,7]; H) be the function given
by the variation of constants formula (1.4). For an arbitrary k in D(A*)

(k,y(t)) = (S*(t)k,y") —|—/0 (S*(t — s)l@f(s)) ds.

This function is differentiable because for all k in D(A*) and s € [0, T
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t— 8;; (t—s)k=A"S*(t —s)k=S*(t —s)A"k

belongs to C([s, T]; H). To see that we compute the distributional derivative:
For all ¢ € D(]0,T[) consider the expression

T:/O (k. (1) 7 (1) .

We can assume that y° = 0. For the second term

/dt/dss* e, 7)) 2 (1)
s [ e ks o
-/ " s / : dt< st s>k,f<s>>sa<t> + (s 0) o)t
- /OT dtKA*k,/OtS(t—s)f(s) ds> + (k,f(t))]<ﬂ(t)-

As a result

jt(k,y(t)) = (S*(t)A*k, y") +/ (S*(t — s)A*k, f(s)) ds + (k, f(t))
0

= (A*k,y(1) + (K, (1))

and J
y *\ %
g~ AV (1.12)
y(0) = wo,
where
(A*)*: H — D(A*) (1.13)

is the transposed of the continuous linear operator
A*: D(A*) — H, (1.14)

when D(A*) is endowed with the graph norm of A*. As for the semigroup
{S(t)}, (A*)* is to be viewed as an extension of the operator A because they
coincide on D(A). So we adopt the notation

A€ L(D(A), H) N L(H, D(A*)) (1.15)

in both cases and conclude that for data given by (1.8) the function y given by
(1.4) is the unique solution in V(0,T; H, D(A*)’) to the differential equation
(1.6) (cf. Chapter 1, Remarks 3.1 and 3.2).
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It is always possible to interpolate pairwise between the various spaces for
A and S(t)

A€ L(D(A), Hla, [D(A*),H],_,), 0<a<1, (1.16)
S(t) € L([D(A), D(A")']g,[D(A), D(A")]g), 0<pB<1 (1.17)

For some types of boundary control problems, it is necessary to also make
sense of the solution of the differential equation (1.6) for data

v’ € D(A*), f€L*0,T;D(A*)). (1.18)

The starting point is again the variation of constants formula

y(t) = S + /O S(t — ) f(s) ds, (1.19)

where {S(¢)} is now considered as a semigroup on D(A*)’ rather than H.

By definition y belongs to C([0,T]; D(A*)"). We can now repeat the previ-
ous construction with k in D(A*?), the domain of A*?, which coincides with
the domain of the infinitesimal generator A* of {S*(¢)} considered as a semi-
group on D(A*)

D(A*; D(A*)) = D(A**; H) = D(A*?), (1.20)

where D(L; X) denotes the domain of the unbounded linear operator L con-
sidered as an operator on the space X.

The end result is that for data of the form (1.18), the function y given
by expression (1.19) belongs to V(0,T; D(A*), D(A*?)") and is the unique
solution of the differential equation (1.6). The following theorem is the analog
of Proposition 3.3 in Chapter 1.

Theorem 1.1. Let {S(t)} be a strongly continuous semigroup and let A € R
be such that
Ay=A—- )X € L(D(A),H) (1.21)

be anisomorphism. The solution y of (1.6) for y° € H and f € H'(0,T; D(A*)")
belongs to C1([0,T]; D(A*))NC([0,T); H) and for allt,0 <t < T,

y(t) = —A () + S(B)[y° + AL f(0)]
/ S(t—s)A [f(s)—)\f(s)} ds. (1.22)

Proof. The solution y of (1.6) belongs to C([0,T]; D(A*)") and is given by the
usual formula

y(t) = S(H)y° + /O S(t — ) f(s) ds.
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We already know that for y° € H, the first term belongs to C([0,7]; H)
NCL([0,T]; D(A*)"). So we only need to prove the theorem for y° = 0. Recall
that Ay € L(D(A),H)NL(H,D(A*)). Hence

y(t) = /0 A\S(t — 8) A f(s) ds. (1.23)
But J
—dSS’(t —s)=AS(t—s)
and

o)== [ Se-9arasas— [ (- a7 ) ds,
y(t) = — AT f (1) + S(H)ATF(0) + /0 S(t — )AL f'(s) = Mf(s)] ds.

By assumption f € H'(0,T; D(A*)") implies that
AS'f e HY(0,T; H) € C(0,T); H)

and necessarily each term and, a fortiori y, belongs to C([0,T]; H). Moreover

dy _ Ay + f € C([0,T]; D(A*))

dt
and
y € C([0,T]; H) N C([0, T); D(A*)").
This completes the proof. a

Remark 1.1. Notice that we also recover from identity (1.22) the usual results
y’€D(A), feH'0,T;H) = yeV(0,T;D(A),H).
O

Remark 1.2. For rough data identity (1.23) will often be used with the Ay
outside the integral

y(t) = S(E)y° + Ay /O S(t — s) A7 f(s) ds (1.24)

in order to take full advantage of the eventual smoothing properties of the
integral. O

This technique readily extends to higher derivatives of the function f.
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Corollary 1.1. Assume that, in addition to the assumptions of Theorem 1.1,

Yy’ € D(A) and f € C([0,T); H) N H?(0,T; D(A*)'). The solution y of (1.6)
belongs to C1([0,T); H)N C([0,T); D(A)) and fort, 0 <t <T,

y(t)=— A [FOHATT (f (O-AF () [4S (1) [° + AT F0+ATZ (f/(0)-AF(0))]
t
+/0 S(t —s)ALZ[f"(s) — 2Mf'(s) + A2 f(s)]ds. (1.25)
Proof. 1t is convenient to introduce the following change of variable:
ua(t) = e My(t),  falt) =e M), Sa(t) = e MS(1).
Then .
ya(t) = Sa(t)y° +/ Sa(t —s)fa(s)ds
0

and as in the proof of the theorem
t
ya(t) = S’,\(t)yo + / A>\S)\(t — S)Axlfk(s) ds
0

= Sa(O[° + AL (0)] = AN + /O Sa(t — ) A5 (s) ds.

Now the same construction is used for the integral term

/ ANSA(t — ) A2 fi(s)ds = / Sx(t —s)A 2 fY(s)ds
’ ’ +5\ (1) A3 f2(0) — AT FA(1):

Finally
ya(t) = AT + AT O]+ Sa ()Y + AT AA0) + AP SA(0)]

t
—I—/O Sx(t — s) A f1(s) ds.

From the last identity it is easy to conclude that y has the expected regularity
and that expression (1.25) can be easily recovered by a change of variable. O

The above statements are quite general. Sharper results are available for
specific classes of systems such as analytic semigroups.

2 Complements on analytic semigroups

In this section we recall the main regularity result for analytic semigroups.
With the help of interpolation theory we also give intermediary regularity
results. Finally we show how the basic regularity result for analytic semigroups
is at the origin of various methods of change of variable.
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2.1 Regularity results

Given a semigroup {S(t)} of type wo(S), for each w > wy(S), there exists
M > 1 such that

|S(t)h| < Me**|h|, Vh e H, Vt> 0. (2.1)
The semigroup
S,(t) = e “'S(t) (2.2)
is a stable semigroup with infinitesimal generator
A, =A—wl: D(A)—- H (2.3)

(cf. Chapter 1, Corollary to Theorem 2.2). Similarly for the adjoint semigroup
{S*(t)}, the associated infinitesimal generator

Al = A" —wl: D(A") - H (2.4)
is also an isomorphism. Therefore the transposed of A%
(AX)*: H — D(A*Y (2.5)

is again an isomorphism that can be viewed as an extension of A,, from D(A)
to H because they coincide on D(A) and D(A) is dense in H. Hence

A, € L(ID(A),H)UL(H,D(A*)") (2.6)
and from Interpolation Theory for all o, 0 < o < 1, the map
A, [D(A), Hlo — [D(A"), H]}_, (2.7)

is also an isomorphism.
Recall the following regularity theorem (cf. Chapter 1, §3, Theorem 3.1).

Theorem 2.1. Let {S(t)} be an analytic strongly continuous semigroup. Then
for all T > 0 the linear map

dy _ Ay7y(o)> : W(0,T;D(A),H)

— L*(0,T5 H) x [D(A), H]1/5 (2.8)
18 an isomorphism.

Corollary 2.1. Let {S(t)} be an analytic strongly continuous semigroup.
Then for all T > 0 the linear map

y+ Dy = (‘Z - Ay,y(0)>
: W(0,T; H, D(A*)') — L*(0,T; D(A*)) x [D(A*), H]} ;5 (2.9)

s an isomorphism.
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Proof. The map (2.9) is clearly linear and continuous. To show that it is
bijective, it is sufficient to show that for all

feL*0,T;D(A%)) and y° € [D(A"), H] ),
there exists a unique solution y € W(0,T; H, D(A*)") such that
y —Ay=f y(0)=y". (2.10)
Define for w verifying (2.1)
F=A'feL*0,T;H) and Y°=A3'"" € [D(A), H] .

By the previous theorem, the equation

Y —AY =F, Y(0)=Y" (2.11)
has a unique solution Y € W(0,T; D(A), H). Now define

y(t) = A, Y (t), te[0,T).
It is easy to check that

y=A,Y € L*(0,T; H), v =AY’ € L*(0,T;D(A*)),
(0) = ALY (0) € [D(A"), H (212)
Therefore y € W(0,T; H, D(A*)") and

y —Ay =AY —AY] = A F = f, y(0)=A,Y(0)=A,Y°=4" (2.13)

This completes the proof. ad
We can now interpolate between isomorphisms (2.8) and (2.9).

Theorem 2.2. Let {S(t)} be an analytic strongly continuous semigroup. Then
for allT >0, all o, 0 < a < 1, the linear map

y— Dy = (fg — Ay, y(O))
W(0,T; [D(A), Hla, [D(A%), H]; ) 319
— L2(0,T; [D(A*), H]; o) X [[D(A), H]a, [D(A*), H]}_o]1/2
s an isomorphism.
If we make the additional hypothesis
[D(A), H]1 2 = [D(A"), H]1 2 (2.15)

and denote this space by V| then, for « = 1/2, D is an isomorphism

W(0,T;V, V') — L?(0,T;V') x H (2.16)
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because [V, V'], 5 = H. This is to be compared with Theorem 1.1 in Chapter 2.
There is virtually no limit to the up and down interpolation process be-
cause for any integer n > 1

A" D(A™) — D(A™1), A D(A™) — D(A*™ 1) (2.17)
are also isomorphisms. So the map

D: W(0,T; D(A*™), D(A*("+1)y
— L2(0,T; D(A*™DY) x [D(A™), D(A* DY),
is also an isomorphism and this can be combined with the results of Theo-

rem 2.2 to obtain a continuum of isomorphisms. Define for r =n+a, n >0
an integer and o, 0 < o < 1 a real number,

H" = [D(A™Y), D(A")]1_a, H™" = [D(A*™D) DA™ (2.18)

1—a-
Then for all r in R, the map
D:W(,T;H",H™™ ') — L*(0,T; H ™) x [H",H" 1 )2 (2.19)

is an isomorphism.

2.2 Other representations and the method of change of variable

It is well known that some non-homogeneous boundary value problems can be
transformed into simpler homogeneous boundary value problems by an appro-
priate change of the unknown or state variable y (cf. F. TREVES [1, pp. 426—
428)]). This technique also finds its analog in Control Theory in the semigroup
setting (cf. H. O. FATTORINI [3], A. V. BALAKRISHNAN [3], D. C. WASH-
BURN [1], J. ZaBczYK [4], and A. CHOIJNOWSKA-MICHALIK [1]). Specific
examples will be given in appropriate chapters.
For analytic semigroups, the regularity property of the map

S: L*(0,T; D(A*)) — W(0,T; H,D(A*)), (Sf)(t) = /0 S(t—s)f(s)ds

can be used to exhibit the underlying mechanism behind these methods.

Theorem 2.3. Assume that {S(t)} is an analytic strongly continuous semi-
group and that A € R is such that

Ay=A—- X € L(D(A),H) (2.20)

is an isomorphism. For T > 0, f in L?(0,T; D(A*)") and h in [D(A*), H]’1/2,
let

y(t) = S(Hh+ (Sf)() (2.21)

be the solution of (2.10) in W(0,T; H, D(A*)")
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(i) The solution y is equivalently given by the expression

y(t) S(t)h+A/O St —s)fx(s) dsA/O S(t—s)fa(s)ds, (2.22)

where
M) =AM (), 0<t<T. (2.23)
(ii) If, in addition, f € W(0,T; H, D(A*)"), then
y(t) =Y(t) = fA(t), (2.24)
where Y in W(0,T; H, D(A*)') is given by the expression
_ ' df
Y () =S@)Y(0) Jr/o S(t—s) s (s)ds, (2.25)

Y (0) = h+ £1(0).

The proof is obvious and only uses integration by parts and the previous
theorems.

This theory directly applies to parabolic systems with control through a
boundary condition (cf. §4).

3 Unbounded control and observation operators

The space of controls will be a real Hilbert space U and the space of control
functions will be L?(0,T;U) for some T > 0. The control operator is an
element

B e L(U,D(A")), (3.1)

where D(A*) is endowed with the graph norm of A*. We say that B is bounded
if
Be L(U,H). (3.2)

This terminology can be justified as follows. Consider the operator

B* € L(D(A*),U"), Yu € U, Yv € D(A*), (B*v,u), = (Bu,v) (3.3)

D(A*)"*

It is readily seen that B is “bounded” in the sense of our definition if B* is
bounded as an operator from H’ into U’

B* € L(H',U"). (3.4)

We have seen in the chapters on parabolic systems and delay systems in Part I
how this control structure naturally arises.

The space of observations will be a real Hilbert space Z, and the space
of observation functions will be L?(0,T; Z) for some T > 0. The observation
operator is an element
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C € L(D(A), 2), (3.5)

where D(A) is endowed with the graph norm of A. We say that C' is bounded
if

CeL(HZ). (3.6)
The operator C* is the transposed of C'
C* e L(Z',D(A)). (3.7)

3.1 Analytic systems

The system
dy
=A t
e AL (3.8)
y(0) = y°

will be referred to as an analytic system if the operator A is the infinitesimal
generator of an analytic strongly continuous semigroup {S(¢)}. We have seen
in §2 that we have a strong regularity theorem for this class of systems (cf.
Theorem 2.2 and the discussion thereafter). For all a, 0 < a < 1, the linear
map

S: L*(0,T;[D(A*), H),_,) — W(0,T;[D(A), Ha, [D(A*), H,_,) (3.9)

l—a 1-a
is continuous. If we choose for some o, 0 < o < 1,
B* € L([D(A*),H]1-4,U"), C € L(ID(A),H|a,Z), (3.10)
then the linear map
CSB: L*(0,T;U) — L*(0,T; Z) (3.11)

is continuous. As a result the system makes sense as an input—output system.
To get a complete picture we can add the initial condition or state at time
0
h,u+ CS(-)h + CSBu: [[D(A), H),,[D(A"), H]'l_a] 12
x L?(0,T;U) — L*(0,T; Z). (3.12)

This model deals with an observation in the L?(0,T’; Z) sense. Other types of
observations can be contemplated, but the philosophy is always the same: to
make sense of the input—output map in appropriate function spaces.
Notice that when identity (2.15) in §2 is verified the above discussion
amounts to choose
Be LUV, CeL(V,Z) (3.13)

and the continuous linear map

(3.14)

h,uw— CS(-)h+ CSBu
: H x L*(0,T;U) — L*(0,T; Z).
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3.2 Unbounded control operators

In §1 we made sense of the system

dy
g =T By (3.15)
y(0) =°
for the control and control functions
B e L(U,D(A*)), wueL*0,T;U), y* € D(A*). (3.16)

From that analysis the linear map
SB: L*(0,T;U) — V(0,T; D(A*), D(A**)") c C([0,T]; D(A*)")  (3.17)

is continuous. We have seen in §3.1 that for analytic systems, the above map
is continuous with values in W (0,T; H, D(A*)") and

SB: L*(0,T;U) — L*(0,T; H). (3.18)

For other families of semigroups such as systems with delays, we typically
have
B*: [D(A*), H|;/5—. — U’ continuous Ve > 0 (3.19)

and the continuity of the linear map
SB: L*(0,T;U) — C([0,T); H). (3.20)

There are different ways to formulate hypothesis (3.20). We choose to
formulate it in a “dual way” and then show it is equivalent to (3.20).

Hypothesis 3.1. Given T > 0, the linear map
h— B*S*(:)h: D(A*) — C([0,T);U") (3.21)

can be extended to a continuous linear map
his B*S*(-): H — L*(0,T;U"), (3.22)
where B* is given by (3.3). O

Proposition 3.1. The following statements are equivalent:

(i) Hypothesis (3.1).
(ii) The linear map

u— (SBu)(T): L*(0,T;U) — H (3.23)

s continuous.
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(i) The linear map
u s (SBu): L*(0,T;U) — C([0,T]; H) (3.24)
18 cONtinuous.

Proof. (iii) = (i) is trivial.
(i) = (ii). For each u in L?(0,T;U), denote by u” the function

u'(t)=u(T —t), 0<t<T.

For all h in D(A*)

T
(B*S*(-Yh, u") p20,7.0) = </ S(T — s)Bu(s) ds, h>
0 D(A*)
= ((§Bu)(T'), h) p(a~)-
By Hypothesis 3.1
(SBu)(T), ] < 1B*S* (Il 2o ol 2070
< clh| ||U|HL2(O.,T;U)
and necessarily
(SBu)(T) € H, |(SBu)(T)| < cllull20.r:0).

Therefore the map (3.23) is well defined and continuous.

(ii) = (ili) Note that Hypothesis (3.1) for T implies that the same hy-
pothesis is true for all £, 0 < ¢t < T. As a result we can repeat the previous
argument and obtain

[((SBu)(t), k)| < 1B*S™ ()bl 20,60 1wl L2 (0,60
< |IB*S* ()| 20,750 1wl 20,50

< c|h| |lull 220,750y
Hence SBu is a well-defined function from [0, 7] into H and

sup |(SBu)(t)] < ¢flull L20,1:0)-
(0,7

To prove the continuity of SBu for each u, define u € L?(0, 00;U)

{u(r), re[0,T],

U =N0 " ser

Then for h in D(A*)
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T
(SBu)(t). h) pra- = / (B*S*(T - s)h, [r(T — t)u](s)) ds,

where 7(t) is the translation semigroup on L?(0, 00;U)
[T(t)u](s) =u(t+s), t>0,s>0.
So for any ¢’ and ¢ in [0, T

[(SBu)(t') — (SBu)(t),

<||B*S*(T — )h||L2(0 2oyl T(T =t )u — 7(T = t)ul| L2 (0,130
(-
(T

<|IB*S*()hll 20,0500 I7(T =t )u — (T = t)ul 120,70
<l |I7(T = t"u = (T = t)ull L2(0,0050)
= [(SBu)(t') — (SBu)(t)|

< | r(T = thu = 7(T = t)ul| 20,000 -

By strong continuity of the translation semigroup, we conclude that SBu is
continuous and that (iii) is true. This completes the proof of Proposition 3.1.
O

Theorem 3.1. Fiz T > 0 and assume that Hypothesis (3.1) is verified. Then
for data
e H, welLl?0,T;U), (3.25)

the function
y(t) = S(E° + (SBu)(t) (3.26)

is the unique solution in V(0,T; H, D(A*)") to the differential equation

g~ A+ Bu (3.27)
y(0) = ¢°,
and there exists a constant ¢ > 0 such that
dy 0
lyllco,;m) + clly’lm + llullz20,150)]- (3.28)
dt || 20,7, (%))

The above results are general and essentially require an hypothesis on the
free adjoint system

dv _ .
Cdt = A (3.29)
o(T)=hc¢e H,

with observation operator B*

2(t) = B*u(t) (3.30)
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because

2(t) = B*S*(T — t)h. (3.31)

When system (3.15) is time varying (that is, with A*(¢) instead of A*), Hy-
pothesis 3.1 would require that the linear map

hvs z: H— L*0,T;U") (3.32)

be continuous.
We can also use the method of change of variable in Theorem 2.3 to trans-
form expression (3.26) into

y(t) = S(t)h + A\(SAY ' Bu)(t). (3.33)

Define
By =A'Be L(UH) (3.34)

and introduce the change of variable
Y(t)=y(t) + Bau(t), 0<t<T. (3.35)

Then we have the following equivalent representations:
t t
y(t) = St)h + A/ S(t — s)Byu(s)ds + / S(t — s)[-ABx]u(s)ds, (3.36)
0 0

y(t) =Y(t) - Bw(t),t
Y(t) = SH)Y(0) + / S(t—s)BAZ (s)ds

(3.37)
/ S(t — 5)[=ABxJu(s) ds,
Y(0) = h+ Byu(0), we H*0,T;U).
This is to be compared with Theorem 2.3.
The next theorem relates expressions (3.26) and (3.36).
Theorem 3.2. Assume that )\ is such that Ay is an isomorphism.
(i) The map
w s SBu: L*(0,T;U) — C([0,T]; H) (3.38)
is continuous if and only if the map
u— SByu: L*(0,T;U) — C([0,T]; D(A)) (3.39)

18 CONtINUOUS.
(ii) Hypothesis 3.1 is equivalent to the existence of the continuous linear ex-

tension
h— B3S*(-)h: D(A) — L*(0,T;U") (3.40)

to the map
h— BXS*(-)h: H — C([0,T};U"). (3.41)
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Proof. We use the fact that SBu = A\ (SByu). O
It is always possible to make a change of variable to make sense of a control
operator B € L(U, D(A*)"). For instance, by using the resolvent

R\ A) = [\ — A Y

we have

R(M\ A)SB =SR(\ A)B.
Define the new control operator

B=R(\AB e LU, H),

§(t) = R\, Ay(t) = §(t) = (SBu)(1).
It is easy to check that Hypothesis 3.1
h+ B*S*(:Yh: H — L?*(0,T;U")
is equivalent to
h s B*S*(-)h: D(A*) — L*(0,T;U"),

which is always verified! The price to pay for that change of variable is that
the new state variable belongs to C([0,T]; D(A*)") rather than C([0,T]; H).

3.3 Unbounded observation operators

This section is “dual” to §3.2. We start with the free system

y(t) = S(t)h, heH, t>0, (3.42)
dy B
at =AY (3.43)
y(0)=h

The observation equation is
z2(t) =Cy(t), 0<t<T. (3.44)

From now on, everything we said for B* and {S*(¢)} in §3.2 is true for C' and
{S(®)}-

Hypothesis 3.2. Given T > 0, the linear map
h+— CS(-)h: D(A) — C([0,T); Z) (3.45)
can be extended to a continuous linear map

hi CS()h: H— L*(0,T; 2). (3.46)
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Define for S* the analog of S in (3.9) for S:
S*: L*(0,T;H) — L*(0,T; H), (3.47)
(8*g)(t) = /Ot S*(t — s)g(s) ds. (3.48)

This operator is not to be confused with the topological dual (§)* of

S: L*(0,T; H) — L*(0,T; H). (3.49)

They are however related in the following way:
[(8)*g"](t) = (ST~ 1), 0<t<T, (3.50)

where
g't)y=g(T —t), 0<t<T. (3.51)

Proposition 3.2. The following statements are equivalent:

(i) Hypothesis 3.2.
(ii) The linear map

2 (S*C*2)(T): L*(0,T;Z') — H (3.52)

1S continuous.
(iii) The linear map

z 8*C*2: L?(0,T; 2" — C([0,T); H) (3.53)
1S continuous.

Theorem 3.3. Fiz T > 0 and assume that Hypothesis 3.2 is verified. Then
for data

w’ e H, z¢eL*0,T;7), (3.54)
the function
w(t) = S*(H)w’ 4 (S*C*2)(t) (3.55)
is the unique solution in V(0,T; H, D(A)') to the differential equation
dw * *
g ~ AW (3.56)
w(t) = w?,
and there exists a constant ¢ > 0 such that
dw 0
lwlleo,rya +1| 4 < dlw’lg + [|zllc20,m,20).  (3.57)
L2(0,T;D(A)")

Theorem 3.4. Assume that A\ € R is such that Ay is an isomorphism.
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(i) The map
2+ 8*C*2: L*(0,T;Z') — C([0,T); H) (3.58)

is continuous if and only if the map
z— 8*C3z: L*(0,T;2") — C([0,T]; D(A)) (3.59)

is continuous, where

Cy=CA' € L(H,Z). (3.60)
(ii) Hypothesis 3.2 is equivalent to the existence of the continuous linear ex-
tension
h+— C\S(-)h: D(A*)" — L*(0,T; Z) (3.61)
to the map
h— C\S(-)h: H— C([0,T]; Z). (3.62)

3.4 Unbounded control and observation operators

When we consider the controlled system

dy
g~ AT B (3.63)
y(0) =",
with the observation
2(t) = Cy(), (3.64)
the natural hypothesis that comes is the following one.
Hypothesis 3.3. The linear map
CSB: L*(0,T;U) — L*(0,T; Z) (3.65)
is continuous. O

By duality, this is equivalent to the continuity of the map

B*S*C*: L*(0,T; Z') — L*(0,T;U"),
(3.66)
/ S(s—1t)*g(s)ds

Unfortunately this last statement does not really provide additional infor-
mation on the specific connections among C, A, and B to produce the map
(3.65).

In order to gain some insight into this problem we turn to the method
of change of variable introduced in §2.3 (Theorem 2.3) and use it twice to
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simultaneously handle the unboundedness of B and C' (cf. also Theorem 1.1
and its corollary).
We proceed formally. The state y is given by the formula

t
y(t) = S(t)h + / S(t — s)Bu(s) ds. (3.67)
0
Let A € R be the number for which
Ax=—[M— Al € L(D(A),H)NL(H,D(A*"))
is an isomorphism. Define for all ¢ > 0

ua(t) = ey (),
ux(t) = e Mu(t), (3.68)
Sy(t) = S(t)e .

It is easy to check that {Sx(¢)} is also a semigroup and that

d

WSA(Dh = 43Sy (Dh, Vh e D(A). (3.69)

Equation (3.67) is equivalent to

ya(t) = Sa(t)h + /Ot Sa(t — s)Bux(s)ds (3.70)

and the observation
20 (t) = e Mz(t) = Cya(t). (3.71)

In order to remove the unboundedness of B € L(U, D(A*)") we proceed as
in Theorem 1.1. Assume that

uy € HY(0,T;U) (3.72)

and introduce the new operator By and the new variable Y7 (¢)

By = A'Be L(UH), (3.73)
Y1(t) = ya(t) + Baun(t) € L*(0,T; H). '
By performing integration by parts we get
Yi(t) = Sa(t)Y1(0) + /ts (t — )By " (5) ds
1(t) = oa(t) 1 ; A A ds 5 (3.74)

Y1(0) = h + Byux(0) € H,

and we conclude that (cf. Theorem 1.1)
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Y, € C([0,T]; H) N C*([0,T]; D(A*)). (3.75)
To remove the unboundedness of C € L(D(A), Z), we assume that
uy € H*(0,T;U), he D(A) and CA'Be L(U,2) (3.76)
and introduce the new operator C) and the new variable Y5(t)

Oy =CA' € L(H, Z),

Ya(t) = A\Yi(t) + Ba d;‘; (t). (8.77)

This situation is slightly different from the corollary to Theorem 1.1 because
it cannot be a priori assumed that Bu(-) € C([0,T]; H). So we assume that
ux(0) = 0 in (3.74). By integration by parts we get

d2
A s)ds,

Ya(t) = Sx(t)Y2(0) Jr/o Sxa(t — s)Bx s ( (3.78)

dux .

Y2(0) = Axh + By gt

The observation equation is
Z)\(t) = Cuyr(t) = C[Yl(t) — BAUA(t)] = CA;l[A)\Yl(t) — A)\B,\U)\(t)]

and

d’LL)\

za(t) = Cy Yg(t)—B)\ gt (t)| — CxAxByux(t).

Finally
2x(t) = C\Ya(t) — CaByuh\ (t) — Cx AxBaux(t). (3.79)

The second term belongs to H'(0,7; Z) and the last term to H?(0,T;Z2)
because we have assumed that

C\A\B) = CA'B € L(U, Z). (3.80)

As for the first term
t
C\Ya(t) = CSx(t)h + CA\Sx(t)Bu)\ (0) + / CySx(t — s)Byuly(s) ds,
0

it is well defined for h € D(A) and all uy € H?(0,T;U) such that uy(0) = 0.
Finally 2z € C([0,T); Z) for all h € D(A) and u € H?(0,T;U) such that
u(0) = 0. We summarize our conclusions in the next theorem.

Theorem 3.5. Assume that A € R is such that Ay be an isomorphism. If the
compatibility relation
CA'Be L(U,Z) (3.81)

1s verified, then the linear map
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us z: {u € H*(0,T;U): u(0) =0} — L*(0,T; Z) (3.82)
is continuous, where

2(t) = eMan(t), ua(t) = e Mu(t), (3.83)
2

¢ d“u
Z,\(t) = 7CAA,\B)\’U,,\(t) + C)\/ S)\(t — S)BA d82/\
0

— C\Bu)\(t) + Cx\Sx(t) Bau)\ (0).

() ds (3.84)

Hypothesis 3.3 is verified if and only if the map (3.82) can be continuously
extended to all L*(0,T;U).

Remark 3.1. Hypothesis (3.82)—(3.84) is verified under the compatibility rela-
tion (3.81). However, it is not clear whether Hypothesis (3.82)—(3.84) implies
(3.81). 0

When the control and observation operators are “more unbounded”

B € L(U,D(A™))C € L(D(A™),Z), CA'Be L(U,2Z),
1<{<m+n, (3.85)

the previous constructions can be repeated. For the control operator we in-
troduce the new variable

fasy i diu
Yi( )+ Z At gy dtj( ) (3.86)
is continuous and the operator
By =A\"BeL(U H). (3.87)
The new variable is given by the expression
Yo () = Sa(£)Ya(0) + /O "8y (- 8)By d;;fj (s) ds. (3.88)

Similarly on the observation side we define the new state variable

m—1
m ot dn—',-éu)\
Yopm(t) = AYYo(t) + > AV ~7IB, ginie @ (3.89)
£=0
and the operator
Cn=CA" e L(H 2Z). (3.90)

The new state is given by

dn+m
Yotm(t) = Sx(t)Yotm( /S)\ 7L+:i’\(s)ds (3.91)
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and the observation by

Z)\(t) = Cy)\(t) = OA;mAi\ny)\(t) = C)\Ai\ny)\(t) (392)
or
m+n—1 deU)\
m4n—1—4¢
22 (t) = C\Ygm (t) — ; CrATT By (®). (3.93)

Notice that in view of hypothesis (3.85) the terms in u) all make sense for
h € D(A™), u € H™"(0,T;U), and u(9(0) = 0,0 < £ < m+n— 1, and that
a statement similar to the one of Theorem 3.5 can be made.

4 Time-invariant variational parabolic systems

In this section we specialize the results of §1 and §2 in Chapter 2 of Part II
to the time-invariant case, compare them with the ones that can be obtained
by semigroup methods, and relate them to the semigroup model for control
of §3. The starting points are Theorem 1.1 in §1.3 and Theorem 1.4 in §1.5
(Chapter 2 of Part II). More precisely we start with a continuous linear op-
erator

AeL(v,V') (4.1)
for which the V—H coerciveness hypothesis

Ja >0, INER, Yo €V, (Av,v)y + Av|* > allv|? (4.2)

is verified. Theorem 1.1 says that, for all T" > 0, the variational differential
equation

dy
dt
has a unique solution y in W(0,T;V, V') c C([0,T]; H). For f = 0 the solu-
tions of the above equation generate a strongly continuous semigroup {S(¢)}
on the Hilbert space H

Ay+ 7 =[eLl*0,T;V"), y(0)=y"eH (4.3)

Sy’ =y(t), t>0, Vy°eH. (4.4)

Its infinitesimal generator coincides with —A, the domain of which will be
written D(A). We emphasize the fact that in other chapters on semigroup the
infinitesimal generator is usually written A. The notation —A is exceptionally
used to be consistent throughout this section.

In §1 we have seen that the function

¢
y(t) = S(t)y° + / S(t—s)f(s)ds in D(—A*) (4.5)

0
is also the solution of system (4.3) in V(0,T; D(—A*)’, D(—A*?)"), which is a

larger space. Theorem 1.1 contains the following regularity property: For all
T > 0, the linear map
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t

§: PO.TV) = WOTV.V), (SN = [ Ste-9)7ds  (10)
0

is continuous.

From semigroup theory in Chapter 1 of Part IT (cf. §2, Theorem 2.12),
the semigroup {S(t)} generated by —A on the Hilbert space H is analytic.
Moreover for the A of the coercivity assumption (4.2) the operator

—Ay=—A— Al (4.7)

is the infinitesimal generator of the strongly continuous analytic contraction
semigroup
Sx(t) =eMS(t), t>0 (4.8)

on H. As a consequence the linear map

Sx: L*(0,T; H) — W(0,T; D(—A), H) C C([0,T]; [D(—A), H]1 2),

k 4.9
(S\)(E) = / Salt — 5)f(s) ds (4.9)

is continuous and there exists a constant M > 0 independent of T' > 0 such
that

| = AxSxfllrzo,m;m) < M| fllL2(0,7;m)- (4.10)

But under assumption (4.2), — A, is invertible and

ISxfllw(o,7:0(-a),1) < M'|| fll L2(0,7:10) (4.11)

for some constant M’ > 0 independent of T and f. From the above property
and the identity

(S£)(#) = eM[Sx(e™* fI(2), (4.12)

we can obtain for Sf an inequality similar to (4.10) but with a constant
M(T, ) > 0, that now depends on 7' and A (monotonically increasing with
A>0):

ISfllwo,1ip—a),m) < M(T, M| fllL20,7;m)- (4.13)

This last identity shows that we have the regularity result
S:L*(0,T;H) — W(0,T; D(—A), H) (4.14)

for the map (4.6). Now —Ay = —A — Al is an isomorphism from D(—A) onto
H and from H onto D(—A*)". Tt follows from the identity

AV'Sf=SA'f (4.15)

that
S: L*(0,T; D(—A*)") — W(0,T; H, D(—A*)) (4.16)
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is also an isomorphism which can be regarded as an extension of (4.14). In
particular for a, 0 < a < 1,

S: L*(0,T;[H,D(—A"]4a)
— W(0,T;[D(—A), H|o, [H, D(—A*)]a)  (4.17)

is an isomorphism that can also be expressed in terms of the domains of the
fractional powers A§ of Ay (cf. Chapter 1, §6, Proposition 6.1)

D(Agf) - [D(iA)vH]lfa = [D(A)aH]lfa- (418)
Finally
S L*(0,T; D(A3™)) — W(0,T; D(Ay™ ), D(A®)) (4.19)

1

and in particular for o =

S: L(0,T; D(A}?)) — W(0,T; D(AY?), D(AL/?Y). (4.20)

Comparing the above map to (4.6), we cannot conclude that they coincide.
However if we assume that

D(AY?) = [D(A), H], 5 = [D(A*), H]y )2 = D(A}M?), (4.21)
then
[D(A), H]y /o =V = [D(A"), H]1/2 (4.22)

and we recover (4.6) (cf. Chapter 2, Remark 1.2 and Theorem 1.3). It says
that in the variational case (4.6) is generally true without assumption (4.22).

For the control through a Neumann boundary condition, we have seen in
§1.2 (Chapter 2, Part II) that the control operator B is of the form

(Bu,v)y = / w| dI, we L*(I'), veV, (4.23)
r
where
H=L*Q), V=H'(Q), DA")= {v em): 2| - o},
ova|p
- o}.
r

Here the hypotheses of Theorem 1.3 (Chapter 2 in Part IT) are verified with
X = H?(Q) and

(4.24)

D(A) = {v € H*(Q): 68:%

D(AY?) = D(A*'/?) = V. (4.25)
Notice also that not only B € £(U,V’) but also

Be LU HY*2(Q)), >0 (4.26)
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because the trace operator
v | HY222(Q) - U = LA(I) (4.27)
is continuous. Moreover
HY2H2(9) = [D(A%), Hly/a . = D(A"/149) (428)

and
B e L(U, D(A*/4+e))n, (4.29)

For the control through a Dirichlet boundary condition, we have shown in
§2.1 (Chapter 2 in Part IT) that the control operator B is

ov
B vy =
< U7U>D(A) /Fuaym

where

dl, we L*(I'), v € D(A®), (4.30)
r

H=1%Q), V=H}Q), DA =D-A")=HQ)NH), (431)

which necessarily implies (4.23). Here the trace operator

v OV R () A H Q) — LA(), £ >0 (4.32)
aUA* r
is continuous,
HP/>T25(Q) N Hy () = [D(A"), H]yja—c = D(A*C/49)), (4.33)
and
B e L(U,D(A*G/4+) U = LA(I). (4.34)

In both cases hypothesis (4.22) is verified and
SB: L*(0,T;U) — W(0,T; H, D(A*)) C L*(0,T; H). (4.35)
Sharper results can also be obtained in view of (4.27) and (4.32): For Neumann
SB: L*(0,T;U) — W(0,T; D(A%47¢), D(A*(1/4+2))7), (4.36)
and for Dirichlet
SB: L*(0,T;U) — W(0,T; D(AY475), D(A*B/4+e))n, (4.37)
In §2 we have shown that under Hypothesis 3.1 the map
SB: L*(0,T;U) — C([0,T); H) (4.38)

is continuous. Hypothesis 3.1 amounts to prove that the map



226 1I-3 Semigroup Methods for Unbounded Control and Observation
hs B*S*(-Yh: H — L*(0,T;U") (4.39)

or, equivalently, that the map
h+ B*v: H— L*(0,T;L*(I")) = L*(X) (4.40)

is continuous for v the solution of the adjoint system

1o}
Ao+ a? =0 on]0,T[, o(T)=h. (4.41)
For the Neumann case
0
Afv+ (;t) =0 inQ,
0 _ on . (4.42)
BVA*
vo(T)="h inQ,
and

B*v = 5. (4.43)

Here for h in H, v € W(0,T;V, V') Cc L?(0,T;V) and
vi—vlg: L2(0,T; HY(Q)) — L*(0,T; L*(IN)) = L*(X) (4.44)

is linear and continuous. Therefore, Hypothesis 3.1 is verified.
For the Dirichlet case

A*v + Zzt) =0 in @,
v=0 on X, (4.45)
o(T)=h in Q
and 5
Bw="" (4.46)
81/A* »
For h in V, the map
vie O L W0, T DAY, H) — HY2A () (4.47)
31/,4* »
is continuous, but for all A in H,
1/2,1/4 v 2
ve H H/%/HXY) and g L*(X). (4.48)
8VA* b,

From this Hypothesis 3.1 fails and we would conclude that the elegant
framework of this chapter is not adequate for parabolic systems with control
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through a Dirichlet boundary condition. However if we first perform the change
of variable of §2.5 (Chapter 2 in Part II)

g(t) = A7 2y(t),  o(t) = AYPu(), (4.49)
then g
Yy _ -5 5 4—1/2 /
= —Aj+Bu, B=A"Y2Be LUV,
dt y+ by . V) (4.50)
7(0) = A/?y(0) € H,
and pn
v
= 7A~
dt v (4.51)

o(T)=AY*(T)e H = v(T)=heV.

Thus in view of (4.45), Hypothesis (3.1) is verified and the framework of
this chapter is now appropriate for a parabolic system with control through a
Dirichlet boundary condition. In addition,

§eL*0,T;V) = A Y2y e L?0,T;V) = ye L*0,T;H), (4.52)

but we only have
y € C([0,T]; V"). (4.53)

In fact we do not need the full force of A=1/2 and A—1/4%¢ is sufficient because
B € L(U, D(A*(1/4+2))) and

B=A"Y"B e L(U, D(A*?)) = LU, V")

because
A*(1/4—s) c E(D(A*l/Q),D(A*(1/4+E)))






4

State Space Theory of Differential Systems
With Delays

1 Introduction

In this chapter our objective is to present a modern approach that provides
a unifying framework for a large family of differential and integro-differential
systems with delays. This point of view is of paramount importance for the
Control Theory, Filtering Theory, and Realization Theory of such systems.
The material presented in this chapter is an outgrowth of the lecture notes
in French presented at the INRIA School on Representation and Control of
Delay Systems in June 1984 by M. C. DELFOUR [14]. The original material
has been restructured, the proofs have been streamlined, and new results have
been introduced in §6.

According to A.D. MysHKIS [1], the origin of differential equations with
delays or “differential equations with a retarded argument” goes back to CON-
DORCET in a “Mémoire de I’Académie des Sciences” dated 1771 about a prob-
lem studied by EULER in 1740. So it is a topic with a relatively long history.

To appreciate the specificity of a delay differential equation, recall that
ordinary differential equations are essentially local (in time) relations of the
form

F(t,(t),2M (), 2@ (t),...,a™ (1)) =0 (1.1)

between the function x and its derivatives (¥, 1 < i < n. Equation (1.1)
relates z and its derivatives at time ¢. However other types of relations F' can
be constructed that relate x and its derivatives at different times. For instance

eVt —zt—-1)=0 orzM(t)— z(%) =0. (1.2)

Such relations belong to the general class of “Functional Differential Equa-
tions or Differential Equations with a Deviating Argument (in papers from
U.R.S.S.).” They essentially define a functional relation G between the func-
tion x and its derivative,

Gz, zM, ... 2™y =0, (1.3)
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as opposed to the local relation F' in (1.1) at time ¢. At that level of generality
everything is possible and the variable x need not be interpreted as a function
of time. However it is customary to call the variable ¢ the time and we shall
follow this convention.

Functional Differential Equations (FDEs) have often been classified into
three categories: retarded type as in (1.2) advanced type

() = z(t +2) (1.4)

or neutral type

aW () =2t —1) + x(t — 1) + z(b). (1.5)
In this chapter we shall take the down-to-earth point of view that a real
system is nonanticipatory and limits our analysis to systems where the solution
x(t'), t' > t, only depends on the past values z(s), s < ¢, of the variable z.
This definition does not only cover differential equations with delays but also
important classes of integral or difference equations as we shall see in §1.2.
This broad family of systems will be referred to as Delay Systems or sometimes
as Hereditary Systems.

Such systems enter into the modelization of many problems: technolog-
ical systems (e.g., chemical processes, rolling mills), the classical two-body
problem in electrodynamics, the dynamics of nuclear reactors, the transmis-
sion line model, population models, biomedical systems (e.g., control of the
human respiratory system), the propagation of diseases in a population, the
control of epidemics, economic systems, and even the famous macro-economic
models “a4 la “ FORRESTER” (cf. M. C. DELFOUR and A. MANITIUS [1] for
details and specific references).

Detailed bibliographies on FDEs have been initiated by A.D. MYSHKIS 2]
in 1949 and periodically updated by N. H. CHOKSY [1]. The first books writ-
ten in English were probably those of E. PINNEY [1] in 1958, R. BELLMAN
and K. L. CookE [2] in 1959 and 1963, J. A. NOHEL [1] in 1964, A. Ha-
LANAY [1] in 1966, and the translations in 1966 of the 1964 book of ELsGOLC
and the one of A.D. MYSHKIS [2] in 1951. This topic has been widely stud-
ied by numerous mathematicians and engineers everywhere in the world. We
recommend the book of J. K. HALE [3] and its bibliography for a detailed
treatment of delay systems up to 1977. Several references to the engineering
literature have been included in our bibliography because problems in Con-
trol Theory have often been the motivation behind the various state space
formulations we shall encounter in this chapter.

This chapter will emphasize the product space approach, which seems to
have been independently introduced in the late sixties—early seventies by
M. ARrrtoLA [1, 2, 3] for parabolic partial differential equations with de-
lays, M. C. DELFOUR and S. K. MITTER [2, 3, 4, 5, 9] for nonlinear
time-varying delay differential equations, and by Ju. G. BORISOVIC and
A. S. TurBABIN [1] for nonhomogeneous linear time-invariant delay differ-
ential equations. At that time our objective was to bring the theory of sys-
tems with delays more in line with the modern theory of partial differential
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equations in Hilbert spaces and build up a unified Control Theory of Infinite
Dimensional Systems. In that regard delays systems were very appealing be-
cause they were halfway between ordinary differential equations and partial
differential equations.

2 Examples and orientation

2.1 Examples

In this section we provide a series of simple examples to introduce and moti-
vate the model and the constructions, which will be used in this chapter.

Ezxample 2.1. Delay differential equations.

N
gt) = > ylt—i), t>0,y0)=¢0), -N<O<0, (21)
i=0
where N > 0 is an integer. O

Ezample 2.2. Volterra integro-differential equations.

y(t) = /0 A(r —t)yy(rydr, t>0, y(0) = ¢, (2.2)

where A is an L!-function. O

Ezample 2.3. Integro-differential equations.

i(t) :/iAﬂmMHﬂﬁw+/iAﬂ®mmﬁﬁﬂ t>0,

B (2.3)
y() =¢6), —h<0<0,
where A; and As are square integrable functions. O
Ezample 2.4. Functional differential equations of neutral type.
z(t)y=z(t—-1), t>0, z(0) = $(9), -1<6<0. (2.4)
O
Ezample 2.5. Volterra integral equations.
t
x(t) = / A(s —t)z(s)ds+ f(t), t>0, (2.5)
0

where A and f are locally integrable. O
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Ezxample 2.6. Difference equations.

N
o(t) =Y Aw(t—i), t>0,
1=1

2(0) = ¢(0), —N<0<0,

(2.6)

where N > 1 is an integer. O

Ezample 2.7. Delay-differential equations with delays in the trajectory, con-
trol and observation variables.

N
90 = Ylyte =)+ ulo =) 27)
z(t) = Coy(t) + Cry(t — N) + Kou(t) + Kyu(t — N),
where N > 0 is an integer. O

The first observation is that in Examples 2.1, 2.9, and 2.10 (resp. 2.11, 2.12
and 2.13), y(t) (resp. z(t)) is not a good candidate for the state at time ¢ > 0.
The intuitively natural one is

ye (resp. xy): I(—h,0) — R,

(2.8)
ye(0) = y(t+0) (vesp. z,(0) = z(t +0)),
where h,0 < h < +00 is the length of the memory of the system and
I(—h,0) =RnN[-h,0]. (2.9)
So in Examples 2.8 and 2.9, the differential equation is of the form
y(t) = Hy,, t>0, (2.10)

for an appropriate real-valued map H defined on the space of real-valued
continuous functions on I(—h,0) or, as we shall see later, on some subspace
in the case of infinite memory (h = +00).

FEzample 2.8.
al J(t) = Hy,, t>0
h=N, Hy=Y (i), {9770 ’ (2.11)
= Yo = ¢.
O
Ezample 2.9.
0 .
y(t) = Hyy, t>0,
h = too, Hi :/ A(0)(6) db), o
—00 y(O) = (boa Yo = 0.
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Proceeding in this way with Example 2.10, it is readily seen that the map
H must be defined on the Sobolev space WP (—h,0; R).

Ezample 2.10.

0<h<+oo, Hip= /Oh[Al(e)w(e) + Ay (0)3(0)) 6. O

A complete theory is available in the product space
MP =R x LP(—h,0;R) (2.12)
for systems of the form

g(t) = Hy+ f(t), t>0,  y(0)=¢", yo=9¢", (2.13)

where f € LY _(0,00;R), (¢°,¢') € MP, and H is a continuous linear map

loc

H: WY (—h,0;R) - R, 1<p< o0, (2.14)

for finite or infinite memory, 0 < h < +o0 (cf. M. C. DELFOUR [8]). Moreover
this class of maps cannot be enlarged in this framework.

The construction used in Examples 2.8 to 2.10 does not apply to Exam-
ple 2.11 because the map .

Hyp =1p(=1)

would have to be defined on the smaller space C'(—1,0;R)! of continuously
differentiable functions. To get around this difficulty, we group terms involving
a derivative of z:

d
dt
and note that the above expression is of the form

[z(t) — z(t — 1)] = 0

thxt —0, My =(0) — (-1).

This last construction suggests the more general model

jt[Ma:t] = Lay+ f(t), t>0, zg=0¢. (2.15)

Equivalently by introducing a new variable y(t)
Mz, —y(t) = g(t), >0,
Zo = ¢27
y(t) — Hys — Lxy = f(t), t>0,
y(O) = d)ov Yo = (blv

we obtain a model that can handle Examples 2.11 to 2.13.

(2.16)

! Recall the notation C(—1,0;R) for C([—1,0]; R).
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Ezample 2.11. h =1, My = ¢(0) —(-1), L =0, and H =0,

(2.17)

|
FErample 2.12. h = 400, L =0, and H =0,

’ A(0)(6) de, (2.18)
Mz, —y(t) = f(t), t>0,

o = O,

(1) =0, >0, (2.19)
y(0) = 0.

M1 = 4(0) —

O
Ezample 2.13. h=N, L =0, and H =0,

N
My =4(0) = Ap(—i),
=1

Mz —y(t) =0, t>0,

(2.20)

The last example requires an additional operator N in model (2.16)

My — Nyy = Biug +g(t), t>0,
y(t) — Hy: — Lz = Bous + f(t),
x():(bzv yO:(bla
Ezxample 2.14. 2.7 h=N, L =0,

t>0, (2.21)

ug = w.

N N
Hip =Y p(—i), Bop=» t(—i),
i=0 =0

(2.22)
B1y = Kop(0) + K19(—=N).
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The interesting feature of the application of model (2.21) to Example 2.7 is
that the observation x becomes one of the unknown variables similar to y:

’y(t) — Hyt = Bo’ut, t > 0,
y(0) =¢", wyo=0¢" wuo=w, (2.23)
x(t) — Ny = Biug, t>0.

a

So the final mathematical model we shall adopt for our analysis will be

Mzy — Ny, = Byug + f(t), t>0,
y(t) — Hy: — Lxy = Bouy + g(t), t >0, (2.24)
(¥(0), Yo, z0) = (¢°, 9", %), w0 = w.

This model has been studied in detail by M. C. DELFOUR and J. KARRAK-
CHOU [1, 2], with appropriate assumptions on the various maps.

2.2 Orientation

Model (2.24) is generic of a very large class of delay systems with finite or
infinite memories. Our objective is to discuss the choice of state and state space
for linear control systems with observation. We first consider Lipschitzian
delay-differential equations of the form

{ﬂ@zf@w% t>0, (2.25)
o —

and then specialize to time-invariant linear control systems of the form

{x(t) = Lzy + Boug + f(t), >0, (2.26)
o =

¢

with observation equation
y(t) = Czy + Bouy. (2.27)

The complete theory for the general model (2.24) can be found in M. C. DEL-
FOUR and J. KARRAKCHOU [1, 2]. It was felt that the specialization to system
(2.26)—(2.27) was sufficient as a first introduction and will better illustrate
the ideas and constructions behind our approach using product spaces and
structural operators.

In §3 we discuss the existence and uniqueness of the solution for Lip-
schitzian systems of the form (2.25). We compare the classical assumptions
for initial conditions in the space of continuous functions with those required
for initial conditions, which are only LP-functions. In this last case we also
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need an initial point to define the starting point of the trajectory. This is
the so-called product space approach because the initial datum is a pair
(¢°, ') € R™ x LP(—h,0;R™). A key result is that all time-invariant lin-
ear systems can be studied in the product space framework under the same
assumptions as in the continuous functions framework. This last result is of
paramount importance for control problems because the state space can be
chosen as a Hilbert or a reflexive Banach space bringing delay systems in line
with partial differential equations in Hilbertian or reflexive Sobolev spaces.

In §4 we construct a first state and a state equation, study transposed and
adjoint systems, introduce structural operators, and intertwining operators,
and characterize adjoint semigroups and their infinitesimal generators. This
is the extension of the traditional state in the continuous function framework.
In particular the reader will find the implicit characterization of the adjoint
of the infinitesimal generator associated with the state for systems with both
finite or infinite memory. This question was initially raised by R. B. VIN-
TER [2], but its importance has not always been fully appreciated. We shall
see how fundamental it is in the following sections. This section also contains
many other key technical results, which will be extensively used in subsequent
sections

Section 5 introduces the control variable and the two fundamental choices
of definition of the state. Section 6 incorporates a delayed observation equation
and extends the two definitions of state to finally obtain an evolution equation
and an observation equation in a product space R"™ x LP x LP without delays
but with unbounded control and observation operators.

This chapter will emphasize the importance of the construction of a state,
which is fundamental in Control Theory. For delay systems this key devel-
opment seems to have come from N. N. KRASOVSKII [1, 2] in 1959. Yet the
use of the nonreflexive Banach space of continuous functions at the level of
the classical theory of semigroups was not completely satisfactory for a purely
technical reason. Around 1969 it was then understood that for a very large
class of delay systems the state space could be enlarged from continuous func-
tions to an initial point and an initial LP-function. This led to the product
space approach, which was independently introduced in the late sixties-early
seventies by M. ARTOLA [1, 2, 3] for parabolic partial differential equations
with delays, M. C. DELFOUR [1, 3, 5, 8] and M. C. DELFOUR and S. K. MIT-
TER [2, 3, 4, 5, 9] for nonlinear time-varying delay differential equations, and
Ju. G. Borisovic and A. S. TURBABIN [1] for nonhomogeneous linear time-
invariant delay differential equations.

At that time our objective was to bring the theory of systems with delays in
line with the modern theory of partial differential equations in Hilbert spaces
and build up a unified Control Theory of Infinite Dimensional Systems. In
that regard delays systems were very appealing as they were halfway between
ordinary differential equations and partial differential equations. This techni-
cal contribution made it possible to give a complete mathematical solution
to the linear quadratic optimal control problem over finite and infinite time



2 Examples and orientation 237

horizons (cf. M. C. DELFOUR and S. K. MITTER [3, 6, 8]; M. C. DELFOUR,
C. McCALLA, and S. K. MITTER [1]; M. C. DELFOUR [3, 6, 9, 10, 12, 13,
15]; M. C. DELFOUR, E. B. LEE, and A. MANITIUS [1]). In the context of
numerical solutions the product space also turned out to be the appropriate
framework because it was disconnecting the initial point and the initial func-
tion (cf. M. C. DELFOUR [6]). For subsequent work by many other authors
(Banks, Burns, Gibson, Herdman, Ito, Kappel, Kunisch, Rosen, Schappacher,
Tran, and several others), the reader is referred for instance to the papers of
D. SALAMON 4], and I. LASIECKA and A. MANITIUS [1] and their bibliogra-
phies.

Another important contribution was the construction of the structural op-
erators, which first clarified the relationship between the true adjoint and the
transposed system and provided the natural concepts of observability and con-
trollability. They were developed in Montréal in the 1975-78 period and first
announced in December 1976 at the CDC by A. MANITIUS [5] and at the IN-
RIA by M. C. DELFOUR and A. MANITIUS [1]. For control systems without
delays in the control variable, the transformation of the state by the structural
operator was introducing a new state, the structural state, which was more
natural and better adjusted to the specific delay structure of the system. A
complete treatment of structural operators along with their implications in
spectral theory was given by M. C. DELFOUR and A. MANITIUS [2, 3] for
arbitrary delay functionals L on the space of continuous functions (see also
C. BERNIER and A. MANITIUS [1], and A. MANITIUS [5, 6, 7, 8]) immediately
saw and exploited their potential in the study of the notions controllability
and observability. An extention of structural operators to time-varying sys-
tems was later done by F. CoLoNIUS, A. MANITIUS, and D. SALAMON [1].

But it turned out that structural operators and the associated construction
of the structural state also play a fundamental role in the transformation of
systems with delays in the control variable into an evolution equation without
delays. The appropriate extention of the definition of structural state? in R™ x
L? was introduced by R. B. VINTER and R. H. KwoNG [1] and generalized
by M. C. DELFOUR [15] to general delayed control operators. We still call it
structural state because it roughly corresponds to the transformation of the
usual state and the segment of the control function by the structural operators
associated with the delay structure of the system and the control. Another
state in R™ x LP x LP, the extended state, was introduced by A. ICHIKAWA [1,
2, 3]. This state follows the evolution of the pieces of trajectory x; and control
ut. He added wuy to the original choice (z(t), ;) for the state in the product

2 In the recent literature the terminology “forcing function state” has been used (cf.
for instance the book by G. GRIPPENBERG, S. O. LONDEN, and O. STAFFANS [1]).
This emphasizes one of the many properties of the underlying semigroup. It is ob-
viously a matter of taste. For instance we shall see in the proof of Theorem 5.1 that
this state can also be seen as the resulting product of transposition techniques.
In fact the underlying semigroup is nothing but the adjoint of the semigroup
associated with the state of the transposed system.



238 II-4 State Space Theory of Differential Systems With Delays

space. This theory will be completed and extended in §5.2. To our knowledge
those two definitions of the state seem to be the only interesting and natural
ones for linear control systems with delays. In retrospective—and it is now
more striking because we have a unified framework for the time-invariant
system (see §2.1)—it is extremely interesting to see that these two notions of
state had been discovered by D. H. MILLER [1] around 1974 in the context
of Volterra equations.

All this was fine but not quite complete. From the Control Theory point
of view it was necessary to be able to deal with a delayed observation equa-
tion. This is relatively simple to do with the extended state because we have
direct access to z; and u;. However this was far from being obvious with the
structural state. The appropriate construction came from D. SALAMON [2]
who added a third component to the structural state. This extended struc-
tural state does not require a full knowledge of z; and u; but only of some
linear combinations through appropriate structural operators associated with
the control and observation delay structure. This construction was extended
and generalized to system (2.24) by J. KARRAKCHOU [1] and M. C. DELFOUR
and J. KARRAKCHOU [1, 2|. Similar developments using a slightly different
approach were also done by D. SALAMON [1, 3] for neutral systems.

We would like to emphasize that our objective in this chapter is to give
a systematic introductory but sufficiently complete treatment of the above-
mentioned material, which is not available in standard textbooks. We feel that
it is now a fundamental part of the theory of delay systems, which brings them
in line with the general theory of control systems in infinite dimension.

The optimal control problem will be covered in the second part of this
book. However it will appear as a special case of the general theory. Never-
theless many references have been included at the end of this chapter. For
early papers using various forms of the Maximum Principle, Dynamic Pro-
gramming, and abstract variational theories, the reader is referred to the first
books of G. L. KHARATISHVILI [1] and M. N. OGUZTORELI [1] in 1966 and
the papers by H. T. BANKS and A. MANITIUS [1] in 1974, F. CoLONIUS [1]
in 1982, and the lecture notes of A. MANITIUS [4] in 1976.

Many papers deal with the theory of partial differential equations with
delays. It was unfortunately not realistic to include this material here. The
reader is referred to M. ARTOLA [1, 2, 3, 4], and especially the bibliography
in M. ARTOLA [4] on the work of the Italian School; A. ARDITO and P. Ric-
CIARDI [1]; G. D1 Brasio, K. KuNiscH, and E. SINESTRARI [1]; J. DYSON
and R. VILLELLA-BRESSAN [2]; K. KUNISCH and W. SCHAPPACHER [1]; and
C. C. Travis and G. F. WEBB [1, 2].

2.3 Notation

R denotes the field of real numbers, and for an arbitrary integer n > 1, R"
will be the n- dimensional Euclidean space. The norm of z in R" and the
inner product of z and y will be written |z| and x -y, respectively.
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Given —o00 < a < b < +o0,
I(a,b) =RnNa,b.

For a real Banach space X, L”(a,b; X) will denote the space of all equiva-
lence classes of p-integrable (resp. essentially bounded) Lebesgue measurable
functions on I(a,b) into X for 1 < p < oo (resp. p = 00). The derivative of a
function x on I(a,b) into X will be denoted &, da/dt, Dx, or Dx (in the dis-
tributional sense). The Sobolev space of all y in L?(a, b; X') with distributional
derivatives Dly,j=1,...,m, in LP(a,b; X) will be written W™P?(a,b; X).

C(a,b; X) will be the Banach space of all bounded continuous functions
x from I(a,b) into X. For m > 1, C™(a,b; X) will be the space of all m-
times bounded continuous differentiable functions on I(a,b). Cy(a,b; X) =
{z € C(a,b; X): Ve > 0,3 a compact subset K of I(a,b) such that |z(t)| < ¢,
Vt € K¢}, where K¢ is the complement of K with respect to I(a,b),

Ke={tel(ab):t¢ K}

when a and b are finite I(a,b) = [a,b] and Cjy and C coincide. C¢(a, b; X) will
be the subspace of functions of C(a, b; X) with compact support in ]a, b[. It is
not to be confused with the space of bounded continuous functions with sup-
port in I(a,b). In general the two spaces do not coincide except on I(—o00, 00).
In addition to the above function spaces, we shall also use the notation.

Floc(a,00,X) = {y : I(a,00) = X: VT > a,y|ra,r) € Fla,T;X)}

for any function space F (for instance F can be C,L% WP etc....).
D(]a,b[; R™) will denote the vector space of all infinitely continuously dif-
ferentiable functions from ]a, b into R"™. Wy"*(a, b; R™) will be the closure of
D(]a,b[; R™) in W™P(a, b; R"™).

Given the integers n > 1 and k£ > 1, and real numbers p,1 < p < oo, and
h, 0 < h < 400 (possibly h = 4+00), we shall use the following notation for
the two product spaces, which will frequently occur in this chapter:

MP =R"™ x LP(—h,0; R™),
ZP = R™ x LP(—h,0;R™) x LP(—h,0;RF).

Whenever confusion is possible, subscripts n and/or k will be added.

Given a real number p,1 < p < oo, and an integer ¢ > 1, the elements of
the topological dual LP(a,b;R%)" of LP(a,b;R%) will be identified with those
of L4(a,b;RY), where ¢ is the conjugate of p, p~! + ¢~ = 1. Similarly (MP?)’
and (Z?)" will be identified with M? and (Z?)’, respectively.

Given a real measure p on a og-algebra of subsets of a set S, |u| will denote
the total variation of p (cf. W. RUDIN [1, pp. 117-118]. The total variation of
an n x m matrix 3 of real measures {8;;: 1 <i <n,1 < j <m} is defined as
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18] = {iilﬁuf}m,

i=1 j=1

where |3;;] is the total variation of 3;;.

3 Existence theorems for Lipschitzian systems

All examples in §2 implicitly suggest the introduction of a product space as the
space of initial conditions. In this chapter we present some general existence
theorems for Lipschitzian systems in both the continuous function and the
product space framework. In this way the reader will be in a better position
to appreciate the relative advantages and limitations and, more importantly,
the complementarity of the two approaches.

3.1 Continuous functions framework

We have seen that a delay system is characterized by the length of its memory
h,0 < h < +o00. When h < +00, we say that the system has a finite memory
and when h = +o00 an infinite memory. The notation

I(h,0) = [~h,0] N R (3.1)

will be very convenient to simultaneously deal with [—h,0] when h is finite
and | — 00, 0] when A is infinite. Denote by C'(—h, 0; R™) the space of bounded
continuous functions from I(—h,0) — RY. When h = +o0 it is not a Banach
space and its elements are not necessarily uniformly continuous. So we could
use one of the subspaces

Cy(—00,0;R") = {(;5 € C(—00,0;R"): 9hm o(0) cxists} ,
o (3.2)
Co(—00,0;R™) = {(b € C(—o0,0;R"): 011111 o(0) = 0} .

In this chapter we choose the second subspace and introduce the following
uniform notation for the space of initial conditions:
C(=h,0;R"), if h < o0,

3.3
Co(—00,0;R™), if h = oc. (3:3)

K(—h,0;R") = {

We shall see in Lemma 3.5 that this is a natural choice because for p, 1 < p <
00, WP (—00,0;R™) C Cy(—00,0; R™). Given a function
f:]0,00[ x K(—=h,0;R") — R"™, (3.4)

we consider the differential equation
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dx
dt (t) = f(tv'rt)a t 2 07

20 = ¢ € K(—h,0;R™),

(3.5)

where x;: I(—h,0) — R" is defined from the solution z: [0, co[ — R"™ and the
initial condition ¢ as follows:

)t +0), —t<0<0,
xt(e)_{gb(tJr@), 0 < —t (8.6)

for 6 in I(—h,0).

Theorem 3.1. Assume that the function f in (3.4) verifies the following as-
sumptions:

(H1) for each ¢ in K(—h,0;R™), the function
t— f(t,¢): [0,00[ — R" (3.7)

is Lebesque measurable,
(H2) there exists a non-negative locally integrable real function n such that for

all g1 and ¢o in K(—h,0;R™)

|f(t, ¢2) = f(t,¢1)| < n(t)lld2 — d1llc, (3.8)

(H3) and the function
t— f(t,0): [0,00[ — R" (3.9)

is locally integrable.

Then, given any initial condition ¢ in K(—h,0;R"™), there exists a unique
absolutely continuous solution x = x(-; ¢) to system (3.5) on [0, 00[. Moreover
for each T > 0, there exists a constant ¢(T) > 0 such that for all $1 and ¢o
in K(—h,0;R™)

(s ¢2) — x(::01)llwrao,rme) < e(T)lld2 — d1lle, (3.10)

where WH1(0, T; R™) denotes the space of absolutely continuous functions from
[0,T] to R™ with a derivative in L*(0,T;R™).

This theorem is not the only existence theorem that is available. It has
been presented with a set of assumptions that contains as a special case linear
systems; that is, when the map f(t, ¢) is affine in ¢

[t 0) = L)+ f(1). (3.11)

However it is easy to modify the set of assumptions (H1) to (H3) to obtain local
versions. Similarly for non-Lipschitzian functions f, it is possible to obtain the
analog of the classical Carathéodory conditions and local existence theorems
(cf. J. K. HALE [1, 3]).

The proof of Theorem 3.1 necessitates the following two classical lemmas.
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Lemma 3.1. Let T > 0 be fized and assume that assumptions (H1) to (H3)
are verified:

(i) For each z in K(—h,T;R"™) the function
t— f(t,z): [0,T] —» R" (3.12)
belongs to L1 (0, T;R™), where
2(0) = 2(t+60), 0€I(—h0), t>0. (3.13)
(ii) For all pairs
(¢, 2), (¢, 2?) € K(—h,0;R"™) x C(0,T;R™) (3.14)

such that ¢*(0) = 21(0) and ¢?(0) = 2%(0) and all t in [0,T]

/ (s, (22)0) — F(s (1)) ds,
0 (3.15)

t
< / n(s) max{|¢* — ¢l + 2% — 2 oo} ds.
0

Proof. (i) By definition of the space K(—h,0;R") each of its element is a
uniformly continuous function and the function ¢ — Z(t) = z; belongs to
C’(O, T; K(—h, O;R")). In particular

z € L'(0,T; K(—h,0;R"))

and there exists a sequence of step functions s,: [0,7] — K(—h,0; R") that
converges pointwise to z for almost all ¢ in [0, 7] and converges globally in
the L' norm. To show that the function (3.12) is measurable, it is sufficient
to establish the following two properties:

L fu(t) = f(tsn(t) — f(t) = f(t,2(2)), a.e. in [0,T],

2. for all n, f,, is Lebesque measurable on [0, T].

Then the function f will be Lebesque measurable as a pointwise limit of a
sequence of Lebesque measurable functions.

By assumptions (H2) for each t the map ¢ — f(t,¢) is continuous and
necessarily

Sa(t) = f(t,sa(t) — f() = f(t,2(1)) (3.16)

as m goes to infinity. This proves property 1). For property 2) it is sufficient
to establish that for each step function s, the function f(t) = f(¢,s(t)) is
measurable. By definition a step function is of the form

k
s(t) =Y aix,, (), ai€ K(—h,0;R"), (3.17)
=1
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where r > 1 is a positive integer and the A;’s are disjoint measurable subsets
of [0, 7] such that the measure of their union

is finite (y, is the characteristic function of A;). So fs can be rewritten as

Fts(t) = F(£0)[1 = xa(®)] + D f(t ai)xa, (b),
i=1

which is the sum of r + 1 measurable functions by assumptions (H1).
To show that f(t) is integrable, we evaluate its L'- norm

T T t
/O (2] de < / (5, 0)] dt + / (b 20) — £(£,0)|dt

and use assumption (H3) for the first term and assumption (H2) for the second
term, which is bounded by

T
|l = 0llcdt < nlloso a2l
0
(ii) By choice of ¢’ and 2’, s — (2), belongs to C'(0,T; K(—h,0;R")) and
the conclusions follow from part (i) and the Lipschitzian assumption (H2). O

Lemma 3.2. Let a,0 < a < 1, be a real number and n be a non-negative
function in L (0, 00;R):

loc

(i) The function

1t
Ja(t) = exp { N / n(s) ds}, t>0, (3.18)
0
is monotonically increasing and greater than or equal to 1.
(i) For allt >0
t
/ n(s)ga(s)ds < ags(t). (3.19)
0
(iii) For all T > 0 and z in C(0,T;R"™) the quantity

2]l catormmn) = Sup {Il=(t)/9a(t)} (3.20)
S

s

is an equivalent norm on the Banach space C(0,T;R"™) and

< < . 3.21
ga(T)llﬂrllc < llzllc. < llzlle (3.21)
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Proof. (i) is obvious, (ii) is obtained by differentiating g, (¢), and the equiva-
lence of the norms in (3.21) follows by definition of the norm (3.20). O

Remark 3.1. The introduction of the function g, for global existence problems
is due to A. BIELECKI [1]. It plays the same role as Gronwall’s inequality. O

Proof of Theorem 3.1. The initial condition ¢ is fixed. For each x in
C(0,T;R"Y) such that 2 = ¢(0), define the function Fz

(Fx)(t /fsxs ds, 0<t<T.
In view of Lemma 3.1, F' maps the closed subset
S = {x € C(0,T;R"): 2(0) = 6(0)}
of C(0,T;R"™) onto itself. We now prove that for all @,0 < @ < 1,F is a

contracting map on .S. So by the Banach fixed point theorem we get existence
and uniqueness of the solution to F'z = x or

t
—|—/ f(s,zs)ds, 0<t<T. (3.22)
0

Given z and y in S

(Fy)(t) — (Fa)(t)] < / 1F(5,95) — [(5,2)] ds.

By assumption (H2) and inequality (3.15) in Lemma 3.1, the right-hand side

is bounded by
_ ¢
max W) — ()] / (s
rel0]  ga(r) 0
and in view of (3.19) in Lemma 3.2,

|(Fy)(t) — (Fz)(t)| < aga(t)|ly — z|c.0,6m7)-
Finally
IF'y — Fx| ¢, 0,7r) < ally — zllo, 01k

and (3.22) has a unique solution in S. Moreover s — f(s,zs) belongs to
LY(0,T;R™) and necessarily = belongs to W1:1(0,T;R™).

To obtain the estimate (3.10) let 2! and 22 be the respective solutions of
(3.22) for ¢! and ¢?. Then

22(t) — ()] < |6%(0 |+/ £Gs, 2h)| ds,

and by using inequality (3.15) the integral term is bounded by
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t

Inllze 0,72 6% — &' lle + / n(s) max {[|2*(r) — =" ()|} ds.
0 <r<s

Now use (3.21) on [0, s] for the last integral, which is bounded by

t
/ n(s)ga(s)ll2? — 2oy 0,0mm) ds < aga(t)]|2® — 2|, 0,0m)-
0
Finally

|22(t) — 2" (O] < 1+ 2]l o,m)16° = &'l + aga®]l2® — 2t cao,rmm,
(1= a)lla® = 2 lcaorrn < A+ Inllomn)le* = 6'lle,
and in view of (3.21)

gall
22 = 2 loaran < 92

< PVt alpenlle? - dtlle. (3.23)

For the derivative we again use (3.15)

T
MF—#mAs/ F(ta?) — f(t,ab)|dt
0

< |Inllzs max{[|2® — 2*|c, 16° = ¢'llc},

and by combining (3.23) and (3.24), we obtain (3.10). O

(3.24)

Remark 3.2. The proof of Lemma 3.1 is essentially the original proof given by
C. CARATHEODORY [1] in 1927 generalized to Banach spaces. O

3.2 LP or product space framework

We shall see now that in many cases, it is possible to separate the initial
point z(0) of the solution x to the differential equation (3.5) from the piece of
function 2o on I(—h,0), which is necessary to make sense of the right-hand
side of (3.5). This will lead us to consider an initial condition as a point and
a function

¢ = (0% ¢') € MP =R" x LP(—h,0;R") (3.25)

in the product space that will be denoted MP, where p,1 < p < o0, is a fixed
real number. For the reader interested in the origin of the letter M, it was
just the letter next to L.

As in §3.1 we start with a function f(¢,¢) that is defined for ¢ in
K(—h,0;R"). When ¢! is an LP function the segment

() = {x(H 0), -t<0<0,

Lt +0), 0<—t, (3.26)

0 € I(—h,0), is generally not a continuous function in K(—h,0; R™), but only
an LP(—h,0;R™) function. So we cannot expect to give a pointwise meaning
to the function t — f(t,2): [0, 00] — R".
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Ezxample 3.1. Consider the function

ft,¢) = a(t)p(=2), ¢ € C(=2,0;R), (3.27)
where a is measurable and bounded on [0, co[. Then the function

t— f(t,xt) =at)z(t—2): [0,2] = R (3.28)
belongs to LP(0,2;R) for all z in LP(—2,2;R). O

Unfortunately not all functions f(t, ¢) are extendable as can be seen from
the next example.

Ezample 3.2. Consider for ¢ € C(—2,0;R) the function

ot—1), 0<t<1,
t, ) = 3.29
£(t,9) {0, 'l (3.29)
For all continuous functions z in C(—2,2;R), the function
2(-1), 0<t<1,
t t,xy) = :[0,2] = R 3.30
~ Jlt,a) {07 RSSO B (3.30)

is well defined and discontinuous at ¢t = 1. However it has no extension to
functions x in LP(—2,2;R). O

Nevertheless we shall see later that the family of functions f that can be
extended to LP initial conditions includes all linear time-invariant systems
that are of the form

f(t,¢) = Lo+ [f(t), (3.31)

where L is linear and continuous from K(—h,0; R") into R" and f belongs to
Li (0,00; R™).

loc
The following theorem is the counterpart of Theorem 3.1.

Theorem 3.2. Fix the real number p,1 < p < oo, and h,0 < h < +oo. Let
the map f given in (1.4) verify assumptions (H1) to (H3) in Theorem 3.1 and
the following additional assumption:

(H4) there exists a real non-negative monotonically increasing function such
that for allt > 0 and all ' and 2% in C.(—h,t;R")

/0 1F(5, (22)2) = F(s, (+1).)] ds
1/p

< m(t)[/h|z2(s)—zl(s)|p ds]  (3.32)
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Then, given any ¢ = (¢°,¢1) in MP = R™ x LP(—h,0;R™), there exists a
unique absolutely continuous solution x = x(-; @) to the system

Cf; (t) = f(t,z), t>0,

(2(0),z0) = (¢°,¢') = ¢ € MP.

(3.33)

Moreover for each T > 0, there exists a constant c¢(T) > 0 such that for all
o1 and ¢o in MP

(3 ¢2) — 2(501)llwrao,rmny < e(D)lld2 — dallae, (3.34)

where

16112 = (8%, 6"llaze = [16° + [l 6" 17,117 (3.35)

To complete this section we now give the proof of the last two theorems.
Theorem 3.2 necessitates two lemmas similar to the ones used in the proof of
Theorem 3.1.

Lemma 3.3. Fiz the real numbersp, 1 <p < 400, T >0 and h, 0 < h < co.
Assume that assumptions (H1) to (H4) are verified. Associate with each z in

Ce(=h, T;R") the function f, in L*(0,T;R"™) defined as
£ = f(t,z), 0<t<T. (3.36)

Then the map
2z fo: Co(—h, T;R™) — LY0,T;R™) (3.37)

extends to a unique uniformly continuous map from LP(—h,T;R") into
LY(0,T;R™). Moreover for all t in [0,T] and z' and 2% in LP(—h,T;R"),

/0 £ (s, (2%)s) = f(5,(z1)s)l ds < m(®)]lz* = 2 | Lonpzn).  (3:38)

Proof. By Lemma 3.1 to each z in C.(—h,T;R"), we can associate a function
f- in L1(0,T;R™) defined by (3.36). By assumption (H4) for all 2! and 22 in
Co(—h,T;R™)

| fo — fir ||L1(O,T;]R") < m(T)HZ2 - ZlHLP(—h,T;R")'

Thus the map (3.37) is uniformly continuous for the LP(—h,T;R") topol-
ogy. By density of C.(—h,T;R") in LP(—h,T;R"™), it has a unique uniformly
continuous extension to all LP(—h, T;R™). As for inequality (3.38) we use as-
sumption (H4) on [0,¢] and bound m(t) by m(T) for 0 <¢ < T. O

Lemma 3.4. Let o, 0 < a < 1, p,1 < p < o0, and ¢ > 0 be fized real
numbers:
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(i) The function
c\Pt
Ja(t) = exp ( ) Ct>0, (3.39)
«

p
is monotonically increasing and greater than or equal to 1.
(i) For allt >0
cllgallzrosr) < agalt). (3.40)

By introducing the norm (3.20) with g, given by (3.39), we also have the
equivalence of the norms on C(0,T;R") and inequalities (3.21).

Proof. Differentiate g, (s)? with respect to s and integrate with respect to s
from 0 to ¢

o = (£) antor

/0 Pga(s)Pds = aPga(t)P — 1] < aPgq(t)P. O

Proof of Theorem 3.2. The proof follows the same pattern as the one of
Theorem 3.1. The initial condition ¢ = (¢°, ¢!) is fixed. For each z in the
closed subset

S ={r e C(0,T;R"): 2(0) = ¢°}

of C(0,T;R™), define the function

¢
(F:c)(t)—(bo—l—/of(s,xs)ds, 0<t<T.

The map x +— Fz is well defined from S to S. We prove that for any «,0 <
a < 1, F is contracting on .S and apply Banach fixed point theorem to obtain
the existence of a unique x in S such that Fz = x or equivalently

t
x(t):¢0+/0f(s,xs)ds, 0<t<T.

Given z and y in S

¢
(PO = (P)O] < [ 1£000) = (s, ds.
By (3.38) in Lemma 3.3, the right-hand side is bounded by
m(t)ly — [ Le(o,emm)-
Construct the function g, (t) in (3.39) with ¢ = m(7T). Then
|(Fy)(t) = (Fz)(®)] < m(T)lly — zlc.. 0.tz 190l Lo 0,6:m)
< aga(t)[ly — llc. 0,627

and F' is contracting for the norm C,. From this point on the proof is essen-
tially the same as the one of Theorem 3.1. a
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3.3 Linear time-invariant systems

The price to pay for initial conditions in LP is the extra assumption (H4).
However (H4) is always verified for linear time-invariant systems of the form
(3.31).

Theorem 3.3. Assume that the map f(t,¢) is of the form (3.31) for f in

1 R ; ;
L} .(0,00;R™) and a continuous linear map

L: K(—h,0;R") - R": (3.41)

(i) There exists a n X n matriz of reqular Borel measures such that

0
Lo = /_ donolh). Vo€ K(-h,OE") (3.42)

(i1) The four assumptions (H1) to (H4) are verified for all real numbers p,
1 < p < 00. Moreover there exists a constant ¢ > 0 such that for all (¢, s),
0 <s<t, and all z in C.(—h,t;R"™)

¢ 1/p 40 1/p
{/ | Lz, |? dr} <c|nl| sup / |z(r)|P dr , (3.43)
s 0cI(—h,0) s5+6

where ||n|| is the total variation of the matriz n.
(iii) Given T > 0, introduce the continuous function Lz,

(Lz)(r)=Lz., r>0, (3.44)

for each z in C.(—h, T;R™) and the map
z+— Lz: Co(—h, T;R") — LP(0,T;R"). (3.45)
Then for any T > 0 the map L has a continuous linear extension to

LP(—h, T;R"™)
L: LP(—h,T;R") — LP(0,T; R"™) (3.46)

and for all pairs (s,T), 0<s<T,

1£2]Los,ry < Ml sup {l[@l|e(sro,740)- (3.47)
0€I(~h,0)
(iv) For all x in WYP(—h,T;R"™) and t > 0

/0lt (Lz)(s)ds = Lay — Ly, (3.48)

where & is the first derivative of x.
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Proof. (i) By the Riesz’s representation theorem (cf. W. RUDIN [1, p. 131,
Theorem 6.19]).

(ii) Tt is easy to check that assumptions (H1) to (H3) are verified. As for
assumption (H4) we use Fubini’s theorem applied to complex measures (cf.
W. RUDIN [1, Chapter 6 and p. 140, Theorem 7.8]). For all 2! and 22 in
Cc(_h7 & Rn)

[ 165,22 = sto2blas = [ 12— =bjas
0 0
t 0
2 72'1 S .
< [as [ dolnl 126 +0) =2 s +0)

As the integrand is continuous with compact support in I(h,0) x [0,¢], it is
m X 1 measurable (m, the Lebesgue measure) and after changing the order of
integration

0 t
/ d |n|/ ds|22(s+ 0) — 21 (s + )] < m(®)]12? — =Ml oz,
h 0

where for ¢t > 0

tVe1, 1< p< oo,
m(t) = ||n||{1 e

and ||n|| is the total variation of 5 on I(—h,0).

We have established (3.43) for p = 1 because it is a special case of (H4).
For 1 < p < oo consider for any f in C(0,¢;R") the following expression for
0<s<t:

/Stf(v“)-Lzrdr < /: dr/_oh do In| |f ()] |z(r + 6)].

Again the integrand is a continuous function on I(—h,0) x [0, ¢] with compact
support. Hence it is measurable and Fubini’s theorem can again be used to
change the order of integration in the last integral

0 t 0
| dotal [ ars =640 < [ dolal 1llesinllesncn

and

0
< fllzoen / ool Polscoraro)

t
/ flr)- Lz, dr
By density of C(0,t;R™) in L%(0,t;R"™), we obtain (3.43) for all z
in Co(—h, t; R™).

(iii) The continuous linear extension of (3.45) again follows by density of
Ceo(=h,t;R™) in LP(—h,t;R™) and inequality (3.43).

(iv) The proof of this part requires the following lemma.




3 Existence theorems for Lipschitzian systems 251
Lemma 3.5. Let £ > 1 be an integer and p, 1 < p < oo, T > 0 and h,
0 < h < 400 (possibly +00), be real numbers. Then
WhP(—h, T;R") C K(—h,T;R") (3.49)
with continuous injection.
For o in WYP(—h, T;R"), the difference
Lay — Lxg = L(zy — x0)

is well defined and continuous. For z in W2P?(—h, T;R"),

t+0
(xy —x0)(0) = x(t +0) —x(0) = /0 x(s)ds

and
0 40 0 ¢ ¢ 0
/ dg?]/ i:(s)ds:/ d677/ :b(er@)ds:/ ds/ donzs(0).
—h 0 —h 0 0 —h

Hence for all ¢ in [0, 7]
t
Lzy — Lag = / (Li)(s)ds, Va € W2P(—h,T;R").
0

Now by density and continuity this last result is true for all x in WP (—h, T; R™).
O
Proof of Lemma 3.5. Any element x of WP (—h, T; R"™) is almost everywhere
equal to a bounded continuous function Z on I(—h,T) (cf.
R. A. Apawms [1, p. 97, Theorem 5.4]) and the injection in the space of
bounded continuous functions is continuous. This proves the lemma for h
finite, and we only have to deal with the case h = +oo.
To complete the proof it is now sufficient to show that Z(t) goes to zero
as t goes to —oo. For all pairs (s,s), —oo < s < s’ <t
t

z(t) = 2(s') + / &(r) dr.

ry

Take the LP norm with respect to s’ from s to ¢
(t = )YP12()] < 12 ] po(spmey + (¢ = )l Lo (s mey-

But 7 =z in LP(s,t;R") and for all t <T and s =t — 1

[B(0)] < 2Pl i
For each ¢ > 0, there exists 7" < T such that

VE<T, |ollwir(—ooursy <€
and by combining the last two inequalities

Ve >0, 37" <T suchthatVt<T, |z(t)| <e.

Therefore Z belongs to Co(—oo, T; RY). O
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4 State space theory of linear time-invariant systems

In this section we fix p, 1 < p < 0o, and specialize to linear systems

x(t) = Lay + f(t), t >0, (1)
(2(0),m0) = (¢°, ') € MP =R" x LP(—h,0;R"), '
where f belongs to L{. .(0,00;R™) and L is a continuous map
L: K(—h,0;R") — R"™. (4.2)

4.1 Preliminary results and smoothness of the solution

We have seen in §3.2 that the right-hand side of the first equation (4.1) makes
sense for z in L} (—h,00; R"™) even if L is only defined on the space of contin-
uous functions. This situation is not really surprising because we are dealing
with initial conditions in an infinite dimensional space and the real state of
the system at time ¢ is an appropriately defined piece of function on the time
interval (¢t — h,t). In fact two states are considered that are fundamental in
the theory of delay systems. A traditional difficulty in the various theorems
and proofs we shall encounter is the notation. A good notation will simplify
the computations and make all the arguments precise in both the finite and
the infinite memory case. For instance we have introduced the notation Lz in
Theorem 3.3, which is more precise and compact than the traditional nota-
tion Lz;. In addition we shall need the following notation to restrict or extend
functions by 0.

Definition 4.1. Let £ > 1 be an integer and a and b, a < b, be two real
numbers. Let F(a, b;RY) be a set of functions from [a, b] to RY. For each u in
F(a,b; Rg) and all 5, a < s < b, define the functions e® u and e u as follows:

t) a<t<s
S I(a,00) S R, (@ u)(h) = 0 asiss 43
e® : I(a,0) — (e u)(t) {07 s <t < oo, 43
0 -0 <t<s
- RE s t) = ’ ? 4.4
e+ ( OO,b)—) ,(8+U)() {U(t)7 SStSb ( )
O

In other words the subscript “+” indicates that we keep the function u on the
right (positive direction) of s up to b and set it equal to zero on the left of s
down to —oo. Similarly the subscript “ —” indicates that we keep the function
u on the left (negative direction) of s from a and set it equal to zero on the
right of s up to +00. The construction is illustrated in Figure 4.1.
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ICHNC

1
1
1
1
1
—00  a S b a s

b
(b) e%u on I(—o0,b) (c) e2u on I(a,c0)

Fig. 4.1. The functions u, ej u, and e u.

Remark 4.1. In the sequel we shall often make use of the composition ,Ce9r of
the maps
e} : LP(0,T;R") — LP(—o0,T;R™)
and
L: LP(—o00,T;R™) — LP(0,T;R").
O
Theorem 4.1. Let p, 1 < p < oo, and h, 0 < h < +00, be real numbers and

f € L}, (0,00;R") and ¢ = (¢°,¢") € M? (4.5)
be given:
(i) The system
t=Lx+f, (x(0),z)=0¢ (4.6)

has a unique solution x in Wli)’cp(O7 o0; R™). Moreover, for all'T > 0, there

exists a constant ¢(T) > 0 such that

[z llwreormny < (Dldllae + [1fllLeo,rmm)- (4.7)
(ii) When
ol e WIH(—hO;R") and ¢° = ¢1(0), (4.8)
the solution = of (4.6) belongs to WYP(—h,T;R"™) for all T > 0 and
there exists ¢(T) > 0 such that

lzllwrr(—nrimey < (TS Iwre + 1 Fll oo, rmm)- (4.9)
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Remark 4.2. In fact part (i) can be slightly improved. It is possible to show
that for any continuous linear map

L: WP (=h,0;R") — R", (4.10)

system (4.6) has a unique solution z in Cc(0, 00; R™) when (4.6) is interpreted
in an appropriate weak sense (cf. M. C. DELFOUR [§]). O

4.2 First state equation
Starting with the homogeneous system
=Lz, (x(0),z9) =¢ € MP, (4.11)

we can construct the following semigroup of continuous linear transformations
on

p— St)p = (x(t),z): MP — MP, ¢>0. (4.12)

Theorem 4.2. Let p, 1 < p < o0, and h, 0 < h < 400, be real numbers and
L: K(—h,0;R") — R" be linear and continuous:

(i) The family {S(t): t > 0} of transformations of MP defined by (4.12)
forms a strongly continuous semigroup on MP.
(ii) Its infinitesimal generator is characterized by

A(@°,9") = (Lo", D) (4.13)
for all ¢ = (¢°, ¢') in the domain D(A) of A

(4.14)

1 1p/_ .
D(A):{(¢07¢1)€Mp:¢ e Who( h,O,R)}7

and  ¢° = ¢'(0)
where D¢' denotes the first derivative of ¢'.

Notation 4.1. In view of the structure of the elements of D(A) we shall use
the notation v for both the function v in W1P(—h,0;R™) and the element

(¥(0),9) of D(A). u|

Notice that from the definition of D(A) and A, the largest family of maps
L that generates a strongly continuous semigroup {S(¢)} on M? is precisely
the one of Remark 4.2. This result clearly indicated that the state space
theory of other types of delay systems such as the neutral type could not be
obtained from systems of the form (4.11) (cf. M. C. DELFOUR [8] for more
details). To complete the picture we immediately give the second theorem for
the nonhomogeneous case, which will require an important technical lemma.
All proofs will be given at the end of the section.

Theorem 4.3. Assume that the assumptions of Theorem 4.2 are verified and
that x is the solution in WLP(0,00;R™) to (4.6) for f € LP. (0, 00;R™):

loc loc
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(i) For all t > 0 the state

is well defined and

() = S(t)p + /0 S(t—s)(f(s),0)ds. (4.15)

If p € D(A), then for allt > 0,%(t) € D(A).
(ii) For 1 < p < oo and q its conjugate, ¢~ + p~
system

L =1,% is a solution of the

G D) > A E) 00 (D), >0,

(4.16)
7(0) = ¢, Vip € D(A¥),

where A* is the infinitesimal generator of the semigroup {S*(t)} on M9.
(iil) Given p and q as in part (ii) for all T > 0, T is the unique solution in

V(0,T; MP, D(A*)")

d
= {z € C(0,T; MP): dti*z € LP(O,T;D(A*)’)} (4.17)
to the following equation in D(A*):

*(t) = (A" @ (t) + i (f(1),0), t>0, (4.18)

where i* and (A*)* are the topological dual maps of the continuous linear
maps

i: D(A*) - M1, A*: D(A") — MY,

where i is the canonical dense injection of D(A*) into M9 and D(A*) is
endowed with the graph norm topology defined by

1l pasy = N l5re + 1A G402 (4.19)

Remark 4.3. This theorem will be generalized in §5.2 to systems with delays
in the control variable. O

Equation (4.17) is the first example of a state equation for delay systems.
It is to be interpreted in the weak sense (4.16). This result is an abstract one
because we have not yet characterized D(A*), which is quite different from
D(A). In most situations (4.15), (4.16), or (4.17) will be sufficient. However
we shall give other definitions of states and state equations that are different
from Z(t) in (4.15).
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Terminology 1. The pair (z(t),x:) associated with the solution x of system
(4.6) will be called the state of system (4.6) and denoted Z(t). The correspond-
ing semigroup {S(¢)} defined by (4.12) will be referred to as the semigroup
associated with the state.

This is the natural extension of the traditional terminology for the state
x4 in the space of continuous functions. Fundamentally {S(¢)} is a translation
semigroup acting on the concatenation of the initial function and the solution
x of system (4.6). The terminology initial function state and initial function
semigroup is also used in the recent literature as in the book of G. GRIPPEN-
BERG, S. O. LONDEN, and O. STAFFANS [1].

We now proceed to the proof of the two theorems, which will necessitate
the following important technical lemma.

Lemma 4.1. Let p, 1 <p < o0, q, ¢ ' +p ' =1, and T > 0, be real and
£ > 1 be an integer:

(i) The function u belongs to LP(—h, T;R") if and only if the function
t— (ue)(t) = uy: [0,T) — LP(—h,0;R") (4.20)

is continuous. Moreover for all u in Lp(—h,T;RZ), allt, 0 <t<T, and
all ¢ in Wy %(—h,0;RY),

Di(h,ut)Lasrr = —(Do ¥, ut) Lax o (4.21)

(i1) The following three properties are equivalent:

ue WHP(—h, T; R, (4.22)
ue € C*(0,T; LP(—h,0; RY)), (4.23)
ue € C(0,T; WHP(—h,0;RY)). (4.24)
Moreover in each case
Diyu;y = Doguy, 0<t<T, (4.25)

and the equality holds in C(0,T; LP(—h,0); R").

Proof. (i) For any u in C,(—h, T;R") the function (4.20) is well defined and
continuous and the map

w i ue: Co(—h, T;RY) — C(0,T; LP(—h, 0; RY)) (4.26)
is linear and continuous for the LP-topology:

0 0
[ o) as = [ e+ o) o < Jul e

= Hu’HC(O,T;LP(_h,o;R@)) < llull po(-nrme)-
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As a result the map (4.26) has a unique continuous linear extension to all
LP(—h,T;R"). Conversely if us € C(0,T; LP(—h,0; RY)),

Vt € [0,T]), wu € LP(—h,0;RY) = u € LP(—h, T;R").

To compute the vectorial distribution derivative of ue consider the following
expression for ¢ in D(J0, T[) and ¢ in Wy ¢(—h,0; RY):

T
F = 7/ <’L/),Ut>Lq><LP Cflf (t) dt

/ dt/ 62 (6 t—l—@)dt()

Notice that e} 1) is the extension by 0 of the function ¥ on I(—h,0) to|—oc, 0].
As ¢(—h) =0, ez € Wh4(—00,0;R"). Change the variable 6 to s =t + 0
and extend the bounds ¢t — h and ¢t to —h and T"

T t - dp
_/0 dt /tih ds(e+h1/l)(8 —t) - u(s) dt (t)

T T _ dy
—/0 dt[h ds(e+h1/1)(s—t)'u( )dt()

Now change the order of integration and integrate by parts with respect to t:

T Tog
E = /_h ds/o dtdt (ex"y)(s —t) - u(s)p(?).

Then change the order of integration once again and change the variable s
back to =s—t

B / i / { 4 ¢)(9)}~u(t+9)<ﬂ(t)

T 0
:-/ dt/ 0% (0) - un(0)0(0).
0 —n  df
This establishes (4.2

1).
(ii) If u € WP(—h, T;R"), then the derivative @ € LP(—h, T; R") and from
(i) the function t — (i) belongs to C'(0,T; LP(—h, 0; Re)) So it is sufficient
(

to establish that Du; = (), to conclude that ue € C*(0,T; LP(—h, O;RZ)). We
use identity (4.21)

(Do, us) = / 1y (6) - u(t + 6) de_/ (o d9 u(t +6) d

/w it + 0)d = (v, (i),)
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and necessarily Du, = (). So (4.22) implies (4.23). To show that (4.23) im-
plies (4.24) again use identity (4.21): For all ¢ in [0, T] and ¢ in Wol’q(—h, 0; RY)

<1/)7Dut> = Dt<waut> = 7<D9 7/)7Ut>-

Therefore
Dut = D9 Ut, 0 S t S T (427)

and t — Dguy belongs to C’(O, T; LP(—h, O;R‘))). But we already know from
part (i) that u; € C’(O, T; LP(—h, O;Re)) and necessarily

ue € C(0,T; WHP(—h,0;RY)).
Finally we show that (4.24) implies (4.22). For h = +o0,
ur € WHP(—00,0; RY) = u € W'P(—o0, T; RY).
For h finite
vt € [0,T], u € WHP(=h,0;RY) = ulj_pq € WHP(t — h,t;R"),

and because the interval [—h, T] is finite, u € WP(—h, T;R"). In the process
we have established (4.26). This completes the proof of the lemma. O
Proof of Theorem 4.2. (i) This is a direct consequence of Theorem 4.1.

(ii) By definition of D(A), for each ¢ in D(A) and T > 0, the function

b S0 = (a(t), )
belongs to C'(0,T; MP). In particular x € C(0,T; R™) and
ze € CH(0,T; LP(—h,0;R™)).
Now by Lemma 4.1 (ii) z € WHP(—h, T;R") and
" =z(0) = ¢'(0) and @' € WHP(—h,0;R™).
Conversely if ¢° = ¢'(0) and ¢! € W1P(—h,0;R™), then by Theorem 4.1
(ii) for all T > 0, the solution z to (4.11) belongs to W1P(—h,T;R"). By
Lemma 4.1 (ii),
ze € C'(0,T;LP(—h,0;R™)) and Dyzy = Doy
and by continuity of Dyxy

lim Dyx; = lim Dgzy = Dy @' in LP(—h, 0;R™).
t\.0 t\.0

As for the R™-component we use identity (3.48) in Theorem 3.3 (iv): For all
x in WHP(—h, T;R"™), L& belongs to LP(0,T;R") and
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Lz, = Lxg +/0 (Lz)(s) ds.

Therefore

lim &(t) = lim Lz, = Lzg = Lo'.
t{l(l):c() lim La Zo 0]

‘We have shown that

lim Dy (6) — Tim Dy (2(6). ) — (Lé'. Dy &) in MP.
tl\% tl‘() tl\I% t(:C( )7'rt) ( ¢ ) H(b ) m

So ¢ € D(A), which is characterized by (4.14). Moreover we have also estab-
lished identity (4.13) and this completes the proof. O
Proof of Theorem 4.3. (i) By linearity it is sufficient to establish (4.15) for
¢ = 0. In that case ¢ = 0 verifies assumption (4.8) in Theorem 4.1 (ii) and
the solution x of (4.6) is such that for all T > 0

r € WHP(0,T;R™) and 2(0) = 0.
Hence ez € Wh?(—h, T;R") and by Theorem 4.2 (ii)
i(t) = (z(t), (%)) € D(A), Vt=>0.

In particular
dx 0
(1) = L(eSa)s + £ (1)

and from Lemma 4.1 (i), e}z € C(O, T;WhP(—h, O;R")) and

d
o (€4a) = Do(ela), >0,
Hence

dt:ﬁ(t) = AZ(t) + (f(t),0), a.e.in[0,00[, #(0)=0.

Now from semigroup theory (cf. Chapter 1, Proposition 3.1), we conclude that
(4.15) is verified.

(ii) From part (i) we know that & € Cloc(0,00; MP) and that MP is re-
flexive. Therefore {S(¢)} has an adjoint semigroup {S*(¢)} on (MP)" with a
densely defined infinitesimal generator A* with domain D(A*). So for all ¢ in
D(A*), we rewrite (4.15) in the following weak form:

(1, 3(1) = (5" (1), 6) + / (S°(t — sy (f(s),0)) ds

and

d

i 0OV = (SO A% .0)+ [ (8= )40, (£(5).00) ds+ w1 (£(0).0)

= (A", 2(t)) + (4, (f(2),0)).
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This gives the weak expression (4.16).

(iii) Rewrite (4.16) with the canonical injection and take the duals of 4
and A* to get (4.18), and this gives the characterization of Z as an element of
V(0,T; MP; D(A*)") in (4.17). The uniqueness is obvious. O

4.3 Transposed and adjoint systems
In the previous sections we considered the system
#(t) = Lay, t>0, ((0),z09) = ¢ € MP (4.28)

associated with the continuous linear map L: K(—h,0;R™) — R"™ and con-
structed the semigroup {S(¢)}. In Theorem 3.3 in §3.3, we have associated
with L a representation in terms of an n x n matrix of regular Borel measures

0
o[ (o). (4.29)

If we denote by ' the transposed of the matrix 7, then we can introduce a
new continuous linear map

0
L": K(~h,0;R") = R", LT¢= / don"(0), (4.30)
—h
and for each T'> 0 and ¢, 1 < ¢ < oo, the continuous linear map

T. 149(_ -R™ q ‘R™
{,c . L9(—h, T;R™) — L2(0, T;R"), (4.31)

(LT2)(t) =Lz, Vt>0,VzeC(—h,T;R").
For L™ and £ we have the analog of Theorem 3.3 in §3.3.
Definition 4.2. Let ¢, 1 < ¢ < 0o, be a real number:

(i) For ¢ in M and g in L{ (0,00;R"™) the transposed system is defined as

loc
s=L"2+g, (2(0),20) = (°, ¢ € M. (4.32)
(ii) The transposed semigroup {ST(t)} is defined as
STty = (2(t),2), t>0, e M, (4.33)
where z is the solution of (4.32) with g = 0. O

The system (4.32) and the semigroup (4.33) associated with LT have the
same properties as system (4.6) and the semigroup (4.12) associated with L.
So the results in the previous section apply with LT, ST, and ¢ in place of

L, S, and p. In particular the infinitesimal generator AT of the semigroup
{ST(t)} is given by
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D(AT) = {(wo,wl) € M9: ZO fzﬂ(’gh’o;w)},
B (4.34)

AT y") = (LT9", Dy
Notation 4.2. It will be convenient to use the notation v for both the element

1 of WH4(—h,0;R™) and the element ¢» = (1(0), 1) of D(AT). The canonical
injection of D(AT) into M? will be denoted by j

¥ = ((0),9) — jib = (1(0),9): D(AT) — M.
O

The transposed semigroup {S 7 (¢)} is however not equal to the topological
adjoint semigroup {S*(¢)} of {S(¢)}. This is a very fundamental aspect of
the theory of delay systems with deep implications for Control Theory. Work-
ing with (4.6) for z will yield an “adjoint system” that is equivalent to the
transposed system (4.32) with a change of variable from ¢ to T — ¢t. However
working with the state equation (4.18) will yield an “adjoint system” in MY
characterized by the adjoint semigroup {S*(t)}. Of course there is a connec-
tion between the two approaches that is a consequence of the “intertwining
theorem” between ST (t) and S*(t) by the structural operator F, which will
be introduced in the subsequent sections.

Terminology 2. The pair (z(t),z;) associated with the solution z of system
(4.32) will be called the transposed state of system (4.32) and denoted Z(t).
The corresponding semigroup {S(¢) "} defined by (4.33) will be referred to as
the transposed semigroup.

The first technical result is an “integration by parts” formula that relates
systems (4.6) and (4.32).

Lemma 4.2. Let T > 0,p, 1 <p < o0, and q, ¢~ +p~' =1, be real numbers.
Then for all x in WP(0,T;R™) and z in WH2(0, T;R")

T
/ AT — 1) - [& — La](t) dt + =(T) - 2(0),
o . (4.35)
- /O £ — LTeL2](T — t) - a(t) dt + 2(0) - a(T).

Proof. 1t is sufficient to look at the term

T
/0 AT — 1) (L) (t) dt.

For z and z in C.(0,T;R"),z(0) = 0 and 2(0) = 0, ez and € z belong to
Co(—h,T;R™), and
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T T
/ 2(T —t)- (LeSa)(t)dt = / 2(T —t) - L(eSx)e dt
0 0
T 0
:/ 2(T —t) - / don(eSx)(t +0)dt
/ / don"2(T —t) - (Sa)(t +0)dt.

After changing the order of integration
0 T
= / / don"2(T —t)- (Sa)(t+0)dt
—h JO
0 T+
= / / don"2(T — s +0) - (el2)(s) ds
—hJo

0 ;T
= / / dg UT(Q?,’_Z)(T75+9) -x(s)ds.
~hJo

Again change the order of integration
T
= /0 LT(e%2)r—s - 2(s)ds
= / (LT 2)(T - 5) - x(s) ds.

0

By density of C.(0,T;R"™) in LP(0,T;R") and L4(0,T;R") for all z in
L0, T;R™) and z in LP(0,T;R"™)

T
/ Z(T—t).(,ce&x)(t)dtzf (LTeL2)(T — s) - a(s) ds.
0

0

In particular it is true for z in W14(0, T;R™) and = in WP(0,T;R"). O
To complete this section we relate the solution z of the transposed system
to the classical backward adjoint system. For simplicity we assume that

Yt e Whi(—h,0;R") and ¢° = *(0).
Under that condition system (4.32) can be rewritten as
it)=L 2 +g(t) on[0,T). (4.36)
Now we introduce the variable
pt)=2(T—1t), 0<t<T+h. (4.37)
Then

d

4P = —HT =1
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and

0 0
LTzp = / don' 2(T —t+6) = / don"p(t—0)=L"p",
h h

where
p'(0) = p(t —0). (4.38)

Finally we obtain the backward adjoint system

d
—d]t)(t =L'p' +g(T—t), 0<t<T,

) (4.39)
(p(T),p") = (¥°, ).
In general for time-varying systems (4.39) will be the system to work with. The
transposed system can only be obtained in the time-invariant case. Keeping
this in mind and the fact that the remainder of this chapter is devoted to
time-invariant linear systems, we have decided to avoid the backward adjoint
system and work with the transposed system.

4.4 Structural operators

Structural operators are as fundamental to delay systems as Sobolev spaces
to elliptic problems. They capture the fundamental structure of a delay sys-
tem and play a key role in the characterization of the properties of stability,
stabilizability, controllability, and observability. They were first announced in
December 1976 for a finite number of delays by A. MANITIUS [5] at the CDC
and by M. C. DELFOUR and A. MANITIUS [1] at the INRIA. A complete
treatment was later given by M. C. DELFOUR and A. MANITIUS [2, 3] for
arbitrary linear delay functionals L continuous on the space of continuous
functions.

There are many ways to introduce structural operators. Intuitively they
describe the way the system combines and transforms initial conditions over
the initial time interval I(0, k). Go back to the linear homogeneous system

&= Lx, (2(0),20) = (°, ') € MP. (4.40)

Then separate the solution z in WP(0, T;R") from its initial function ¢! in
LP(—h,0; R™)
i=Lelx+ L’ ¢, x(0)=¢". (4.41)

System (4.40) does not directly use ¢! but only its image Le® ¢'. When h is
finite
(Le® M) (t) =0, t>h, (4.42)

and it is sufficient to consider Le% ¢! on the interval [0, h].
This suggests to associate with the function ¢! on I(—h,0) another func-
tion Lép! on I(—h,0) defined in the following way:
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(Lo () = (L2 o) (—a), € I(—h,0). (4.43)

In view of Theorem 3.3 (iii) in §3.3
L: LP(—h,0;R") — LP(—h,0; R") (4.44)

is a continuous linear transformation and we can rewrite (4.41) to emphasize

the role of the pair (¢°, Lo') € MP

. _hT
i(t) = (Lea)(t) + (ex"Lot)(—t), t>0, (4.45)
2(0) = ¢°.
It is clear that the “real initial data” is the pair
F(¢°,¢") = (¢°, Lo") € MP, (4.46)

which defines a continuous linear transformation of M?P.
Definition 4.3. Let p, 1 < p < o0, and h, 0 < h < 400, be real numbers:

(i) The operator F' defined in (4.46) will be referred to as the structural
operator associated with L.
(ii) The structural operator associated with LT is defined as

FT0 ") = (0 LTy, (4.47)

where -
(LTYY) (a) = (LT 1) (—a), o€ I(=h,0). (4.48)
O

The following lemma gives further insight into the structure of F' and its
relationship to F''.

Lemma 4.3. (i) For all ¢ in K(—h,0;R"™) such that ¢(0) =0,

T - [ doné(60 —0). Va € I(~h,0),
Lo € K(—h,0;R"),
(Lo)(—h) =0, (L6)(0) = Lo,

_ (4.49)
(LT $)(er) = / don' ¢(0 — ), Vo€ I(—h,0),
—h
I_’T¢ € K(_h7 0; Rn)a
(LTo)(=h) =0, (LT9)(0)=LT¢.
(ii) For any p, 1 < p < oo, and its conjugate ¢,q~* +p~t =1,
L*=L" and F*=F", (4.50)

where L* and F* are the dual operators of L and F.
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Proof. (i) It is sufficient to establish (4.49) for L. The proof for LT is exactly
the same. Given any ¢ in K(—h,0;R"), e2¢ € K(—o0,0;R") is uniformly
continuous and the function

ar (e20)_o: I(—h,0) — K(—h,0;R")
is also continuous. As L is continuous on K (—h,0;R™), the function
= (L)(a) = (Le? ¢)(—a) = L(e? ¢)—a: I(~h,0) = R"
is also continuous and (L¢)(0) = L(e® ¢)o = L¢. For h finite, (Lg)(cr) = 0
for @« < —h and by continuity (Lé)(—h) = 0. For h infinite, (L¢)(a) — 0

as a@ — —h because €2 ¢ € K(—00,0;R") and (e? ¢)(e) — 0 as o — —oo.
Finally the last two identities (4.49) follow by definition of L

0 «
L)) = L(0)-0 = [ dan(e0)0—a) = [ danolo—a)
—h
because
(e ¢)@—a)=0 forf—a>0.
(i) We compute the dual of L. For ¢ and v in C,(—h,0; R")

— O _
(6, Lg) = / () (Lo)(@) do

0 0
= o) - 60 — Q.
—/_hw ) /_h do n(e®.6)(0 — a) d

Change the order of integration and the variable a to ( =6 — «

0 6+h
(6, Lg) = / / don (0 — C) - (2 6)(C) dC

// do " (24)(0 — C) - 6() dC

=/ d</ don™ (2 0)(0 =€) - 6(C)

= (LT, ).
If the dual (LP)* of LP is identified with L%, then we obtain the first identity
(4.50). The second one follows immediately from the first. O

4.5 Adjoint semigroup {ST*(t)} and intertwining theorems

The next theorem gives a complete characterization of the dual semigroup
{ST*(t)} of ST(¢)} in terms of the structural operator F. This is the first
step toward the so-called intertwining theorem.
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Theorem 4.4. Fix the real number p, 1 < p < oo, and its conjugate q, ¢~* +
p~! =1, and identify the elements of (MP)* with those of M1:

(i) For all € = (€°,&Y) in MP and all t > 0,
ST*()¢ = F(x(t), (eL2)s) + (0, 7(H)EY), (4.51)

where x € WLP(0,00; R™) is the solution of the system

loc
Ht) = (L)) + (T€)(-0), t>0, s(0) =€, (452)
and 7(t) is the right translation operator
[T(t)ul(0) = (ex"u)(0 —t),0 € [~h,0] (4.53)

for any arbitrary function u defined on I(—h,0).
(ii) When & = F'¢ for some ¢ € MP, then

ST*(t)F¢ = F(xz(t),z;), t>0. (4.54)

Remark 4.4. We shall see in §5 that it is possible to construct a state @(¢) and
a state equation similar to (4.16) and (4.18) in Theorem 4.3 for Z(¢) in the
nonhomogeneous case. We choose to do it later in the general case with the
control term instead of doing the simple case here and repeating the argument
for the control case. O

Corollary 4.1. Fiz the real number p, 1 < p < oo, and its conjugate q,q~ ' +
p~! =1, and identify the elements of (MP)* with those of M1

(i) For all ¢ = (¢°,¢Y) in M7 and all t > 0,
S(1)¢ = F*(2(1), (e5.2)0) + (0, 7(£)C"), (4.55)

where z € W,29(0,00; R™) is the solution of the system

loc
5(t) = (LTed2) () + (1" (=t), £>0, 2(0)=¢%  (4.56)

and 7(t) is the right translation operator defined in (4.53).
(ii) When ¢ = F*¢ for some ¢ € MY, then

S*(£)F*p = F*(2(t), ), t> 0. (4.57)

To see the complete picture we immediately give the intertwining theorem
of ST* and S with respect to ' and the dual result as a corollary. The proofs
will be given at the end of the section. The general version of the theorem
is due to M. C. DELFOUR and A. MANITIUS [2, 3|, for arbitrary linear de-
lay functionals L continuous on the space of continuous functions (see also
C. BERNIER and A. MANITIUS [1] for a finite number of delays).
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Theorem 4.5 (Intertwining theorem). Fiz the real numberp, 1 < p < oo,
and its conjugate q, ¢~ +p~' = 1. Denote by AT* the infinitesimal generator
of the semigroup {ST*(t)} on MP. Then the following properties hold and are
equivalent:

(1) ST*(t)Fp = FS(t)p, Vo € MP, ¥t > 0.
(ii) FD(A) C D(AT) and AT*F¢ = FA¢, V¢ € D(A).
(iil) For all ¢ in the resolvent set of A

R(C,AT™)F¢ = FR(C,A)¢, Vo€ M, (4.58)
where R((, A) = [¢(I — A]7Y and R(¢,AT*) = [¢T — AT*]~L.

Corollary 4.2. Fix p and q as in Theorem 4.5. If {S*(t)} is the dual semi-
group of {S(t)} with infinitesimal generator A*, the following properties hold
and are equivalent:

(i) S*(t)F*¢ = F*ST(t)¢, Vo € M1.
(ii) F*D(AT) € D(A*) and A*F*¢ = F*AT ¢, Vo € D(AT).
(iii) For all ¢ in the resolvent set of AT,

R(C, A*)F*¢ = F*R(C,A")p, Vo€ M. (4.59)
Proof of Theorem 4.4. (i) Let z be the solution of the transposed system
5=LT2  (2(0),20) = (W, ¢ € M2

Let T > 0 be an arbitrary time. As z and z belong to W1P(0,T;R") and
Whe(0,T;R"™), respectively, we can use identity (4.35) in Lemma 4.2 and the
fact that

LTz = ETeS)rz + LTt
Then

def T
(1) % / (T — ) (7€) (—t)dt + «(T) - €°

= /T(ETe(lwl)(T — ) - x(t)dt + 0 - 2(T) < (2).
0

Notice the two terms in & on the left-hand side (1) and the two terms in ¢ on
the right-hand side of (2). Change the variable ¢ to § = —t in (1):

_ 0 —h &1 0
)= [ AT +0)-(7€NO) o+ (1) ¢

-T
0
- / (8 2)r(0) € 0)d0 + (7)€

= (o1, &) — ((29")r, €') + 2(T) - €
= <Z(T)a€>M‘1><MP - <(€0_¢1)T,€1>LQXLP.
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By a simple change of variable
0 0
[ oD@ @yda= [ w10 (0 - 1) do
—h —h
and finally by definition of ST and 7
(1) = (ST(T), &) — (¥, (0, 7(T)EY)).
For the right-hand side we change ¢t to a =t — T in (2)
0
(2) = / (LT 1) (—a) - (T + ) da + ° - z(T)
-7
0
— [ @@ (arraydat o0 a(1)
—h
= (F*¢, (x(T), (e}.x)r)) M x MP.

By combining the above results for (1) and (2) we obtain (4.51).
(ii) We need the following lemma, which will be proved at the end. O

Lemma 4.4. Let p, 1 < p < oo, be a real number and ¥ a function in
LP(—h,0;R™); then

Yt >0, 7(t)(Lap) = L(e ). (4.60)
When € = Fo, ¢+ = Lo', from (4.60), 7(T)(L¢') = L(e® ¢*)7, and hence
(0,7(T)(Lg") = F(0, (2 ¢")r)

and
ST™(T)¢ = F(2(T), (eS2)r + (2 ¢")r) = F(x(T), z7).
Proof. Again we prove (4.60) for functions ¢ in C.(—h,0; R™) and extend it to

LP(—h,0;R™) by density and continuity. By assumptions e? ¢ € C,(—o00,0; R")
and for « in I(—h,0)

[r((Lo))(a) = [ex"(Lo)](a — 1)

B L @) 0, t—a<h,
N 0, t—a>h.

Fort—a<h

0 «@
L(e® 6)r o = /_h don(c® 6)(t — o+ 0) = /_h do n(c® 6)u(0 — a)

because
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a<h<0=t<t—a+bl<t—a= ("¢)(t—a+0)=0.

Hence fort —a < h

Whent—a > h
~h<f<a=0<t—-a—-h<t—a+0= ("¢)(t—a+60)=0

and -
[L(e? ¢)](r) = 0.

By regrouping the two cases we obtain (4.60). O
Proof of Theorem 4.5. (i) is a direct consequence of identity (4.54) in Theo-
rem 4.4 (ii). The equivalence of (iii) and (i) is obtained by using the integral
formulas between the resolvent and the semigroup. Finally (ii) is equivalent to
(i) by the following lemma, which can be found in C. BERNIER and A. MAN-
ITIUS [1]. O

Lemma 4.5. Let Y be a Banach space and K a continuous linear transfor-
mation of Y. Given two strongly continuous semigroups {T1(t)} and {T(t)}
of bounded linear transformations of Y and their respective infinitesimal gen-
erators By and Ba, the following statements are equivalent:

() To()K = KTy(t), t > 0.
(ii) KD(By) C D(By) and BoK = KBy on D(By).

4.6 Infinitesimal generators A™* and A*

Theorem 4.4 has provided a characterization of the adjoint semigroups {ST*(¢)}
and {S*(t)}, which has a more complex structure than {ST(¢)} and {S(t)}.
So the next step is to characterize their infinitesimal generators AT* and A*.
Of course they will inherit of the complexity of the adjoint semigroups. This
question was initially studied by R. B. VINTER [2], but its importance was
not fully appreciated at that time. This characterization was not easy to ob-
tain because its final form was not known. It is one area where the structural
operator has provided simplification both in the characterization and in the
proof of the result. One source of difficulties was the search of an explicit defi-
nition of the infinitesimal generator of the adjoint semigroup. In the following
theorem, we give an implicit characterization or definition, which turns out
to be a more general and flexible result that applies to systems with finite or
infinite memory.

Theorem 4.6. Assume that the hypotheses of Theorem 4.4 are verified:
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(i) The infinitesimal generator AT* of {ST*(t)} is characterized as follows:

E=F¢+(0,¢),6 € D(A), }

. . (4.61)
¢ € WHP(=h,0;R"),{(=h) =0

D(AT) = {s

and the map
§=Fop+(0,0)— AT = FA¢+ (C(0),—DC): D(A™) — MP (4.62)

is independent of the choice of the representation of & in terms of (¢, ().
(ii) The infinitesimal generator A* of {S*(t)} is characterized as follows:

D) = {51 §=F"9+(0,0), 6€D(AT), } (463)
¢ e WHP(=h,0;R"), ((=h)=0

and the map
E=F"¢+(0,0) — A*C = F*AT ¢+ (¢(0), =DC): D(A*) — M7 (4.64)
is independent of the choice of the representation of € in terms of (¢, ().

Remark 4.5. For h finite we can choose a representation for D(AT*) of the
form

5 = (507 Ego + C)a AT*é. = (LEO + C(O)a _DC)v

where £° denotes the constant function equal to £ on [—h, 0]. This choice can
be found in the early papers on the topic but does not extend to h = +o00. O

Proof. Tt is sufficient to prove (i). The proof of (ii) is identical up to a change
in the superscript ". We have already established in Theorem 4.5 (ii) that

FD(A) C D(A™), A™F¢=FA¢p, Voc D(A).
Hence for all £ of the form F¢, ¢ € D(A),
AT*¢ = FA¢ = F(L6, D9) = (Lo, LDg).

Now we can always associate with an arbitrary ¢ in D(AT*) an element ¢! €
WhP(—h,0; R™) such that ¢'(0) = £° and decompose £ in two terms

§= (€6 = (", Lo") + (0,&' — Lo') = Fo + (0, ),
where by construction
(€%, Lo") = (9'(0), Lo") = F(¢'(0),¢")

and (¢'(0),¢') € D(A). In view of the previous remarks it is now sufficient
to characterize the elements of D(AT*) of the form (0, ().
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Given (0,¢) € D(AT*), let z and y in WL (0, 00; R™) be the solutions of
the systems

i(t) = (Lefa)(t) + (3" O)(~1),

{:C(O) =0, " ! (4.65)
§(t) = (Le}o) (1) + (5" (AT (0, 1) (1),

{y(O) =[AT*(0,0)]°. (4.66)

Notice that
VT >0, eSzeW"P(—h,T;R").

Define
2(t) = STH(1)(0,),  §(t) = STHH)AT(0,0).

By Theorem 4.4 (i)

{j(t) = F(z(t), (e%2):) + (0, 7(t)¢), (4.67)

and notice that .
X=elz, X=eli=¢ely. (4.68)

Integrate (4.66) from 0 to ¢
) t t
X0 = AT 0.0P+ [ (Clpds+ [ (AT 0,015 ds.
0 0
In view of Theorem 3.3 (iv) and (4.68)

/t(zegy)(s) ds = /t(cX)(s) ds = LX, — LXy = LX,
0 0

and
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X(t) = LX, +[AT(0,01° + /O (e [ATH(0,0)]")(—s) ds. (4.69)

As @(t) = X(t),t > 0, the right-hand sides of (4.65) and (4.69) are equal and
in view of the fact that X = €%z

(ex"O)(~t) = [AT*(O,C)]OJr/O (ex"[AT(0,0)]")(—s) ds.

Introducing the new variable « = —¢ for —t € I(—h,0), we obtain

0
C(a) =[AT(0,0)]° +/ [AT*(0,0)]'(0)df, « € I(—h,0). (4.70)

(e

Hence
¢ € WhP(=h,0;R"),

” . (4.71)
¢(0) = [AT*(0,0)1°  DaC=—[AT*(0,0)]".
When h = oo, we know by Lemma 3.5 that
¢ e WP (—00,0;R") = ¢ € Cy(—00,0; R") = ((—00) = 0.
For h finite we go back to (4.65) and
i =y e WhP(0,00;R") = i € Cloc (0, 00;R™)
VT >0, eSoeWhP(—h,T;R") = Lelx € C(0,T;R").
So
(e3"O)(—t) = i(t) — (Lela)(t)
is continuous for ¢ > 0 and in particular continuous at ¢ = h. But
t>h= (e;"¢)(~t) =0 = ((~h) = 0.
So we have established that
C € Wl7p(_h7 O;Rn)v C(_h) =0 (472)
and that
AT(0,¢) = (¢(0), = Dag). (4.73)

Conversely given ¢ verifying (4.72) and z the solution of (4.65), we want
to prove that (0,(¢) € D(AT*) or equivalently that for all + > 0

&
dj (t) exists in MP,

where & is given by (4.67). Specifically we shall show that
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dz d d
—F s 0 4.74
0= F (300, g () + (0, gy r¢) (474)

and that p p
t— (j:(t), dt(egrx)t,dtT(t)C)

is continuous. By Theorem 4.1 (ii) ex € W'P(—h,T;R") for all T' > 0 and
by Lemma 4.1 (ii)

(eSx). € C*(0,T;LP(—h,0;R™))

and the function

d

¢
7t

(cSa)e: [0,00[ — LF(=h, 0;R")
is continuous. By assumption (4.72) on ¢,
e;"¢C € WP (—o0,0;R")
and because the function 7(¢)¢ is a shift of the function e;"¢ the function
t = 7(t)C: [000] — LP(=h, 0;R™)

is C! and y
t— dtT(t)C = —7(t) D¢

is continuous. To show that & is continuous we prove that the right-hand side
of (4.65) is continuous. The continuity of the term (e1"¢)(—t) for t > 0 follows
from the fact that e_T_hQ belongs to WP (—o0,0; R"™). Similarly by Lemma 4.1
(i),
elx e WHP(—h,T;R™)
implies that
(eSz). € C(0,T; W"P(—h,0;R™))

and necessarily
t (Lelx)(t) = L(eda);

is continuous. So by definition of & and continuity of F' we obtain (4.74), the
existence of % (¢) as a continuous function of ¢ and therefore (0,¢) € D(AT*).
We have established that any element ¢ of D(AT*) is of the form

§=F¢+(0,¢),
¢ € D(A), (4.75)
¢ e WHP(=h,0;R"™), ((—h) =0,

and that
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AT = FA¢ + (¢(0),—D¢) = (Lé + ¢(0), LD$ — D).

To complete the proof we have to show that AT*¢ is independent of the
representation of £ in terms of ¢ and (. By linearity it is sufficient to establish
that for all ¢ in D(A) and ¢ verifying (4.72)

E=Fo+(0,0)=0= AT"¢ = FA$ + (((0),~D¢) = 0

or for ¢, ¢ € WHP(—h,0; R"™) such that ((—h) =0

{¢(0) =0 — {M +¢(0) =0, (4.76)
Lo+(¢=0 LD¢ — D¢ = 0.

This will require the following lemma.

Lemma 4.6. Letp, 1 < p < oo, be a real number:

(i) For all ¢ in WHP(—h,0;R"), the map
F¢=(4(0),L¢) — Lo (4.77)

is well defined, linear, and there exists a constant ¢ > 0 such that for all
¢ € WHP(—h,0;R™),

L] < cl|6(0)] + [ILellp + I LDI,]- (4.78)
(ii) For all ¢ in WP(—h,0;R™) such that ¢(0) =0

Lo € WHP(—h,0;R™), (L¢)(—h) =0,

(Lo)(0) = Lo, DyLp=—LDy . (4.79)

Going back to the proof of the theorem, ¢ satisfies the conditions of
Lemma 4.6 (ii) and from (4.76)

(= _L¢— ¢(0) = j(iéf’)(o) = —L¢,
Dy ¢ = LDy ¢.

This completes the proof of the theorem. a
Proof of Lemma 4.6. (i) By linearity the map (4.77) is well defined if

(6(0), L) = 0 = Lé = 0.
But by Lemma 3.5, W1?(—h,0;R") C K(—h,0;R") and by Lemma 4.3
¢ € K(=h,0;R"), ¢(0) = 0= (L¢)(0) = Lo

and necessarily L¢ = 0 = L¢ = (L$)(0) = 0. For the continuity we associate
with ¢ € WhP(—h,0; R"™), the function
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— e), tel(~h,0),
$(0), t>0.

For all T > 0, ¢ € WhP(—h, T;R") and

¢ =Di6=c"Dyo.
Then by Theorem 3.3 (iv), for all a € I(—h,0)
0

0
| @osoydo = [ (£ Dy ) (-0)d0 = L~ Lo

(e

Let 7 = h if h is finite and 7 = 1 if h = oo. Then taking the L? norm on [0, 7]
TVP|L| < | LD llLo(—n.0) + £ Lo (0.7

But
Lé= L)+ Le®d = Lelp(0) + Le ¢

and

1£8ll o 0,7 < elled B0 Lo () +II LS|l o (—n.0) < T /PI6(0) |+ || Lel| Lo (—n0)-

Combining the last inequalities we get (4.78).
(i) When ¢(0) = 0, ¢ = €% ¢ and for all a in I(—h,0)

0

(L6)(@) = (Ce° 6)(~a) = Lo = L + / (LDy 6)(0) db.

(e

Hence Lp € WHP(—h,0;R™) and DLy = —L D¢. Moreover by Lemma 3.5,
WP (—h,0;R") C K(—h,0;R") and from Lemma 4.3 ¢ € K(—h,0;R") and
@(0) = 0 imply that (L$)(0) = L¢ and (L¢)(—h) = 0. O

4.7 The companion structural operator G of F

We have seen in Theorem 4.3 how the adjoint semigroups {ST*(t)} and
{S*(t)} are related to the solution of systems

#(t) = (LeQo)(t) + (e3"EN(—t), >0, 2(0) =&, (4.80)
2(t) = (LTe%2)(t) + (ex"CH)(—t), t>0, 2(0) =" (4.81)

More precisely
STH(1)E = F(a(t), (e52):) + (0, 7(1)¢"), (4.82)

S*(£)¢ = F x (2(t), (e3.2)e) + (0, 7(£)¢H). (4.83)
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When h is finite and ¢ > h, the second term in (4.82) and (4.83) is zero and
by the intertwining theorem
STH(t)e = ST (t = h)ST*(h)E = ST*(t — h)F(x(h), zn)
= FS(t—h)(xz(h),zn), (4.84)
STH)C = 5"(t = h)S" ()¢ = S*(t = h)F* (2(R), 1)
= F*ST(t —h)(2(h), z). (4.85)

For t > h the structure of S'*(¢) and S*(t) considerably simplifies provided
we have a knowledge of the pairs

G¢ = (z(h),z1), G'¢=(z(h),zpn), (4.86)

which define continuous linear operators on MP and MY, respectively. They
are related to F and F* because for £ = F'¢ or { = F*, we obtain

S(h)p = (x(h),zn) = GF9,
{SWW = (z(h),z) = GTF*y, (4.87)
and
S(h) =GF, 57(h) =G F". (4.88)

We shall see that G* = G'7 and that G and G are intertwining operators
similar to F' and F*. They will play a complementary role to F' and F* in
the characterization of the F'-controllability and the F-observability for delay
systems.

Definition 4.4. The operators G and G " will be referred to as the companion
structural operators of F and F™*, respectively. a

The operator G was introduced by A. MANITIUS [6]. It will not be used
in this chapter, but it has played an important role in conjunction with the
operator F especially for the characterization of the notions of controllability
and observability.

Theorem 4.7. Let h, 0 < h < oo, p, 1 <p < o0, and q, 1 < q < oo, be real
numbers:

(i) The operators

E— GE = (x(h),zp): MP — MP, (4.89)
Cr— GT¢=(z(h),zn): M? — M1 (4.90)

are linear and continuous and

GF =S(h), G'F*=S8"(h). (4.91)
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(ii) The operators G and G define isomorphisms

G: MP — D(A), G":M?— D(AT) (4.92)
when D(A) and D(AT) are endowed with their respective graph norm
topologies.

(iii) For p, 1 < p < oo, and its conjugate q, ¢~ +p~t =1,

G*=GT (4.93)
when the elements of (MP)* are identified with those of M1.

Proof. (i) By construction and the remarks preceding the theorem.
(ii) We only prove this result for G. The map G is injective because GE = 0

implies that
(x(h),zp) =0=2(t) =0, 0<t<h

and by substituting in (4.80)

e (—t)=0, 0<t<h, & =0=¢=0.
It is surjective because for any % in D(A)

Pl € WHP(=h,0;R") and «° = 1(0)
and we can define the function z in W1P(0, h; R™)

a(t) =0t —h), 0<t<h
and the element ¢ = (¢°, ¢') of MP
' (—t) = a(t) — (LeSa)(t), 0<t<h, ¢"=x(0).
By definition of G
G¢ = (a(h),zn) = (¥'(0),9") = 9.

The continuity of G from MP to D(A) follows from inequality (4.7) in Theo-
rem 4.1 (i).
(iii) To establish (4.93) we use identity (4.35) in Lemma 4.2 with T'= h

h h
/0 2(h—t)-(i—Le ) (1) iz (h) -2 (0) = /0 (= Lel2)(h—1)-2(t) di2(0)-2(h).
By substitution of (4.80) and (4.81)

h h
| =ty e - = / ("¢ (1) - wlh— ) dt+C-a(h)

and by changing the variable ¢ to a =

/0 zn(a) - € (@) da + 2(h / ¢Ha a)da+ ¢t - x(h).

—h

This completes the proof of the theorem. O
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The last theorem is the intertwining theorem for G, ST* and S.

Theorem 4.8 (Intertwining). Let h, 0 < h < o0, p, 1 < p < o0, g,
p~ L+ gt =1, be real numbers. Then the following properties hold and are
equivalent:

(i) S#)G = GST*(t), vt > 0.
(ii) GD(AT*) € D(A) and GAT*¢ = AGE, V¢ € D(AT).
(iii) For all X in the resolvent set of AT*

R(\, A)GE = GR(\, AT*)E, Ve e MP. (4.94)

Proof. Tt is sufficient to establish (i). The equivalence of (i), (ii), and (iii) is a
consequence of Lemma 4.4. Notice that for ¢ > 0

(@(t + h), wepn) = S(t)(x(h), zn) = S()GE

and
(z(t+h), zen) = ST(t)(2(h),zn) = ST ()G C.

Now substitute in identity (4.35) in Lemma 4.2 the solutions x and z of (4.80)
and (4.81) for T =t + h:

t+h
/0 2(t+h—s)- (e (=s)ds + z(t + h) - 2(0)

t+h
2/0 (ex"¢M)(—s) -t + h — s)ds + 2(0) - x(t + h).

Notice that the integrands are zero for s > h and change the variable s to
a=—s:

/0 2(t4+h+a)- & (a)da+ z(t+h) - &°

—h

2/0 M) -zt +h+a)da+ -zt +h).
—h

Therefore
(ST(MGTC.€) = (¢, S(1)GE)

and (i) is verified. O
Corollary 4.3. Assume that the hypotheses of Theorem 4.8 are verified. Then
the following properties are verified and are equivalent:

() ST(GT =GTS*(t), t>0.

(i) GTD(A*) C D(AT) and GTA*¢ = ATGT ¢, V¢ € D(AY).

(iii) For all X\ in the resolvent set of A*

RMANG e =GTR(N\ AY)E, Ve e M. (4.95)
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Remark 4.6. Both G and G'T have continuous linear inverse G=': D(A) —
MP and (GT)~!: D(AT) — M. So in view of Theorem 4.8 and its corollary

ST (t)=G"1St)G, S*(t)=(G")1STt)aT

and the adjoint semigroups are completely characterized in terms of {S(¢)}
and {ST(t)}. O

5 State space theory of linear control systems

The basic concepts and techniques to deal with linear delay systems have been
introduced in §3 and §4. In this section a control vector u(t) € R™ (m > 1,
an integer) is introduced in the system dynamics through a delay operator B,
which is a continuous linear map

B: K(—h,0;R™) — R" (5.1)
similar to the continuous linear map
L: K(—h,0;R") - R" (5.2)

of §3 and §4.
Consider the linear control system
&(t) = Lxy + Bug + f(t), t>0, (5.3)
(2(0), 20, uo) = (¢°, ¢',w) € MP x LP(—h,0; R™) '

for the real number p, 1 < p < oo, and f € L}, (0,00;R™). The objective
is to construct a state and give a state space formulation of equations (5.3)
where delays in both variables x and u disappear. The motivation behind this
objective is to put (5.3) in the form of an evolution equation in an infinite
dimensional Banach space without delays to bring such systems in line with
the standard Control Theory of infinite dimensional evolution systems.

The two constructions that will be considered here were originally intro-
duced by R. B. VINTER and R. H. KwoNG [1] and A. ICHIKAWA [3]. In the

light of §3.4 they correspond to the states
z(t) = F(x(t), z) (5.4)

and
Z(t) = (z(1), ) (5.5)

as defined in (4.51) (Theorem 4.4 and (4.12)). They will require the introduc-
tion of new semigroups that are extensions or generalizations of the semigroups
{ST*(t)} and {S(t)} of §3.4, and the analogs for B of the structural operators
Land LT for L.
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All results established for L (Theorem 3.3, Lemmas 4.2, 4.3, 4.4, 4.5, and
4.6) extend to B. So they will not be repeated here. We simply introduce the
appropriate notation associated with B. There exists an n X m matrix 3 of
regular Borel measures such that

0
Bw = /h dp pw(6), Yw e K (—h,0;R™). (5.6)

For each T' > 0, the continuous linear map

{B: LP(=h,T;R™) — LP(0, T;R"), (5.7)

(Bv)(t) = By, Vt>0, Yve C.(—h,T;R™)

has the same properties as £. Denote by 3" the transposed of the matrix 3
and introduce the continuous linear map

0
6 BTo— / do BT 6(6): K (—h,0;R") — R™. (5.8)
—h

For ¢, 1 < ¢ < oo, and all T' > 0, we also have the continuous linear map

BT: Li(—h,T;R™) — L0, T;R™),
{(BTZ)(t) =BTz, Vt>0,VzeC(=h,T;R"). (5.9)
Finally we associate with B and BT the structural operators
{B: LP(—h,0;R™) — LP(—h,0; R"), (5.10)
(Bw)(a) = (Be’w)(—a), « € I(—h,0),
BT: LY(—h,0;R") — L9(—h,0;R™),
{(Bw)(a) = (BTe’y)(—a), € I(—h,0). (5:11)
When 1 < p < 0o and ¢ is the conjugate of p, p~! +¢ 1 =1
B*=B", (5.12)
where the elements of (L?)’ are identified with those of L.
5.1 The structural state
The first step is to rewrite system (5.3) in the more accurate form
= Lx+ Bu+ f, (5.13)

(2(0), 20, u0) = (¢°, p*,w) € MP x LP(—h,0; R™).
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Then separate the solution z(t), t > 0 and the control u(t), t > 0, from the
pieces of initial functions ¢! and w:
T = Eegz + Be?ru + Le% ¢t + Bew + f,
2(0) = ¢’

As in §4.4 notice that system (5.14) does not directly use the initial functions
¢' and w but only the sum of their images Le2 ¢! + Be w. When h is finite

(Le® M) (t) + (Bl w)(t) =0, t>h (5.15)

(5.14)

and it is sufficient to consider the effect of th(j initial functions on the interval
[0, h]. We recognize the structural operators L and B extended by 0 for ¢ > h:

(Le® ¢ (t) + (Bl w)(t) = (e3"(Lo' + Bw))(~t), t>0. (5.16)
So the true initial condition to system (5.13) is the pair
(¢", L' + Bw) = F¢ + (0, Bw) (5.17)

and this suggests the introduction of the following state:
#(t) = (z(t), Loy + Buy) = F(2(t), z¢) + (0, Buy) (5.18)

at time ¢ > 0. Compare (5.18) to (4.51) in Theorem 4.3 or to the intertwining
identity in Theorem 4.4 between {S*(t)} and {S(¢)}. It is clear that the
state (5.18) is related to a nonhomogeneous version of the evolution equation
associated with the semigroup {ST*(¢)}. So we are led to the embedding of
the initial system (5.14) into the following larger family of systems:

&(t) = (Lefa)(t) + (Be§u)(t) + ("€ ) (~t) + f(t), ¢ >0,

2(0) =¢°, &=(¢,¢") e M?, (5.19)
felLl (0,00;R"), we Ly (0,00;R™).
Definition 5.1. The structural state &(t) at time ¢ > 0 is defined by
i(t) = (2(t), L(e%a), + B(eu), + (1)€Y, (5.20)
where 7(t) is the right translation operator defined in (4.53) of Theorem 4.3
[r(t)u)(6) = (eX"u)(@ — 1), 6 € I(~h,0) (5.21)
for any arbitrary function u defined on I(—h,0). If ¢! = L¢! + Bw, then the
definition (5.20) reduces to (5.18). O

Other terminologies have been used: the Vinter-Kwong state in
M. C. DELFOUR [14] or the forcing function state in G. GRIPPENBERG,
S. O. LoNDEN, and O. STAFFANS [1].

It turns out that the state &(t) is the solution of a nonhomogeneous dif-
ferential equation that need to be interpreted in an appropriate weak sense.
In the process all delays will disappear and the equation will take the same
form as its finite dimensional analog.
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Notation 5.1. The restriction of the continuous linear operator
B'": K(—h,0;R") — R™

to D(AT) is well defined because W14(—h,0; R") is continuously embedded
into K (—h,0;R™) (cf. Lemma 3.5. Its restriction to D(AT)

¥ = (¥(0),4) = BT¢: D(AT) —» R™ (5.22)
will also be denoted BT. O
Theorem 5.1. Let the real number p, 1 < p < 0o, and its conjugate q, ¢~ * +

p~t =1, be given. Assume that x in Wli)’Cp(O, o0; R™) is the solution of system
(5.19) for & € MP, f € LY (0,00;R") and u € LY (0,00;R™), and let &(t) be

loc loc

the structural state constructed from x in (5.20)—(5.21):
(i) For all ) in D(AT) and t >0

(W, 5(t) = (ST (), €) + / (BTST(t— ) u(r)
+ (ST (t—s), (f(5),0))]dr. (5.23)

(ii) The structural state Z(t) is a solution of the weak equation: For allt > 0
and all ) € D(AT)

d . .
020 = ATV + BT +6(0)- F0,
z(0) =¢&.
(iii) For each T > 0, the state I is the unique solution in
V(0,T; MP,D(ATY)

= {z € C(0,T; MP): dj*z € LP(O,T;D(AT)’)} (5.25)

dt

to the following equation:

d sk * * -k
flfg) ;U_(tg) = (A1)2(t) + (BT)u(t) +5*(f(1),0), t>0, (5.26)

where j*,(AT)*, and (B")* are the dual maps of the continuous linear
operators

j:D(AT) — M9, AT: D(AT) — M9, and B": D(AT) - R™ (5.27)

defined on D(AT) (cf. Notation 4.2, Definition 4.2, Notation 5.1).
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Remark 5.1. In their original work, R. B. VINTER and R. H. KwoNa [1]
considered a delay operator B of the form

0

Buw = Bow(0) + / By (0)w(6) df (5.28)
h

for n x m matrices By and Bi(#), where the elements of B; belong to
L?(—h,0;R) and a finite memory h. In this case

By =B v(0) + /Oh Bi(6) "v(6) o (5.29)

and both B and BT can be considered as linear maps on R™ x LP(—h, 0; R™)
and M? =R" x LY(—h,0;R"™)

0

B(’wo, wl) = Bowo + / Bl(ﬁ)wl (9) d9,
~hy (5.30)
BT = B+ [ BLO)0)ab.
—h

This of course is the limit case where everything stays in the state space MY
and equation (5.23) reduces to

t

B(t) = ST (t)*¢ +/ STt —r)[(B")*u(r) + (f(r),0)] dr (5.31)
0

because BT*: R™ — MP is now linear and continuous. The weak formulations

(5.23), (5.24), and (5.26) were introduced by M. C. DELFOUR [15] to study

the corresponding Riccati equation. They were absolutely necessary to handle

control operators with pure delays. a

Remark 5.2. Notice that the underlying semigroup is the adjoint of the trans-
posed semigroup associated with L. A careful interpretation of the proof of
Theorem 5.1 indicates that the structural state is really the resulting product
of transposition techniques applied to the differential equation (5.19). The
elements entering into the structural state are obtained by isolating on one
side the transposed semigroup associated with the transposed system. a

Proof of Theorem 5.1. In view of the linearity of system (5.19) and of the
definition of the semigroup {ST*(¢)} in Theorem 4.3, it is sufficient to establish
identity (5.23) for £ = 0. Again the key tool is the integration by part formula
(4.35) in Lemma 4.2 for T' =1t

/0 2(t —s) - [@ — Le5a](s) ds + z(t) - 2(0)

:/0 2= £Te02)(s) - a(t — ) ds + 2(0) - 2(r),  (5.32)
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where x is the solution of
i=LeSz+BeSu+f, x(0)=0 (5.33)
and z is the solution of
t=LTel 2+ LTy, 2(0)=1(0), e DAT). (5.34)

By techniques analogous to the ones used in the proof of Lemma 4.2 we can
also show that for u in L (0, 00; R™)

/0 z(t —s) - (Beu)(s)ds = /0 (BTe%2)(t — s) - u(s) ds. (5.35)

Substract (5.35) from (5.32) and use (5.33) and (5.34):

[ ot s)as

=1A[uﬂéﬁwx@-x@—s)—(BTazxt—s»u@nds+¢mn-wa>

and the right-hand side becomes
/0 [(LTe29)(s) - (t — ) + (BT e29)(s) - ul(t — 5)] ds + 9(0) - z(t)

= /0 [2(t —s) - f(s) + (BTegz)(t —s)-u(s)+ (BTe(iz/J)(s) ~u(t — s)] ds.

But this can be rewritten as
0
/_h[(EW)(a) - (e%a)i(@) + (BT9)(a) - (el u)i(a)] da

+wmw@:44wgf@+wvw—wmgw

and as

ST(r)w = (z(r),z) € D(AT)7

we have
(B"2)(t—s)=B'z_,=B'ST(t—s),

when BT is viewed as a continuous linear operator from D(fl—r) into R™. So
finally as LT = L*, (LT)* = Land BT = B* and (B")* = B

(@(0), 4, (@(), E(e%)y + B(euu),))
= /0 [(ST(t—)u, (0, f(s))) + BTST(t — )y - u(s)] ds.
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The left-hand side of the above expression is precisely (v, &(¢)) for £ = 0 and
this completes the proof of part (i).

(ii) The differential equation (5.24) is obtained by differentiating (5.23)
using the fact that for all 7' > 0

2() = 8T () € C°(0,T; D(AT)) N C1(0, T MY).
For instance if ¢ € D(]0,T[, T > 0, the distributional derivative of the term
¢
F(t) = / z(t—s)- f(s)ds
0

is given by the expression
T t
/0 ?;f(t)/o 2(t—s) - f(s)dsdt
T T aQO
:_/0 dsf(s)-/s 4t (0)=(t -~ 5)
T T dz
= [ asto)- [ |ty <t—s>+so<s>z<o>]

- /OTM [/ Bt (=) )+ 200 10 at

iy = / Y5 f(s)ds+ 2(0) - f(t)
- / (ST(t — ) AT, (f(s), 0)) ds +(0) - F(2).

We repeat the above computation for the term in u but with ¢ € D((AT)2)7
and the sum of the derivatives of the right-hand side of (5.23) for ¢ in
D((AT)?) is equal to

(ST(AT,€) + / (ST(t— $)AT 4, (f(5),0)) ds

+1(0) - f(t) + /0 BTST(t—s)ATy - u(s)ds + B ¢ - u(t)
= (AT, 2(t)) + B¢ - u(t) +1(0) - £(t).

So we obtain (5.24) for ¢ € D((A")?) and this identity extends by linearity,

continuity, and density of D((A7)?) in D(A") to all elements ¢ of D(AT).
(iii) From (5.23) & € C(0,T; MP) and from (5.24) we obtain expression

(5.26) and & j*z € LP(0,T; D(AT)’). The last element to complete the proof
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is the uniqueness. By linearity it is sufficient to prove that for £ =0, f = 0,
and u = 0 the solution & in V(0,T; MP?, D(AT)’) to

d
dt

is zero. Fix t/, 0 < ¢ < T, and construct the function
g(t) = (ST(t' = t)p,2(t)), 0<t<t,

for v € D(AT). Then ST(-)y € C*(0,¢'; M) N C(0,#;D(AT)) and hence
g € WbHP(0,#;R). Moreover g(0) = 0 and

7 a(t) = (AT)"a(t), 2(0) =0,

dg

it (t) = —(ATST(t' — ), &(t)) araxare

+ (ST — )0, (AT)* &(t)) peatyxp(aty = 0.

Then

0=yg(0) =g(t') = (,2())
and because this is true for all 1 in D(A"), 2(#') = 0, V¢ > 0. This completes
the proof of the theorem. O

5.2 The extended state

In this section we come back to system (5.13) and extend the definition of the

first state Z(t) = («(t), z¢) introduced in §4.2 to
j(t) = (‘T(t)vxt7ut) € Zpu
o (5.36)
Z0 $ R ¢ [P(—h,0;R™) x LP(—h,0;R™).

So we increase the size of the state space by adding a third component. The
following presentation is new and extends to general delay operators the orig-
inal work of A. ICHIKAWA [1, 3].

Terminology 1. The extended state associated with L and B will be defined
by (5.36) and denoted by Z(t).
5.2.1 The extended semigroup {S(t)}

Because of this added feature we have to somehow extend the definition of the
semigroup {S(t)}. For this purpose we introduce the homogeneous system

(1) = (Lela)(t) + (L ¢1)(t) + (Be w) (1),
z(0) = ¢°,  (¢°,¢',w) € 27

and the following linear transformations {S(t): t > 0} of ZP:

S’(t)((bo, ot w) = (z(t), z¢, (P w)y), t>0. (5.38)

(5.37)
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Terminology 2. The semigroup S (t) will be called the extended semigroup as-
sociated with L and B.

This terminology is a little bit more descriptive than the Ichikawa semi-
group used in M. C. DELFOUR [14]. We shall use in § 6 the extended semigroup
associated with LT and C'T, where C is an appropriate delay observation func-
tional. This is a natural extension of the transposed semigroup of §4.3.

Theorem 5.2. Let p, 1 < p < o0, be a real number, let x be the solu-
tion of (5.37) in W,"P(0,00;R") corresponding to (¢°,¢',w) € ZP, and let

loc

S(t)(¢°, ¢, w) be given by (5.38):

(i) The family {S(t): t > 0} forms a strongly continuous semigroup of con-
tinuous linear transformations of Z¥.
(ii) The infinitesimal generator A of {S(t)} is given by

A(¢°, ¢*,w) = (L$' + Bw, Do, Dw), (5.39)

where
(¢°,¢") € D(A)
D(A) = { (¢°, ¢ w) € ZP: w € W'P(=h,0;R™) p . (5.40)
w(0) =0

(iii) For p, 1 < p < oo, and its conjugate q, gt +pt =1, the adjoint
semigroup {S*(t)} is characterized by

SH()(€°,€1,€%) = (2(t), LT (e 2)e + 7(1)€!, BT (12)e + 7(1)€7), (5.41)
where z is the solution of system
(1) = (LTe§2)(1) + (e (1),
{z(O) _ e (5.42)
Its infinitesimal generator is given by the map
§=((0), LT+ ¢, BT+
> A*¢ = (LT +¢(0), LDy — D¢, BT Dy — D)), (5.43)

which is independent of the choice of the representation of the element &
in the domain of A*,

§=0), LTy +¢, BT+ )
¢ e Whe(—=h,0;R™), ¢((=h)=0
A€ Whe(—h,0;R™), A(—=h) =0

(5.44)

in terms of (¥, ¢, ).
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Proof. (i) The state Z(t) = S(t)(¢°, ¢!, w) is well defined because
(L2 ¢")(t) = (5" L") (1), (Belw)(t) = (e1" Bw)(~1),

and by Theorem 4.1 (i) there exists a constant ¢(7') > 0 such that for all
T>0 - -
llwe o,y < CD)[|¢°] + 1 L6° | e + || Bw]| L] (5.45)

and t — (e’ w); is the shift operator for the function e w. It is linear and
continuous by inequality (5.45). The semigroup property is obvious and the
continuity with respect to ¢ follows by continuity of z for ¢ > 0 and the

continuity of the shift operator t — x;, t — (e w); for LP-functions.

(ii) Assume that (¢°, ¢, w) € D(A). Then for all T > 0

0

i€ CY0,T; MP) N C(0,T; D(A)).
In particular
z € CY0,T;R"), z4€C'(0,T;LP(—h,0;R™)),
(e®w)e € LP(—h,0;R™).
By Lemma 4.1 (ii)
r € WHP(=h, T;R"), (" w) € W'P(—h, T;R™) (5.46)

and
Dtut = D@ Ut, Dt(egw)t = D@ (e(iw)t. (547)

As a result
o' = |1 _noy € WHP(=h,0;R"),
6'(0) = 2(0) = ¢" = (¢°,¢") € D(AT).
Therefore we have established that any (¢°, ¢', w) € D(A) verifies
(¢°,0") € D(AT), we WhP(=h,0;R™), w(0) = 0. (5.48)
Finally because (5.46) is true, by Lemma 4.2 (ii)
ze € C(0,T;W'P(—h,0;R™)), (e’w)e € C(0,T;W"P(—h,0;R™))

and
dx
dt

has a continuous right-hand side. The same is true of the right-hand sides in
(5.47) and

(t) = Lz; + B(e® w);
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- dx d d

0 1 1 0

A(¢”, ¢, w) —}1{% (dt ORES dt(e_w)t)
= (L¢" + Bw, D', Dw).

Conversely if (¢°, ¢!, w) verify (5.48), then, for all T > 0, ’w
€ WYP(—h,T;R™) and by Theorem 4.1 (i), x € W?(—h,T;R™). By
Lemma 4.1 (ii)

ze € C(0,T; W"P(—h,0;R"))

and
(e’ w)e € C(0,T; W'P(—h,0;R™)).

Thus
@(t) = Ly + B(e® w);

has a continuous right-hand sideand # € C(0,T; R"™). Always by Lemma 4.1 (ii)
ze € C'(0,T; LP(—h,0;R")), (e’ w)s € C*(0,T; LP(—h,0;R™))

and necessarily

d. . [(dx d d,

" = (dt ®: 420 gy (ew)t)
exists and is continuous for ¢ > 0. So the limit as ¢ goes to zero exists and by
definition (¢°, ¢*,w) € D(A).

(iii) Again we use the integration by parts formula (4.35) in Lemma 4.2
for the solution x of (5.37) and the solution z of (5.42) with T = t:

/0 2(t —s) - [ — Le5x](s) ds + z(t) - 2(0)
= /0 (2 —LTe%2)(t) - 2(t — s)ds + 2(0) - x(t).
By substitution
[ =9 e o s) + (BLup(-s)]ds + 2(0) - o°
= [ s att = s ds+ € -att)
and
O — —
| (@ n(a) Lo+ Bul(a) da=( / £(@)-(22)(a) da+¢"-a(?)

or in a more compact form

((€2,€1), (x(t), (§@)e)) = 2(8) - 6° + (LT (e3.2)e, &) + (BT (e4.2)e, w). (5.49)
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To complete the above identity, we add the terms

(€%, (e2w)e) and (€', (e2e")y)
and use the identity

0 t
2 eo'LUt = 20[ ° e(lw « o = 2 — le_w 5
@) = [ s (@ultrarda= [ E0—0-(Lw)6)d

0
(€, (lw)) = /_h(61h52)(9 —t)-w(f) df = (r(1)&?, w), (5.50)
and similarly

(€', (e2oh)e) = (r(t)E, ¢"). (5.51)
Combining (5.49), (5.50), and (5.51) we obtain

<(§Oa§1a§2)7 (:C(t)vxta (egw)t»
= ((2(t), L(e}2)e + 7(1)€", BT (e§.2)e + 7(1)€2), (¢, ¢*, w))

and henceforth the adjoint semigroup expression (5.41). R
We now turn to the characterization of the infinitesimal generator A*. It
is readily seen that S* has a special structure

S* ()€ = (S*(1)(€%, &), B(e%2)e + 7(t)€?), (5.52)
S*()€ = (S*(1)(€°,€"),0) + ((0,0), B(e5 2); + 7(1)€?), (5.53)

where the first two components that are related to S* can be separated from
the third component. So if £ € D(A*), then (£°,£') € D(A*) and by Theo-
rem 4.5

Fp e D(AT), (thatis ¢ = (¥(0),9),v € WH4(—h,0;R™))

and
3¢ € WhH(=h,0; R™)
such that
(€%,6") = F*¢ +(0,¢) = (4(0), L9 + ¢) (5.54)
and

li 55 (0(€,€) = AL + 0,0)] = F* AT+ (¢(0), ~DQ)
= (L"¢ +¢(0),L" Dy — D¢). (5.55)
But in view of the decomposition (5.54), equation (5.42) reduces to

A1) = (LTeq2)() + (ex"[LTy + (),
= (LT2)(t) + (e3"¢)(~), (5.56)
z(0) =9(0), 2 =19
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By Theorem 4.1 (i), for all T > 0, 2 € W14(—h, T; R") and by Lemma 4.1 (ii)
ze € C(0,T; WH4(—h,0;R™)) N C*(0,T; LY(—h,0;R"™)) (5.57)

and - -
D;B"z = B" Dy 2. (5.58)

Now go back to the third component of S*(¢)¢ in (5.53)
F(t) = BT(02) + 7(1)€2 = BTz + (1) — BT (),

and recall that by Lemma 4.4 applied to B"

BT (2 9)e = 7(t)[B ).

Then - -
Ft)=B z +7{t)\, A=¢€>—-B"4.

From (5.57) t — BTz belong to C*(0,T; LY(—h,0;R™)) and from (5.57)-
(5.58),

Bz, € C(0,T;Wh(—h,0;R™)) N C*(0,T; LY~h,0; R™)) (5.59)
and J
dtBth =B Dy 2. (5.60)

So the assumption & € D(A*) implies that
T(:)A € C'(0,T; LY(—h,0; R™)). (5.61)

But this is the shift operator for the function eg” X in L9(—o00,0; R™) and by
the analog of Lemma 4.1 (ii)

eg"A € Whi(—00,0;R™) = X\ € Wh4(—h,0;R™), A(—h) =0,

and p
dtT(t)/\ = —7(t)Dg A (5.62)
as in the proof of Theorem 4.5. Finally
F _
‘ilt (t) = BT Dy z, — 7(t)Dg \. (5.63)

To summarize we have shown that if £ = (€°,&',£2) € D(A*)

€ =40), & =LTyY+( E€=BTy+)
¥, ¢ € WHI(=h,0;R™), ((—~h) =0, (5.64)
A€ WL(—h,0;R™), A(—h)=0.
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Moreover from (5.55), (5.60), and (5.62) as ¢ goes to zero
A*¢ = (LT +¢(0),L" Dy — D¢, BT Dy — D). (5.65)

Conversely if (5.64) is verified, then by Theorem 4.5 (i), (£°,£1) € D(A*)
and S*(-)(€°, &) belongs to C1(0,T; M?). Moreover (5.42) reduces to (5.56)
and we have (5.57) and (5.59). Finally condition (5.64) on A implies that
e;h/\ € Wh4(—00,0;R™) and we have (5.61). Therefore S(-)¢ belong to
C'(0,T; Z9) and necessarily ¢ € D(A*).

To complete the proof we must show that expression (5.65) for A*¢ is
independent of the representation of £ in terms of (¢, (,\). By linearity this
is equivalent to show that

=0, LT+ (B Y +A) =0
— A*¢ = (LT +¢(0), L' Dy — D¢, BT Dy — D) = 0.
So £ =0 is equivalent to
$(0) =0, e Whi(=h,0;R"),
LT +(¢=0, ¢eW"(=h,0;R"), ((=h)=0,
B+ X=0, AeWh4(—h,0;R™), X—h)=0.
By Lemma 4.6 extended to LT and BT
0=DI[L"Y +(]=~-L"Dy + D¢,
0=D[B"¢)+ A = —-B'"Dy+ D,
0= [Ly + ¢J(0) = LT¢ +¢(0),
and fl*é =0. a

5.2.2 The nonhomogeneous case with control

Go back to system (5.13), which can be rewritten as

i = LeYx+ BeSu+ Le¥ ¢! + Be w + f, (5.66)
2(0) = ¢°. '
Associate with the solution x of (5.66) the extended state
z(t) = (z(t), e, ue), t>0. (5.67)

The objective is to obtain the analog of Theorem 5.1 for #(t). Here {5*(t)}
will play the same role as {ST(¢)} and it will be necessary to construct a
control operator BT : D(A*) — R™, which will play for #(t) the same role as
BT: D(AT) — R™ for 4(t). The results are presented in the next theorem
followed by a short discussion and the proof.
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Theorem 5.3. Let the real number p,1 < p < co, and its conjugate q,q~* +
p~ !t =1, be given. Denote by x in VVlicp( o0; R™) the solution of system (5.66)
for (¢°,¢',w) € ZP, f € LY (0,00;R™), and u € LY, (0,00;R™), and let Z(t)

loc
be the extended state constructed from x in (5.67):

(i) For all p in D(A*) and t >0

(. (0) = (5O, 0" ) + [ 1BT5" (= s)p-u)
+ 5%t —s)p- (f(s),0,0)]ds, (5.68)
where
p=(0),LT¢Y+ (B Y +X)— B p=BTy+A0)
D(A*) = R™ (5.69)

is a well-defined continuous linear operator on D(fl*) endowed with its
graph norm topology (cf. (5.43) in Theorem 5.2 for the representation of
elements of D(A*)).

(ii) The extended state &(t) is the solution of the weak equation: For allt > 0
and all p € D(A*)

d - .
0 E0) = (A, 3(0) + BTp- u(t) + - S(0) 5.10)
2(0) = (6", 6, w). |
(iii) For each T > 0, the state T is the unique solution in
V(0,T; Z%, D(A*))

= {y € C(0,T; Z7): jtz*y € LP(O,T;D(A*)’)} (5.71)

to the following equation in D(A*)':
d 7E(t)
dt  _ .
= (A& (1) + (BT) u(t) +7(f(),0,0), ¢ >0, (5:72)
2(0) = (¢°, 0", w),

where : D(A*)A—> M4 is the canonical injection of D(A*) into M7 and
7, (A*)* and (BT)* are the dual maps of the continuous linear operators

i: D(A*) - 79, A*:D(A*) — Z9, BT:D(A*) > R™  (5.73)

defined on D(fl*) endowed with its graph norm topology.
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Remark 5.3. The key element of this theorem is the introduction of the op-
erator B', which makes it possible to complete and extend the work of
A. IcHIKAWA [1, 3] who considered operators B of the form

N 0

Bw = Buw(6;)+ / Bo1(0)w() do, (5.74)
i=0 —h
where N > 0 is an integer,
—o< —h=0ny<-->041<0;<-->0,=0 (5.75)
are real, By, By,..., By and Bp1(f) are n X m matrices, and the element of

By1(0) are Li-functions on I(—h,0). In that case

N 0
ETp=>" Bl60)+ [ Bu(®)v(e)ds+x0)
1=0 -

with the notation of (5.69). But the following limit exists:

i%[BTw](a) = B4 — BJ (0)

and
BTp = BI(0) + BT+ A|(0). (5.76)

where we recognize the third component BT + X of

p=(0), LT+ (B Y+

evaluated at 0. This construction and identity (5.76) can be extended to op-
erators B of the form

0
Buw = Bow(0) +/ do Brw(0), we K(=h,0;R™),  (5.77)
—h

where By is an n X m matrix and 1 is an n X m matrix of regular Borel
measures such that

0
limy / dg | 1] = 0. (5.78)

However this is a special case that does not generalize to arbitrary continuous
linear maps B: K(—h,0;R™) — R™ because there is a priori no reason that
the third component BT+ of p € D(fl*) be defined at the point 0. The dif-
ficulties encountered in the construction (5.69) of operator BT are analogous
to the ones encountered in the characterization of the infinitesimal generators
A* of the adjoint semigroups {S*(¢)} in Theorem 4.5. O
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Proof of Theorem 5.3. (i) Let p € D(A*) be of the form

p=((0), LT+ BT+ ),
ga 1/} € WLq(ih’a 07]Rn)a C(ih) = 05 (579)
A€ W (—h,0;R™), A(—h) =0,

and let z be the solution of the system

{z’(t) = (£Te22)(1) + (LT L)1) + (e (~), (5.50)

2(0) = ¥(0).

This is the final form of (5.42) when p € D(A*) is given by (5.79). By con-
struction and the characterization of D(A*) given in Theorem 5.2

S*t)p = (2(t), LTzt + T(t)¢, BT 2 + T(£)N). (5.81)
In view of the linearity of system (5.66) and of the definition of the semi-
group {S(¢)} in Theorem 5.2, it is sufficient to establish identity (5.68) for

(¢°, ¢!, w) = 0. The first step is the use of the integration by parts formula
(4.35) in Lemma 4.2 for T =t

/0 z(t —s) - [@ — Le5a](s) ds + z(t) - 2(0)

t
= /0 (2 — L€ 2](s) - 2(t — s)ds + 2(0) - x(t), (5.82)

where z is the solution of
i=LeSx+Belu+ f, x(0)=0. (5.83)

Moreover as in (4.35)

/ 2t — ) - (Bl u)(s) ds = / (BTe2)(t — s) - u(s) ds. (5.84)
0 0

Substract (5.84) from (5.82) and use (5.80) and (5.83)
/ [z(t —s)- f(s)ds
0
:/0 [(LTe2)(s) + (X" O)(=s)] - a(t — 5) + (BT e29))(s) - ult —s)| ds

- /0 (BT2)(s) - ult — s) ds + $(0) - x(t).

But this can be reorganized and written as follows:
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¥(0) - z(t) + (I_/Tw +d, (e?rx)t> + <BT’L/J, (eiu)t)
t
_ / 2(t—8) - f(s)+ BT z_s - us)]ds. (5.85)
0

To complete the identity we add the term

0
O ) = [ M@ (@t +a)da

—h

- /t_h(elhws —t) - (Su)(s)ds (5.86)
= /o (ejrh)\)(s —t) - u(s) ds.

Therefore from (5.79), (5.85), and (5.86)

/ {2(t—s) - f(s)+ B z_s + (e;h)\)(s —t)] - u(s)} ds.

But p € D(A*) and hence S*(t — s)p € D(A*) has the representation given in
(5.81) with ¢ — s in place of t.

To complete the proof of the theorem, we need the following lemma, which
will be proved at the end. a

Lemma 5.1. The linear operator
p=0),LTY+¢B Y+ ) — B Tp=BTy+A0): D(A") = R™ (5.87)

1s well defined, linear, and continuous on D(fl*) endowed with its graph norm
topology (cf. (5.43) in Theorem 5.2 for the representation of the elements of
D(A*).

So by definition of BT
BTS*(t—s)p=BT(2(t =), L 25+ 7(t = 8)(, B 215 + 7(t — 5)A)
=B s+ [r(t —s)N(0) = BT zp—s + (e3"N)(s — 1)

and

{p, 2(t)) = /0 [(S*(t = 5)p, (£(5),0,0)) + BTS*(t = 5)p - u(s)] ds.

(ii) and (iii) now follow by the same techniques as in the proof of Theorem 5.1
(ii) and (iii).

Remark 5.4. Notice that BT p does not depend on the second component of
p. So it readily extends to

{(¢(0)7p2,3T¢+A)1

A€ WHP(=h,0;R™),  A(—h) =0
v e WHP(=h,0;R"), po € LY(—h,0;R")
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Proof of Lemma 5.1. The proof is very similar to the proof of Lemma 4.6
with BT in place of L. By linearity the map (5.87) is well defined if

((0), LT+ ¢, BT+ X)) =0= BT+ A(0) = 0.
But from Lemma 4.6 (i)
¢ € Wh(—h,0;R") and (0) =0 = (BT¢)(0) = BTy.
As aresult BT+ X € Wh4(—h,0; R™) and
B+ X=0=0=[B"¢y + \(0) =BTy + X0).

For the continuity we use the same techniques as in Lemma 4.6 (i):
0
BT+ X0)=B"¢)_o + Aa) — / [BT Dyt — Dg N(0) do

[e3

and use the fact that
BT_q + Ma) = (BT’ ) (—a) + A(a) + (BTeS4(0)) (—a)
= [BT¢ + N(a) + (B"el4(0)) (—a).

Then by making the same estimates as in Lemma 4.6 (i), there exists ¢ > 0
such that

BT+ MO)| < el[(0) + BT + Allg + | BT Dy — DA|lg)-

But for p = (¥(0),L7¢ 4+ ¢,BT¢ + \) in D(A*) (cf. (5.43) in Theo-
rem 5.2 (iii),

ol paey = llella + 1A% pllg = [(0)] + 1L T +Cllg + 1B + Allg
+ILT +C(0) +[ILT Dy — D¢l + | BT Dy — DAl

and hence .
BT ol = BT+ A0)] < clpll pian- 0

6 State space theory of linear control systems with
observation

In this last section we add to the linear control system

(6.1)

T = Lz + Bouy + f(t), t>0,
($(0),ZIJO,U0) = (¢0’¢1’w)

the observation equation
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y(t) = Cxy + By, t>0 (6.2)

for the continuous linear maps

L: K(—h,0;R") — R", By : K(—h,0;R™) —» R", (63)
C: K(—h,0;R") = R* ~ B;:K(—h,0;R™) — RF '
and integersn > 1, m > 1, and k£ > 1.

The objective is to construct a state, a state equation, and an unbounded
observation operator for the state. As in §3.5 two parallel approaches will be
considered. The first one is based on the use of the extended state introduced
in §5.2

Z(t) = (x(t), xp,ue), t>0, (6.4)

and the observation operator
(6(0), ¢, w) — C¢ + Biw: D(A) — R”. (6.5)

The second one is due to D. SALAMON [2] who added a third component to
the structural state

#(t) = (z(t), Lz¢ + Bous, Oz + Byug), (6.6)

and an appropriate observation operator can be defined on the domain of
the natural semigroup associated with the state Z(¢) and wu(t). This will be
referred to as the extended structural state in §6.2.

In this section we give a presentation that naturally fits within the general
framework adopted in this chapter. Moreover we show that the two states are
not unrelated. They turn out to be also intertwined with respect to a general
structural operator F', which contains all operators that characterize the delay
structure of the system and the control and observation operators. This result
is new, but the essential ideas and constructions were already contained in
the general model developed by M. C. DELFOUR and J. KARRAKCHOU |1,
2]. All this can obviously be extended to more general delay structures.

Formally in the first case the natural semigroup will be the extended semi-
group {S(t)} associated with L and By. The extended state & will be the
solution of the state equation

d ~% AR\ ® *
) = (A7) () + (BT) (o), 6
2(0) = (¢°, 0", w),
and the observation will be given by
y(t) = Cz(t), (6.8)

where
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BT: D(A*) = R™, BT(W(0), LTy +¢ BJ v+ ) = Bj ¢+ A0), (6.9)
C: D(A) = R*, C(4(0),¢,w) = Co+ Biw. (6.10)

In the second case the semigroup will be the adjoint {ST*(t)} of the ex-
tended semigroup {S(t)T} associated with L™ and C'. It is the analog of the
extended semigroup associated with L and By in Terminology 2. The extended
structural state £ will be the solution of

©7a(e) = (AT)"#(0) + (BT)u(t) 611)
#(0) = (6(0), Lé* + Bow, C¢' + Byw).
When B1 =0 .
y(t) = Ca(t), (6.12)
where
BT :D(AT) = R™, (6.13)
BT (1(0),¢,v) = B v + B v, '
C: D(AT*) — R*,
(6.14)

C(#(0), Lo+ ¢, Chp+ A) = Co + A0).

When B # 0, the situation is slightly more complex and y(¢) depends on ()
and u(t).

Of course everything will be made more precise as we proceed, but we
would like to already draw some general conclusions to guide the reader in
the subsequent developments of this theory. In §3.5 the use of the structural
state &(t) with two components had a clear advantage over the extended
state Z(t) with three components. Here both states have three components.
The operators BT and C have the same structure as the operators C and B”.
So there is a flavor of duality or intertwining between the two approaches, but
no clear technical advantage in choosing one over the other. In both cases
we come up with a classical evolution system and unbounded control and
observation operators ...and most important no more delays.

However from the System Theoretic viewpoint, the first approach leads to
the observation y(t) as a linear function of the extended state Z(t), whereas
in the second approach it is a linear function of (#(t),u(t)). In other words in
the first approach the state contains the control segment u; and the control
does not explicitly appear in the observation equation, whereas in the second
approach the observation equation explicitly contains the control u(t) at time
t.

6.1 The extended state

This case is easy because we have already studied & in Theorem 5.3 for the
system
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i = LeYx+ BoeQu+ Le ¢! + Boel w + f, (6.15)
z(0) = ¢°. '
The observation (6.2) makes sense because
y = Cx + Biu, (6.16)

where, as in the case of L and £ in Theorem 3.3, for all T > 0, we can associate
with C the linear map

C: LP(—h,T;R") — LP(0,T;R")

(6.17)
(Cx)(t) = Cxy, Yz e C.(l—h,T[;R"), t € [0,T],

and linear maps By and B; are similarly associated with By and By, respec-
tively. The operator
(¢°,0" w) = C(¢°,6", w) = C¢' + Brw
:R" x K(—h,0;R") x K(—h,0;R™) — R* (6.18)

is linear and continuous. For initial conditions of the form
and

ferLlr (0,00;R™), u€ Cloe(0,00;R™), u(0) =w(0), (6.20)

loc

we have a continuous observation y
y(t) = Ci(t) = Cxy + Byuy, t>0. (6.21)

The operator C' introduced in (6.18) can also be viewed as a continuous linear
operator ~ ~
¢ =(9(0),¢,w) = C¢ = Cp + Biw: D(A) — R”, (6.22)

when D(A) is endowed with the graph norm topology. When u(t) =0, ¢ > 0,
and (6(0), 6,w)) € D(A),

Ci(t) = Cxy + B (e w);. (6.23)

6.2 The extended structural state

This section is not necessarily more difficult than the other ones, but certainly
heavier in notation. Yet the constructions and the proofs are very much the
same as in the previous sections. Always as in Theorem 3.3 where we have
associated with L, a matrix of regular Borel measures 7, a new operator L,
maps £ and £, and structural operators L and LT, we associate with C, By,
By, the same items
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L £ g LT 7 7
c ¢~y CcT CT cT
BO BO ﬁo BJ BJ Bo BJ
B, B i By Bl B B.

Qi i

(6.24)

Of course the previous results for L will apply to C, By, and B;. Recall that
the structural state was defined for the linear control system

{j:(t) = (Lefa)(t) + (Boefu) (1) + (e3"€)(—0) + £(B), £>0. ooy

(0) = ¢°

and that (6.15) is a special case of (6.25). The new state will be an extension
of (5.20) by adding a third component.

Definition 6.1. The extended structural state is denoted by &(t) and defined
as
&(t) = (2(t), L(e%x)e + Bo(eSu)e + T(t)€', C (el a)e
+ Bi(eQu) + 7(1)€?).  (6.26)

O
The observation equation will be for ¢t > 0
y(t) = (Ce'x)(t) + (Brelu)(t) + (ex"€*) (). (6.27)
When - - - -
§= (6%, = (4%, Lo' + Bow,Co' + Brw), (6.28)
we exactly recover system (6.15)—(6.16).
6.2.1 The extended semigroup {S7 (t)} associated
Given the real number ¢, 1 < g < 0o, consider the system
)= (LT2)t)+ (CTe2v)(t), t=>0, (6.29)
(2(0)7207U0) = (¢07¢1av) € z1 '
and define the family of linear transformations
STOO N v) = (2(t) 2, (20)), 20, (6.30)

It is clear from §5.2.1 that {ST(t)} associated with LT and CT has the same
structure as {S(t)} defined in (5.38) and that Theorem 5.2 applies with obvi-
ous substitutions. The family {ST (¢)} is a strongly continuous semigroup of
continuous linear transformations of Z9 = R" x L4(—h, 0; R™) x LI(—h, 0; R").
Its infinitesimal generator AT is given by
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AT(@(0),4,0) = (LT¥ + CTv, Dy, D),

where

(¥(0),¢) € D(AT)
D(AT) = (1(0),9,v) € Z%: v € Wh9(—h,0;RY)
v(=h)=0

(6.31)

(6.32)

The canonical injection of D(AT) into Z4 will be denoted by j. For p, 1 <
p < o0, and its conjugate ¢,¢q~* +p~! = 1, the adjoint semigroup {ST*(t)} is

characterized by
STH)(€%, €', €%) = (x(t), L(eha)e + T(1)E", C(eSa)y + T()E2),

where z is the solution of system

i(t) = (Lela)(t) + (ex"€V)(—t), ¢>0,
2(0) = £°.

6.2.2 The case B =0

When B; = 0, the observation equation (6.27) reduces to
y(t) = (Ceia)(t) + (eX"€*) (=), >0

For £ € D(AT¥),

£ =(¢(0), Lo +¢,Cp+ N,
¢, € WHP(=h,0;R™), ((—h) =0,
A€ WhP(—h,0;RF),  A(=h) =0,

and (6.25) reduces to

(#(0),z0) = (¢(0), 9),
y(t) = Cxy + (e;h)\)(—t), t>0.

{sfc(t) = Lay + (Boelu)(t) + (e1"C) (—t) + f(2),
0),z0

Always for £ € D(AT*) of the form (6.36)
&(t) = (2(t), Lzy + Bo(eQu)s + 7(£)¢, Cay + T(H)N)
and because ;"\ € WP (—o00,0; RY), [7(£)A](0) = (e3"\)(—t) and

y(t) = Cy + (e N) (1)
= Cxy + [r(t)A](0) = Ci(t).

(6.33)

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)
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We recognize the operator
€=(4(0),Lo+¢,Cop+ ) s C&E=Co+ M\0): D(AT) = RF,  (6.41)

which is the analog of the operator BT in Lemma 5.1 with L and C in place of
LT and BT. So it is linear and continuous when D(AT*) is endowed with the
graph norm topology. However recall from Remark 5.4 that it is independent of
the second component of ¢, which can be arbitrarily chosen in L?(—h, 0;RY).

6.2.3 The case By # 0

Comparing (6.26) and (6.33) we recognize that they coincide for u(t) = 0,
t > 0. The next theorem is the analog of Theorem 5.1.

Theorem 6.1. Let the real number p, 1 < p < 0o, and its conjugate q, ¢~ * +
p~t =1, be given. Assume that x in Wli’f(O, o0; R™) is the solution of system
(6.25) for ¢ € MP, f € LY (0,00;R") and u € LY (0,00;R™), and let &(t) be

loc loc
the extended structural state constructed from x in (6.26):

(i) For all p in D(A") and all t > 0

(p,2(1)) = (ST (t)p, &) + /O t[BTgT(t —r)p-u(r)
+(ST(t = 7)p, (f(r),0,0))] dr, (6.42)
where
p=(¥(0),4v) = BTp=Bj¢+ Bl v: D(AT) = R™ (6.43)

is linear and continuous on D(AT) endowed with its graph norm topology.
(ii) The state Z(t) is the solution of the weak equation

(0 8(0) = (AT p.30) + BTp-u(®) +° - £(0), t>0,

(6.44)
#(0)=¢, Vpe D(AT).
(iii) For each T > 0, the state I is the unique solution in
V(0,T; MP; D(AT)')
= {z € C(0,T; MP): jtj*z € LP(O,T;D(AT)’)} (6.45)

to the following equation in D(AT)":

STt = (ATYa(0) + (BT)ult) +7°(7(0),0,0), >0,

#(0) =&,

(6.46)
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where j is the canonical injection of D(AT) into Z% and 7*, and (AT)*
and (BT)* are the dual maps of the continuous linear operators

j:D(AT) - 279 AT:D(A")—z% BT:D(AT) - R™ (6.47)
defined on D(AT) endowed with the graph norm topology.

Remark 6.1. The operator BT is similar to the operator C introduced in
(6.22). Tt is the restriction to D(AT) of the continuous linear operator

W°, 9" v) = BT (40,9, v) = Bf ¢! + Bl v
:R" x K(—h,0;R") x K(—h,0;R*) = R™. (6.48)

a

The proof of this theorem will be given at the end of this section. Before
stating the next theorem, which describes the structure of the observation
equation for smooth data, it is useful to consider the following simple example.

Example 6.1. Consider the linear system without delays

i(t) = Az(t) + Boou(t), x(0)=2° t>0, (6.49)
y(t) = Cox(t) + Biou(t), t>0. (6.50)

Then
L(b = A¢(0), Bo’w = Boo’w(O), C(b = CQ¢(0), Blw = Blow(()),

and it is readily seen that

L=0, By=0, C=0, and By =0.

For initial conditions of the form
& = (¢(0), L¢ + Bow, Co + Byw) = (¢(0),0,0)

the state reduces to
&(t) = ((1),0,0)

and the observation y(t) given by (6.50) necessitates a knowledge of both Z(¢)
and u(t). O

This example illustrates how the structural operators construct a state Z(t)
that is “minimal” in the sense that any artificial delay structure is removed
or filtered out. It also clearly indicates that the observation y(¢) at time ¢ > 0
necessitates a knowledge of both Z(t) and w(t). This fact is well known for
finite dimensional systems of the type (6.49)—(6.50) without delays.

Consider initial conditions of the form
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¢+ (0, Bow, Byw), (6.51)

where

£e€eDA™) and w e W'P(—h,0;R™); (6.52)

that is, there exist

¢) C S Wlm(_ha 07Rn)a C(_h) = 07

6.53
A€ WHP(—h,0;RF),  X(—=h)=0 (6.53)
such that - -
§=1(0(0),L¢ + ¢, Cop+A). (6.54)
For initial data of the form (6.51) and
€ LP (0,00;R™),
. f loc( ) (655)
uwe WP(0,00;R™),  u(0) =w(0),
equation (6.25) reduces to
(t) = Loy + Boug + (e7"C)(—t) + f(£), t>0, (6.56)
(IE(O), Zo, UO) = (¢(O)a Qsa UJ),
y(t) = Cxy + Brug + (eX"\)(—t), >0, (6.57)
and the state Z(t) is given by
(z(t), Lz + Boug + 7(t)¢, Cy + Byug + (1) ). (6.58)
By assumptions (6.51) to (6.55) the term
(z(t), Loy + 7(6)C, Cay + T(£)A) € D(AT), (6.59)
and by definition (6.41) of the observation operator C' for all t > 0
C(x(t), Lay + ()¢, Cay 4+ T(H)A) = Cxy + (e;h)\)(—t). (6.60)
So to relate y(t) and &(t) we concentrate on the term
(0, Bouy, Byuy). (6.61)

As shown in Example 6.1 this term is not rich enough to completely recon-
struct the observation y(t) and deal with nondelayed terms in the variable w.
To fully recover the observation y(t) we need the variable u(t). The situation
is analogous to the one in (6.60) for the variable x, which makes sense because
of the presence of the term z(t). The technical result behind this construction
is Lemma 4.6 applied to B;: For all w € WP (—h,0; R™), the map

(w(0), Byw) +— Biw (6.62)
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is well defined, linear, and

Je >0, such that vui € Wl’p(ih, 0;R™), (6.63)
[Brw| < c[|[w(0)] + [[Brwlp + [[BLDw]|p]-
So Lemma 4.6 has the following natural extension here.
Lemma 6.1. Let p, 1 < p < 0o, be a real number. For all € in D(AT*) of the
form (6.54)—(6.53) and w in WHP(—h,0;R™) the map
(5 + (0, Bow, Byw), w(O)) = ((¢(0), Lo+ Bow + ¢, Co+ Biw + \), w(O))
— Cext (€ + (0, Bow, Byw), w(0)) = Cé + Biw + A(0)  (6.64)

is well defined, linear, and there exists ¢ > 0 such that for all £ in D([l—r*)
and w in WHP(—h,0; R™)

|Cext (€4(0, Bow, Byw), w(0)] < ¢[|¢(0)|+]| Lo+Bow+(|lp+|Co+ Brw+A|
+ |L¢ + Bow + ¢(0)| + |L D¢ + BoDw — D(||,
+ |CD¢ + ByDw — D[, + |w(0)]]. (6.65)

Proof. To verify that the map (6.64) is well defined, it is sufficient to show
that
((¢(0), Lo + Bow + ¢, Cp + Brw + A, w(0)) =0

implies that
C¢ + Biw + A(0) = 0.

In particular

#(0) =0 and ¢ € WHP(—h,0;R™) = (L¢)(0) = L¢ and (C¢)(0) = C¢,
w(0) =0 and we W P (—h,0;R™) = (Bow)(0) = Bow and (Byw)(0)=Bjw.

As a result
Cop+Biw+A=0= 0= [Co+ Biw + A\|(0) = Cp + Byw + A(0).

Inequality (6.65) follows by the same techniques as the ones used in the proof
of Lemma 4.6. O
The direct consequence of Lemma 6.1 is that for initial conditions

£e€D(A™) and we WYP(—h,0;R™)
and functions f and u verifying (6.55),
Coxt (2(t), u(t)) = Cy + Brug + (e3"N)(—t) = y(t) (6.66)

as can be easily verified. This is the extension of (6.40) to the case where
B; # 0 and the equivalent of (6.21) for the state Z(¢).
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Proof of Theorem 6.1. (i) By linearity of system (6.25) and the definition
(6.33) of the adjoint semigroup {S7*(¢)}, it is sufficient to establish identity
(6.42) for £ = 0. We use the integration by parts formula (4.35) in Lemma 4.2
forT =t

/ 2(t —s) - [ — L x](s)ds + z(t) - 2(0),
o (6.67)

= /0 (2 — LTS 2](s) - o(t — s)ds + 2(0) - (t),

where x is the solution of

{ﬁg)) :: [Oﬁe(}r:c + Boelul(t), >0, (6.68)
y(t) = [Celx + Bielul(t), t>0, (6.69)
and z is the solution of
()= [LT2+CT(20)](t), t=0,
{<z<o>,20,< 0.0)o) = (1(0),,v) € D(AT). (670

The substitution of (6.68) and (6.70) in (6.67) yields

/0 z(t—s) - [Boelu](s)ds :/ (LT yp4+CTe v](s) - z(t — s) ds+1p(0) - x(t)

0
0
= [ L0+ CTue) - (a)u(a) da+0(0) (),
and because L' = L* and CT = C*
(00,000, (0), ), Car) = [ (BT ) - uts)ds. (671

0
But

Boe+z—Boz—Boe z2=Bjz—Bj ey
and

[ @70 - ulsyds = [ (Bw)(s)-ult - 9)ds

0 0
0
=/_h<BJw>< )+ (Qu)(t + o) da.

Substituting in (6.71) we obtain

(((0), %), (), L(eSw)e + Bo(eSu)s, Clefa)e))
= ; (By 2)(t — s) - ds-/ By 2 -u(s)ds. (6.72)
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The missing term to obtain the state &(t) in (6.72) is

(v, Bi (e u)e) = (B v (€+U)>=

Finally

((¥(0), 1, v), (x(t), E(eer)t + BO(3+U) C(€+l’)t + B (e+u) )

_ /0 (BT zes + B (2 0)o_s] - u(s) ds.  (6.73)

But this is precisely identity (6.42) for £ = 0 and BT given by (6.43).

(ii) and (iii) now follow by the same techniques as in the proof of Theo-
rem 5.1 (ii) and (iii). O
6.3 Intertwining property of the two extended states

In fact the two states are not completely unrelated: They are intertwined with
respect to the structural operator

F:R"x L?(—h,0; R") x L*(—h,0; R™) — R™ x L?(—h, 0; R™) x L?(—h, 0; R*)

defined by the following matrix of operators:
10 0

F=10 L By|. (6.74)
0 C B

Theorem 6.2. (i) Given initial conditions £ of the form
¢ =(¢% Lo' + Bow,Co' + Biw) = F(¢°, 9", w) (6.75)

for
(¢°, ¢, w) € R™ x L*(—h,0;R"™) x L*(—h,0;R™), (6.76)

then for all u in LE (0,00; R™)
2(t; F(¢°, 0", w),u) = Fi(t: (¢°, ¢', w), u), (6.77)
where & is given by (6.26) and T by (6.4).
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(ii) The following intertwining identities hold:

ST*(t)F = FS(t), Vt>0, (6.78)
CF=C onD(A), (6.79)
BTFT =BT onD(AT), (6.80)
where
10 0
F*=F'=|0LT CT|. (6.81)
0BJ By

Proof. (i) By definition (6.26)
&(t) = ((t), L(eSw) + Bo(efu)e + 7(t)€", C(efx)e + Bi(elu)e + 7(1)€?).
By Lemma 4.4

7(t)[Le" + Bow] = L(e% ¢")¢ + Bo(ew),

and
(1)[Co" + Biw] = C(e® ¢ ), + By (e®w),.
But
zp = (e9x) + (29" ), up = (eFu) + (2 w),
and finally

#(t) = (z(t), Loy + Bouy, Czy + Brug)
= F(a(t), z¢, ur) = FZ(t).

(ii) This is a special case of (i) with u(t) =0, ¢ > 0. From (6.33)

STH()E = (x(t), L(eta)e +7(), Clela)e + ()67
= (x(t), Lz + 7(t) Bow, Cay + 7(t) Biw)
= (z(t), Loy + Bo(e® w)s, Cxy + By (e® w)y)

= F((t), ¢, (Lw)e) = FS(t)(¢o, b1, w)
by definition (5.38) of the extended semigroup of Ichikawa.
To prove identity (6.79) we make use of the intertwining property (6.78)

and Lemma 4.5, which says that the corresponding infinitesimal generators
are also intertwined: For all (¢(0), ¢, w) € D(A),

D(A) c D(A™),  AT*F(¢(0), ¢, w) = FA($(0), ¢, w).

Hence

CF($(0), ¢, w) = C($(0), L + Bow, C¢ + Brw)
=Cop+ (BMU)(O).
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Recall that an element of D(A) is of the form (¢(0), ¢, w), where
we WH2(=h,0;R™), w(0) =0.
By Lemma 4.6 applied to B instead of L
(B1w)(0) = Byw.
Finally for all (¢(0), ¢, w) € D(A)
CF(§(0), ¢,w) = O + Brw = C(4(0), ¢, w)
for the operator C' defined by (6.10):
CF=C on D(A).
For the control operator we use the dual intertwining identity
FTST(t)=S*(t)F"
and for all ((0),4,v) € D(AT)
FTD(AT) c D(A"), A*FT =FTA".
By repeating the previous arguments
BTFT(®(0),%,0) = BT (¥(0), LT+ CTv, Bl v + Blv)
= By ¢ + (B v)(0)
and as
(1(0),9,v) € D(AT) = v € WH2(=h,0;R*) and v(0) =0,
we conclude from identity (4.79) in Lemma 4.6 applied to B; that
(B v)(0) = B v

and
B'F"=BJ¢y+Bv=B" onD(A"). O

Remark 6.2. The intertwining properties of Theorem 6.2 are new in the gen-
eral case. Special cases were already considered in the case without delays in
the observation (cf. M. C. DELFOUR [15]) and in the case without delays in
the control and observation variables (cf. M. C. DELFOUR, E. B. LEE, and
A. MANITIUS [1]). In the latter case, it was shown that the solutions of the
Riccati equations for the states & and 2 are also intertwined. a
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Part III

Qualitative Properties of Infinite Dimensional
Linear Control Dynamical Systems






1

Controllability and Observability for a Class of
Infinite Dimensional Systems

1 Introduction

In §2.1 and §2.2 of Chapter 1 of Part I, we have discussed criteria for control-
lability, and observability for finite dimensional systems and have also shown
that when the system is controllable we can transfer the state zg € H at time
to to the state z; € H at time ¢; using minimum energy controls. These results
were obtained by considering the controllability operator

Lp: L?(0,T;U) — H

u'—>/ =94 Buy(s) ds,

and its adjoint

Li: H — L*0,T;U)
sy — Bre(T=047y,

and studying the relation between the ranges and null spaces of these two
operators and by showing that controllability is equivalent to invertibility of
LrL%. As we have remarked (see Remark 2.1, Chapter 1 of Part I) in some
sense the same ideas can be used to obtain characterizations of controllability
when the spaces U and X are infinite dimensional Hilbert spaces, but at
the expense of using much elaborate technical machinery. In this chapter we
discuss questions of controllability for parabolic and second-order hyperbolic
equations, the plate equation, and Maxwell’s equations. We first deal with
controllability of the abstract linear dynamical system

{z’(t) = Az(t) + Bu(t),

{0) =0, (1.1)

evolving in a Hilbert space H and where A is the infinitesimal generator of
a strongly continuous semi-group ¢4 on H and B € L(U, H), where U is a
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Hilbert space, the control space. In an infinite dimensional setting there are
at least two concepts of controllability: approximate controllability and exact
controllability. These concepts are introduced in Definitions 2.1 and 2.2, and
criteria of approximate controllability and exact controllability for the above
abstract linear dynamical system are presented in part (b) of Proposition 3.1
in §3.1 and in (3.4) of §3.2. Approximate controllability and null controlla-
bility for parabolic equations (distributed, boundary, and pointwise control),
are studied in §5 by converting it to the abstract model (1.1) in appropriate
spaces. The exact controllability problem for hyperbolic equations (Neumann
and Dirichlet boundary control), the plate equation, and Maxwell’s equation
is studied by first studying exact controllability of the model (1.1) by spe-
cializing A to the case of skew-symmetric operators (§6 and §7) and then
converting the various partial differential equations to this abstract model in
appropriate spaces where the assumptions of the abstract results are veri-
fied. The method of proof for the abstract model makes essential use of the
eigenvalue—eigenfunction structure of an appropriate partial differential op-
erator related to the generator A and hence assumptions need to be made
on the control operator B in relation to these eigenfunctions (assumptions
that clearly have to be verified in concrete cases), so that lower estimates on
boundary operators can be obtained.

For partial differential equations, the study of controllability has some in-
trinsic interest. Indeed, it appears that the most natural approach to the exact
controllability problem for hyperbolic equations is obtained by using the the-
ory of pseudo-differential operators and micro-local analysis as developed by
Melrose and Sjéstrand (see C. BARDOS, G. LEBEAU, and J. RaucH [1]). For
our purposes the theory of controllability (in particular exact controllability in
suitably defined spaces) provides a criterion for stabilizability, a requirement
for infinite time quadratic control problems to be well posed (see Part V). The
interplay between the choice of state and the control spaces in the formulation
of infinite time quadratic control problems, regularity properties for solutions
of partial differential equations and verifying exact controllability properties
in these spaces (leading to stabilizability and uniform stabilizability) is subtle
and has only been worked out in the eighties (see, in particular the recent
work of I. LasIECKA and R. TRIGGIANI [11], J. L. Lions [5], and Chapter 2
and 3 of Part V). A general methodological approach to these issues is via the
Hilbert Uniqueness Method (HUM) of J. L. Lions.

The scheme of development adopted in this chapter, although not necessar-
ily leading to the sharpest results, has considerable appeal (especially from an
engineering viewpoint) and provides a bridge between the finite dimensional
and infinite dimensional theory. It uses the controllability operator and mini-
mum energy transfer between states in an essential way. It is therefore of some
interest in placing it both in historical context and also in the context of most
recent developments in the subject. For this purpose we cite three sources on
which the remainder of this section is based (see I. LASIECKA and R. TRIG-
GIANI [11], J. L. Lions [5], and D. L. RUSSELL [1]). For finite dimensional sys-
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tems, the concept of controllability first arose as a technical condition related
to normality and abnormality of Calculus of Variations problems and in ob-
taining structural results on the reachable set (see J. P. LASALLE [1]). In the
same way, the concept of approximate controllability and its characterization
first arose in the work of Yu. V. EGOROV [1] again as a technical require-
ment in the study of time-optimal control problems for parabolic systems.
An important early contribution to controllability is H. O. FATTORINI [1].
There is a close relation between approximate controllability and observabil-
ity (see Definition 3.1 and Proposition 3.1). In concrete situations involving
parabolic partial differential equations, approximate controllability is verified
via observability using uniqueness and unique continuation theorems for the
adjoint system (for an early use of this idea see J. L. LIONS [3] who used a
uniqueness theorem of S. MIZOHATA [1] to achieve the desired objective). Our
results in §5, especially Theorem 5.2 and Lemma 5.1, implicitly use uniqueness
and unique continuation ideas. For other work related to §5, see H. O. FAT-
TORINI [1, 2, 4]; R. C. MacCamMmy, V. J. MizeL, and T. I. SEIDMAN [1];
E. J. P. G. ScHMIDT and N. WECK [1]; and §3.3, Chapter 2, Part V.

A deeper issue in the context of parabolic systems is the concept of null
controllability (exact controllability to the origin), that is, the ability of trans-
ferring an arbitrary state zo € D(A) to the zero state in time T° > 0 us-
ing admissible controls. This question and its observability counterpart have
been investigated by several authors (see, for example, H. O. FATTORINI
and D. L. RusseLL [1], V. J. MizeL and T. I. SEIDMAN [1, 2], T. 1. SEI-
DMAN [1], and W. LITTMAN [1]). Most of the results known here are for
parabolic equations in one-dimension (the work of Seidman being an excep-
tion) and are based on deep results in Harmonic Analysis (excepting the work
of Littman, which uses different ideas) related to the independence of ex-
ponentials e~ ***, where \;, are eigenvalues of appropriate partial differential
operators entering the dynamical system. The work in the early seventies
started in one-dimension, but both V. J. MizeL and T. I. SEIDMAN [1, 2]
and H. O. FATTORINI and D. L. RUSSELL [1] proved the result for balls, and
it was well known that this gave the result for general domains by extension
to a ball containing the domain and then restriction to the domain and its
boundary. Null controllability is not discussed here, but we conjecture that
the methods that we adopt would lead to results for parabolic equations.’

The focus of this chapter is on exact controllability (which is often a mean
of verifying stabilizability) for second-order hyperbolic equations, plate equa-
tions, and Maxwell’s equations. The reason for this is that there is an essential
difference between the problem of stabilizability (uniform stabilizability) for
parabolic systems and for hyperbolic systems. In the parabolic case, we are
generally dealing with a semigroup that is analytic with a compact resolvent

1 Since 1993, this topic has received more attention. The reader is referred to the
book of A. V. FURSIKOV and O. YUu. IMANUVILOV [1] in 1996 that studies null
controllability via Carleman estimates.



316 ITII-1 Controllability and Observability

and hence A (the generator) has only finitely many unstable eigenvalues with
finite multiplicity. In this case we have to check whether the projection of A
on the unstable subspace is controllable, and this can be done via the Pole-
Assignment Theorem (see Theorem 2.4, Chapter 1, Part I). These issues are
dealt with in §3.3 of Chapter 1 of Part V and §3.3 of Chapter 2 of Part V.
Concrete situations, such as the heat equation with control exercised through
Dirichlet or Neumann boundary conditions, can be handled using these ideas
(see Remark 3.1 of Chapter 2 of Part V for bibliographical references).

For second-order hyperbolic equations (and for plate and Maxwell’s equa-
tion) the stabilizability question is far more difficult because these systems
have an infinite dimensional unstable (marginally stable) part. It is here that
the study of exact controllability is most important and this has been carried
out in J. L. LioNs [4, 5] and I. LASIECKA and R. TRIGGIANI [9, 10, 13] and
others (see the bibliographical references cited in the above-mentioned works).
We remark here that the key to these results are estimates on boundary op-
erators.

Let us examine this in the context of the wave equation with Dirichlet
control (see Example 2.1 in Chapter 3 of Part V).

In this case we denote by A the operator

Ah = —Ah, D(A) = H*(Q) N H (),
and by D the Dirichlet map
Dv=y< {Ay=0 inQ and ygq =0}

and the state space H = L?(Q) x H~(Q) and the control space U = L?(912).
Then the abstract model is

01 0
A= {—A o}’ Bu = [ADu]'

We may then compute

0

v [yl} =Phe=s o’

0
A7y, since D*A = —
Y2 v

0

Hence

. 0
BreAt BJ =00, (,m2) € L2(Q) x H (@),

and ¢ is the solution of the homogeneous equation

on=A4p inQx]0,Tle=0 indQ x]0,T|
¢(-,0) = ¢o in Q.
ee(+,0) = ¢1

Now
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0o = A"ty € D(AY?) = HE(Q), 1 =w1 € L3(Q).

The two relevant estimates are (see Example 4.3 in Chapter 3 of Part IV and
Example 2.1 in Chapter 3 of Part V):

(i) /.
(i) /.

at least for large T', where X' = 9 x |0, T'[. By virtue of the fact that

x A%t Y| _ dp
B*e {yJ = o (1),

2
d¥ < o(T)|H{po, o1} I7 () x £2(0):

2
dx = C(T)H{sﬁo,<P1}||§{3(Q)xm(sz)

dp
ov
Oy
ov

the inequality (ii) above is equivalent to the invertibility of the controllability
operator
T
/ e!*BB* et dt,
0
and this is the criterion for exact controllability.

In the case of control through Neumann Boundary conditions it is difficult
to identify the space on which the above estimates on boundary operators
hold.

For a discussion of the above examples in the abstract setting developed
in this chapter, see Theorem 6.1 and §8.1 and §8.2.

2 Main definitions

2.1 Notation

Let H be a complex Hilbert space, identified with its dual. More specifically
H is the complexified version of a real Hilbert space, also denoted by H to
save the notation. This means that an element of H complexified is of the
form

h = hy +the, with hq,hy € H.

The norm in H real is denoted by |- | and the scalar product by (-,). In H
(complexified) the scalar product of h and A’ is denoted by (h, h’) where I/ is
the conjugate of h. The norm of h is |h| = (h, h)'/2.

We consider a linear operator A: D(A) — H and B € L(U; H), where U
is also identified with its dual. We call H the state space and U the control
space. The norm and scalar product in U is denoted in the same way as for
H, and possibly with a subscript U when there is a risk of confusion. A and
B are defined when H and U use scalars that are real valued, and are real
valued. They are extended to the complexified versions of H and U by setting
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Ah = Ahy +iAhsy

and similar formula for B. In the sequel, the complexified versions are needed
because of eigenvalues (in fact only starting with §6). Note that the operator

A*h = A*hy +1A%hg
satisfies the condition
Vh,h', (A*h, E’) = (h,/fhl)

and is the adjoint of A considered as a linear operator in H complexified.
We consider the linear dynamical system

(2.1)

Z'(t) = Az(t) + Bo(t), te(0,7),
z(0) = 0.

We assume that A is the infinitesimal generator of a strongly continuous
semigroup e* in H. The control function v(-) belongs to L?(0,T;U) (U is
the ordinary real version). The solution of (2.1) is denoted by z(¢;v) and
naturally

z(t;v) = /Ot e=4By(s) ds. (2.2)

2.2 Definitions

We set
Fr ={2(T;v): Yv € L*(0,T;U)}.

We can provide Fr with the structure of a Hilbert space thanks to the follow-
ing.

Proposition 2.1. The space Fr can be structured as a Hilbert space, with
continuous injection in H.

Proof. Consider the closed subspace of L?(0,7;U) made of v(-) such that
2(T;v) = 0. Let Nt be this subspace, and L?(0,T;U)/Nr be the Hilbert
quotient space of L2(0,T;U) by Nr. If u(-)° is an element of L?(0,7T;U)/Nr,
and u(-) is a representative of u(-)°, then the quotient norm is given by

|u°|* = min{J(v): v € L*(0,T;U),v — u € Nz}, (2.3)
where we have set .
T(v) = / o (t)[2 dt.
0
If 4 realizes the minimum in (2.3), then the scalar product in

L*(0,T;U)/Nr
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is defined by
T
(u®,v°) :/ (a(t),0(t)) dt.
0
We define the map Wr from L?(0,7;U)/Nr to Fr by setting
Ur(u®) = 2(T; u)

and Y is clearly a bijection. We define on Fr a structure of Hilbert space by
setting

(&) = (W', w5 '), (2.4)

By construction ¥ is an isometry. It remains to show that the injection of
Fr into H is continuous. We show that

€1l
€l

Indeed if (2.5) does not hold, then there exists a sequence &, in Fr, such that
|€n] =1, and &, — 0 in Fr. Let u?, = Wflfn, and 1, be the representative of
u®, of minimum norm; then ,, — 01in L?(0,T;U) and §,, = z(T'; @,,); therefore
&, — 0in H, which contradicts the fact that |¢,| = 1. The desired result has
been proved. a

Let ¥ be the adjoint of ¥r. It is an isometry from . to L?(0,T;U)/Nr.
Therefore the map YW} is an isometry from Fy. to Fr. If { € Fp, defining
C« € FI. by the equation

>c, VEe Py (2.5)

Ur¥rCe =§ (2.6)

and considering the class ¥4, € L?(0,7;U)/Nr, then any representative

of this class will realize {. The canonical isomorphism from Fr into Fr is

(Wpwr)~! = (@)~ (P7r)~!. The norm product in F is ||| = [@5Cs].
Consider now the operator

T
Ip = / eABB* e dt,
0

which belongs to L(H; H). We call I'r the controllability operator. We can
decompose I as a product of an operator with its transpose. For that, intro-
duce 7 the injection of Fr in H and 7* its transpose. Note that 7* H is dense
in F.. We can then give an interpretation of ¢47*. We have

Vi h(t) = equivalence class of B*eT=D4"p, (2.7)
Let u® € L?(0,T;U)/Nr. We have
(W7 h,u®) = (h, 2(T; @),

where 4 is the representative of minimum norm of u". Hence,
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T
(Y h,ul) = / (B*eT=94 b, a(t)) dt.
0

Therefore what remains to be done is to show that B*e(T=94"} minimizes
the norm of elements that belong to its equivalence class. According to (2.3)
we look for the element © that minimizes

T
= [ P
0
among all v such that

T
/ eT=DAB(u(t) — B*eT=Y4 h) dt = 0. (2.8)
0

The optimal ¢ satisfies (2.8) and

T
/0 (o(t),v(t)) dt =0

for all v such that

T
/ eT=DABy(t) dt = 0.
0

It is clear that ©(t) = B*e(T=YA" ] satisfies this necessary condition, and thus
the property (2.7) has been demonstrated.
From (2.7) we deduce at once the decomposition

I = mprii. (2.9)
We now introduce the following.

Definition 2.1. The pair (4, B) is approzimately controllable at time T when-
ever Fr is densely embedded in H. a

If the pair (4, B) is approximately controllable, then the map 7* is injec-
tive. In that case we can identify an element h of H, with its image 7*h, and
m*H with H. In that case we have

FrCHCFyp (2.10)

with continuous and dense embedding of each space in the following one.
Moreover from (2.9) we have

Iy = Yy (2.11)
and I'r extends as an isometry from F. to Fp. If h € H, then
Bl py. = (Drh, h)'? (2.12)

and F7. appears as the completion of H with respect to the norm (2.12).

Suppose that the pair (A, B) is approximately controllable; then D(A) and
Fr are two dense subspaces of H. An important question is the comparison
between these two spaces. This justifies the following definition.
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Definition 2.2. The pair (A, B) is exactly controllable at time T whenever
D(A) C Fr
with continuous and dense injection. a

One may wonder why we do not use as a definition of exact controllability
at time T, the property Fr = H. The reason is that as soon as H is infinite
dimensional, this property is not generally verified, except for special families
such as the hyperbolic systems. To partially support this assertion, we can
state the following

Proposition 2.2. R. TRIGGIANI/1] If H is infinite dimensional and B is
compact, the property Fr = H cannot hold for finite time T'.

Proof. The operator B is compact, there exists a non unique sequence of
orthonormal vectors wy of U and positive numbers «ay, which tends monoton-
ically to 0 as k tends to infinity, such that

wy, =  Bwyg is an orthonormal sequence of H, (2.13)
au,
By = Z ag (v, wi )wy,. (2.14)
k=0

Let {v,,} be a sequence in L?(0, T; U), which tends to 0 weakly and z,,(T) =
z(T'; vp,). We shall show that

2m(T) — 0 strongly in H. (2.15)

If (2.15) is proved, then defining F7 = subset of Frr obtained with v restricted
to the ball of center 0 and radius n, it is clear that F’7 has a compact closure
in H. As H is infinite dimensional, F_'% has an empty interior. It is nowhere
dense.

Now

Fr C U FZ@
n=1

Therefore, according to Baire Category theorem, Fr cannot coincide with H.

Similarly
Urr=UF.c U F2
T>0 m>0 n,m=1

cannot coincide either with H.
It remains to prove (2.15). Using (2.13) one has

o T
(1) = / eT =AW, (0 (1), wy) dt. (2.16)
k=0 0
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Let

N T
Zm,N(T):Zak/ eTDAY! (0 (¢), wy) dt.
k=0

0

As v, tends to 0 weakly in L?(0,T;U), its norm remains bounded. Then it
is easy to check that

|2m(T) — z2m,n(T)] < Can

independently of m. As ay tends to 0 as N tends to infinity, to prove (2.15) it
is sufficient to prove that z,, n(T) tends to 0 as m tends to infinity, for fixed
N. For this it is enough to prove that

T
/ eT=DAnf ()dt -0 in H
0

whenever f,,, tends to 0 weakly in L?(0,T) and h is a fixed element of H. This
is an easy consequence of the fact that ¢ — e(T=4h is a continuous function
on [0, T] with values in H. The proof has been completed. O

In the sequel, we shall be interested in obtaining criteria for approximate
and exact controllability.

3 Criteria for approximate and exact controllability

3.1 Criterion for approximate controllability

We introduce the following definition.

Definition 3.1. Given T > 0, we say that the pair (A*, B*) is observable on
(0,T) when
B** "h=0 on (0,T) = h=0. (3.1)

O
We can state the following result.

Proposition 3.1. The following statements are equivalent:

(a) The pair A*, B* is observable on (0,T),
(b) (I'rh, h)Y/? is a norm on H,
(¢) the pair (A, B) is approximately controllable at I.

Proof. If the observability property holds, then (I'rh,h) >0 and (I'th,h)=0
implies B*e'4" h=0 on (0,T); therefore, h=0.

If (I'rh, h)Y/? is a norm on H, then if h satisfies B*e!4"h = 0 on (0,T),
(I'rh,h) =0 hence h = 0. Hence (a) and (b) are equivalent.

Now approximate controllability at T is equivalent to
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(2(T;v),h) =0, Vv = h=0. (3.2)
But
T T .
(2(T;v),h) = / eT=DABy(t)dt,h | = / (v(t), B eT=D47 ) dt.
0 0
Therefore

Vo, (2(T;v),h) =0 < B*T D4 p =0
and (3.2) is thus the same thing as observability. Hence (a) and (c). O

3.2 Criteria for exact controllability and continuous observability

From our definition of exact controllability we deduce the sequence
D(A) c Pr c H C Fj c (D(4)), (3.3)

each space being densely and continuously embedded in the following one.
From (2.12) we deduce

(Lrh,h) = er||hllEp )y (34)

for any h € H.
Conversely, if (3.4) holds, then (3.3) holds. Indeed necessarily

F c (D(A)). (3.5)
To prove (3.5) consider the vector space Ff.N (D(A))I provided with the norm

€1l 7.n(payy = max{[[€]l £, 1€l (payy }-

Let & € F}. and consider a sequence {{,} in H, {, == ¢ in F}.. Note
that {&,} is a Cauchy sequence in FJ. and from (3.4) a Cauchy sequence

in (D(A))/. Therefore &, is a Cauchy sequence in Fr. N (D(A))I. It follows
that & € Fr.N (D(A))I7 in particular to (D(A))/. Hence (3.5). From (3.4) the
injection is clearly continuous. As H is dense in (D(A))/, F# is also densely

embedded in (D(A))/. By duality we deduce (3.3). Therefore, the estimate
(3.4) is a criterion of exact controllability.

Remark 3.1. There is an analog of Proposition 3.1 for exact controllability. For
this purpose, define the dual system as follows: First introduce the observation
equation for the system (2.1)

y(t) = Cz(t),

where C' € L(H;Y), and the observation space Y is a Hilbert space identified
with its dual. Then introduce the dual system (backward equation)
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{p’(t) = —A"p(t) + C*y(b),
p(T) =0,
and the dual observation equation
u(t) = B*p(t).

We then say that the pair (A, C) is continuously observable if and only if the
pair (A*, C*) is exactly controllable at time 0 (starting at time 7). Therefore
we obtain a criterion analogous to (3.4) for continuous observability. O

3.3 Approximation

Let h be an element of H. There exists a sequence {&,} of elements of Fr
which converges to h in H. Solving the equation

Ur¥r(, = &n

defines a unique ¢ in F7.. Any control of the equivalence class ¥}.(} realizes
&, In this way we can construct a sequence of controls whose corresponding
state at time T is as close as possible to h. But this procedure is not very
constructive. A constructive approach is obtained in the following way: Define

Je(0) = J(0) + _|=(T50) — AP (3.6)
with r
2(T;v) :/ eT=DABy(t) dt (3.7)
0

and minimize J.(v) over all v € L?(0,T;U). This problem has a unique solu-
tion u.. We have

|2(Tsue) = h? < |2(T50) = B +J(v), Vo,

and thus
limsup |2(T;u.) — h|* < inf |2(T;v) — h|* = 0.
e—0
Therefore the sequence z(T; u.) belongs to Fr and converges to h in H as ¢
tends to 0. Now we may write the necessary conditions of optimality for u..
It is easy to check that if p. is the adjoint state defined by

L= Ape, pelT) = (ne(T) ) (39)

then
uc(t) = —B*p(t) = =B T4 p (T) = —wip(T). (3.9)

Therefore
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2(Tsue) = —Irpe(T). (3.10)

Since p.(T') € H and not just to F., we have an even better result than that
explained at the beginning of the paragraph.

If h belongs to Fr, then we can say something more. Indeed let @ be such
that

and 4 has minimum L? norm. As
Ju) < J(@), (311)

it follows that u. remains bounded in L?. From the formula (3.9), it follows
that p.(T) remains in a bounded subset of Fr.. We pick a subsequence, still
denoted by p.(T'), which converges weakly to ¢, in Fy.. Going to the limit in
(3.10) yields

h = —I7(.. (3.12)

From (3.11) and the minimality of 4, it is easy to check that u. tends to 4 in
L?(0,T;U). From (3.9) we deduce also

0= Ui, (3.13)

and thus we have an approximation procedure for the element (.
We refer to A. BEL FEKIH [1] for related topics.

4 Finite dimensional control space

We shall consider in this section the case when U is finite dimensional, U =
R™, and make precise the conditions of controllability (clearly approximate
and exact controllability coincide in that case).

4.1 Finite dimensional case

Assume here that H =R" and U = R™, A € L(R™;R"), B € L(R™; R"). We
have the following classical result due to R. E. KALMAN [1], for which see
Theorems 2.1 and 2.2, Part I, Chapter 1.

Proposition 4.1. The pair (A, B) is controllable at any time T > 0 if and
only if the matriz [B AB ... A""'B] € LR™;R") has rankn.

Consider now the case of diagonalizable operators
J
A=>"\P;, (4.1)
j=1

where ); is complex valued, P; is a projector, satisfying
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J
P;=P;, PiPi=0p, Y Pj=1I

] )
j=1

Note that we have complexified the set up, so P/ means
(P}, k) = (h, Pjk) = (P;h, k);
hence
J —
A" =" NP
j=1
We then state the following proposition.

Proposition 4.2. Assume (4.1); then the pair (A, B) is controllable at any
time T' > 0, if and only if for any j, the operator P;BB*P; has full rank, in
the subspace P;H.

Proof.
e The condition is necessary.

Suppose otherwise that there exists some h, with P;jh # 0, and B*P;h = 0;
then

B* B*P;h
B*A* \;B*P;h
Pjh = . =0,
**n— *n—i”*
B* A1 X" B*P;h

which contradicts the fact that the pair (A, B) is controllable.
e The condition is sufficient.
Consider an element h such that (I’rh, h) = 0; hence B*eA th = 0; i.e.,

J
> exp(\t)B*P;H =0, te(0,T). (4.2)

j=1

From the analyticity of the function to the left of (4.2), it follows that (4.2)
holds for any ¢ € (—o0, +00). It first follows that B*P;h = 0, for any j such
that Re A; # 0. Indeed, suppose A1 is such that |Re | > |Re )|, Vj # 1.
We can write
B*Pih+ Y exp ((Aj — A)t)B*P;jh =0.
i#1

Taking the limit as ¢ tends to + or — infinity, according to the fact that Re \;
is positive or negative, we deduce B*P;h = 0. More generally, there may be a
set Jo of indices j such that Re\; = Re )y, for j € Jy, and [Re A1| > |Re \j|,
Vj & Jo. Dividing (4.2) by exp(Re A1t) we deduce
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> e B Pih+ > exp(A; — Re A )tB*Pjh =0, (4.3)
j€Jo J¢Jo

where v; = Im A;. Suppose to fix the ideas that ReA; > 0. We derive from
(4.3)

2

T
0:/ > e B Ph| dt
0

J€Jo

T
+/ Z et B* P;h, Z exp(A\x — Re A\ )tB*Pih | dt;
0 \jedo kg Jo

hence

T)-1
0=T%" PBBPhh—i—ZZeXp WO =Y b pE P )
j€Jo j€Jo ke#Jo i 773)

- T -1
+33 A; R?;J“”J) (P;BB*Pyh, h).
€0 kAo k— ReAL+ 17

Dividing by T', and letting 7" tend to oo, we deduce

> (P;BB*P;h,h) =0,
J€Jo

or B*P;jh = 0, Vj € Jo. If ReA; < 0, one should consider a similar integral
between —T" and 0, to deduce a similar result.
Successively, we can treat in the same way all j such that Re A; # 0. So
we have
B*P;h =0, Vj with Re); #0.

There remains the case when (4.2) reduces to
> e MiB*Ph =0, Vit € (—00,+00),
Jj€Jo
where \; = iv;, y; real, and Jj is a subset of {1,..., J}. We make a calculation
similar to that done after (4.3) to prove that
> (P;BB*Pjh,h) =0,
Jj€Jo

or B*Pjh =0, Vj € Jy.
Hence, we have proved that B*P;h = 0, Vj, and this implies A = 0, from
the assumption. a
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4.2 General state space

We now turn to the case of a general state space, with finite dimensional
control space U = R™. We have

Bu= bu;, withby,by,....,bm € H, ueR™ (4.4)

i=1
We state (see L. MARKUS [1]) the following theorem.
Theorem 4.1. Assume that
b1,ba, ..., bm € Das(A) = (] D(AF).
k>0

If the linear set generated by the vectors
ARb; j=1,...,m, E=0,1,...

is dense in H, then the pair (A, B) is approzimately controllable at any time
T > 0. Conversely, assume that b; = e'i4b;, with b; € D (A), t; > 0, and
the trajectories (etAb_j,z) for any z € H are real analytic; then if the pair
(A, B) is approzimately controllable at some T > 0, necessarily the linear set
generated by the vectors {AFb;, j=1,...,m,k=0,1,...} is dense in H.

Proof. If A, B is not approximately controllable at T" > 0, then A*, B* is not
observable on (0,7 (see Proposition 3.1). Hence

3h #0, such that V¢t € (0,T); B*et* h = 0;

hence also
Yu € R™, (" Bu,h) =0 in (0,T).

This implies
Vi=1,...,m, (e'b;,h) =0 in (0,7). (4.5)

From the assumption on the b;’s, we can differentiate in ¢ as many times as
we wish and set ¢ = 0. We deduce

vk >0, j=1,...,m, (A*b;,h)=0. (4.6)

As h # 0, this contradicts the fact that the set generated by the vectors
{A*b;,5=1,...,m,k=0,1,...}. is dense in H.

Let us now prove the second part of the statement. Assume that the set
generated by the vectors {A¥b;, 7 =1,...m,k=0,1,...} is not dense in H.
There exists h # 0 such that (4.6) holds. This means also

(Akelitp; h) = 0. (4.7)
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Set
fi(t) = ("5, h),

which is real analytic. Then (4.7) means that f;(t;) = 0, f;k) (t;) =0,Vk > 0.
Therefore, f;(t) = 0, V¢t > 0. Writing f;(t + ¢;) = 0, we have also (4.5).
Therefore the pair (A*, B*) is not observable on (0, T), which implies that the
pair cannot be approximately controllable at 7. O

Let us give a variant of Theorem 4.1 in the case when —A has a discrete
spectrum Ay < Ay < -+ Ag -+ with A\ T oo and Ax has multiplicity r. It bears
similarity with Proposition 4.2. Using the projector Py on the finite dimen-
sional eigenspace corresponding to Ay, the semigroup e‘4 is then represented
by the expansion

e4h = e M Pyh. (4.8)
k

We consider Py as an element of £(H; H). It is self-adjoint and P? = P;. We
have

T
z(T;u):Z/ e~ T=D % P Bu(t) dt, (4.9)
k 0
T 2
(FTh,h):/ > e M B Ph| dt. (4.10)
0 1k

We shall prove the following result.

Theorem 4.2. Assume that (4.8) is verified. Then the pair (A, B) is approz-
imately controllable at T if and only if PxBB* Py, is full rank, for any k.

Proof. From Proposition 3.1 we know that the pair (A, B), is approximately
controllable at T" if and only if (I'ph, h) is a norm on H. From the expression
(4.10), we deduce that (I'rh,h) is a norm on H if and only if

Y e B*Ph=0 on(0,T) = h=0. (4.11)
k
The function
ts Y e M B*Ph
k
being analytic, the left part of the statement (4.11) implies also
> e B P =0, Vt>0.
k

Multiplying by e** and letting ¢ tend to infinity, we deduce B*Pih = 0, and
successively B*Pyh = 0. Therefore (4.11) means also

B*Peh =0, Vk>0 = h=0. (4.12)

It is easy to check that (4.12) is equivalent to the property that the matrix
P, BB* Py, be full rank for any k. a
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Remark 4.1. The restriction of the system to Ej, (eigenspace corresponding to
Ar) is given by the dynamics

Z]/C = —Ap2r + Bru, Zk(O) =0, (413)

where By = P B. The state zj lies in the finite dimensional space Ej. The
pair (—=AgI, By) is controllable. O

Remark 4.2. Note that the condition (4.12) holds also when U is not finite
dimensional. Note also that from the formula (4.10) it follows that there exists
a positive constant ¢ such that

(1 _ 6_2>"‘T)|th|2
< . 4.
(rh,h) < c Ek -~ (4.14)

a

5 Controllability for the heat equation

5.1 Distributed control

We consider a bounded domain of R", denoted €, assumed to be smooth to
simplify a little. Let I" be the boundary of Q and ¥ = I" x (0,T). Let O
be a subdomain of €. We denote by xo the characteristic function of the
subdomain O. We consider the dynamic system

2 — Az = v(z,t)x0,
z|, =0, (5.1)
z(x,0) =0,
with v the control belongs to L?(Ox (0,T)). In fact, (5.1) can be written under
the general framework (2.1). Indeed, let H = L?(Q2) and D(A) = H?*(Q) N

H(Q). We take A = A, and D(A) is equipped with the norm |Az|, z € D(A).
Note that A is an isometry from D(A) to H. Let next U = L*(O), and if u

belongs to U,
Bu = u(z), ifze O,
0, ifzdO.

It is well known that there exists a sequence 0 < A\; < Ay < --- A T oo of
eigenvalues and wy;, j = 1,..., 7, corresponding eigenvectors where ry, is the
multiplicity of Ag, with

{_Awkj = AkWhj,

(5.2)
Wgj € H&(Q), |wkj|L2 =1.

Moreover (4.5) hold true. We can then state the
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Theorem 5.1. The pair (A, B) defined above is approzimately controllable at
any time T > 0.

Proof. From Remark 4.2 it is sufficient to check that the condition (4.12)
holds. Note that B*h = h|p, and thus since B} = B*P, condition (4.12)

means
Tk

3w, ) wijlo =0 Yk = h=0. (5.3)
=1

The function
Tk

> (wijs h) wy

j=1
is analytic in Q. From (5.3) it follows that it is identically 0. Hence the co-

efficients (wg;, h) = 0. As this holds for any k and j = 1,..., 7, necessarily
h = 0. The desired result is thus proved. a

Remark 5.1. From (4.14) we have

=22\, T Tk
Z(wkjv h)2

Jj=1

1—e
(Prh,h) <C Y
p 2k

1 &
D IND NI T
k j=1

This means that
HY(Q) C F}

with dense and continuous injection. By duality, it follows that
Fr C H3(Q)

with dense and continuous injection. Clearly Fp increases with the Lebesgue
measure of O, and Fr = H}(Q), when O = Q. In that case, exact controlla-
bility holds true. a

5.2 Boundary control
Consider the following situation, using a formal write-up
(' —AC=0, ¢|p=v, ¢(20)=0, (5.4)

where v(t) € U = L*(I"). We need to clarify in what space ((T') lies and to
what extent we can reduce (5.4) to the general framework (2.1).

In fact, we shall show that ((T’;v) lies in (H*NHg)', and ¢ € C(0;T; (H*N
H})Y'). One defines ¢(T) by the transposition method of J. L. LIONS and
E. MAGENES [1]. Let h be an element of L2(Q2) = H; then (—A)~*h € H*NH}.
Consider the solution 1 of
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71/}/ - A’l/} = 07

Y[ =0,

(@ T) = —(—A)""h= A1
(recalling the notation A = A),

and we note that ¢ = —(—A)~1¢, where

_¢I - A(b = 01
ol =0, 5.6
d(x; T) = h.

Clearly ¢ € C(0;T;H) and v € C(0;T; H> N H}). If we perform a formal
integration by parts between (5.4) and (5.5), we obtain

T 81/)
) == [ [ o3 ara (57)
o Jr oV
and this constitutes the definition of ((T') as an element of (H? N H})' =
!
(D(A))".
Consider now the operator n € £(H?; L*(I')) defined by
o
ng =" (5.8)
We set
B=(-A)"'n*=-A"1n* (5.9)
which belongs to £(L?(I"); H). We consider
r_
z/ = Az + B, (5.10)
z(0) = 0.
Noting that (5.6) is equivalent to
—H=A
¢ ¢ (5.11)
o(T) = h,
then from (5.10) and (5.11) we deduce
T T
G = [@Bod= [ oo
0 0 (5.12)

T B T o
:—/O (nA 1¢,v)dt:—/0 (8V”U)dt7

which is exactly the right-hand side of (5.7). Hence
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(2(T),h) = (((T), —(=2)""h). (5.13)

Therefore
A(T) = —(~2)1¢(T). (5.14)
Similarly for any ¢, z(t) = —(—A)~1¢(¢), and as z € C(0,T; H),? we deduce
that ¢ € C(0;T; (H? N HY)'). Now (5.10) is exactly equivalent to (2.1).
We shall prove the following theorem.

Theorem 5.2. The pair (A, B) is approzimately controllable at any time T >
0. The range of ((T;v) is dense in (H? N H})'.

Proof. Tt is clear that it is sufficient to prove that the pair (A, B) is approxi-
mately controllable at any time 7" > 0. For that we must check the condition
(4.12); i.e.,

Tk
> (hywij) B wi; =0, Vk>0 = h=0. (5.15)

=1
This means also

Tk

Owy, .
> (hwiy) g"y’“ =0 = (hywg) =0, Yj=1,..m. (5.16)

j=1
But from the following lemma we have

Tk

Z(h, wkj)wkj = 0.

j=1
Hence the desired result. O

Lemma 5.1. Let w be an eigenfunction of the Laplace operator corresponding
to the eigenvalue \; i.e.,

—Aw = lw, w‘F =0; (5.17)

2
/ (?;5) m-VdF=2x\/w2d:c, (5.18)
r Q

where m(x) = x — xg.

then one has

Proof. We multiply (5.17) by

ow
m,
* 2o
(using summation convention) and perform integration by parts. The desired
result follows. 0

2 Given a Banach space X, the notation C'(0,T; X) stands for C'([0, T]; X). See also
footnote 2 on page 3 in the Introduction to the book.
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Remark 5.2. Let Iy be a part of I'. The control is exerted on Iy only, which
means that it is 0 on Iy = I' — Iy. To treat this case, let us define

o¢

nogp = o

Iy

Take B = —A~!'nj. The result of Theorem 5.2 extends to the pair (4, B)
provided that for an eigenfunction w as in (5.17)

ow

ov =0

Io

implies w = 0. From the formula (5.18), it is sufficient that m - v > 0 on
I. O

Remark 5.3. From (4.14) again we deduce

1 e—2MT [k
(Prhsh) <C 270 D (weg ) < C(hlla-)*. (5.19)
k

J=1

Therefore H~! C FJ, with continuous and dense injection. Hence also
Fr C H}(Q), with continuous and dense injection. It follows that the range
of ((T’;v), when v lies in L?(0,T; L*(I")) is dense in H~'. O

5.3 Neumann boundary control

We introduce some notation. We take
H=1%Q), V=H'(Q), A=A-1I,

associated with the Neumann boundary condition. Hence

D(A) = {z € H%(Q): gi = o}.

Again D(A) is equipped with the norm |Az|,z € D(A). The eigenvectors are

defined by

ow
—Aw 4+ w = dw, oy = 0. (5.20)

The first eigenvalue is 1. It is isolated; hence, 1 < Ay < Ag--- and w; =
1/4/19|. We set m(z) = 2 — z¢ and define

FQZ{{EEFITTL-’U>O}, Inn=Ir-1Iy. (521)

Let v be the trace operator on I'. Note the v € L(V;L*(I")) N L(H?*(Q);
HY(I')). Let also o; be the tangential operators on I' € L(H(I'); L*(I)),
such that
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0 0

— . o~ — ‘ 2
’yazj . =V oy + 079 = ving + o;v¢, Vo € H*(Q). (5.22)

Note that ng = v -vD¢, and v - o = 0.
Similarly, we define by o, 0;,0 (y1,0;,1) the respective restrictions of v, o;
to Iy and I'y. We also use the notation

D, = (01,...,0,) € L(H (I); (L*(I))").

The operators 7,017,027, ...0,y € L(D(A); L*(I')) and not identically
0, whereas n = 0 on D(A). This should be compared with the situation in the
Dirichlet case, where ~, 017,027, ...0,7 are 0 on D(A) and n is not 0. This
explains why the analogy with the Dirichlet case implies the control to be an
clement of U = (L? (F))nﬂ, instead of just L?(I"). The operator B is defined
by
B =AMy 70} 103 .7 0})

= A7 D3 € LU ). 52

We can also view U as (L? (Z“()))nJr1 x (L? (Fl))nH. Some components might
be taken equal to 0; in which case, they are omitted and we use 7§ or ~f
instead of v* (or of g, 01 ...; D} o, D} ). We are now interested in the pair
A, B. Let us first interpret the dynamic system (5.10), corresponding to this
pair,

2/ =Az+ Bv, z(0)=0. (5.24)

Consider also (5.11), i.e.

—¢'=A¢, ¢(T)=h, (5.25)

then we have

n

T T
e = [ Boma= | [(w,vwz(mw,w)] at,  (5.26)

=1

where ¢ = A=¢ and v = (vo,v1,...,v,). As np = 0, we can also write the
above relation as

(2(T),h) = /OT /F (¢UO + Z: ggﬁ w) dr, (5.27)

where we omit to indicate explicitly the operator ~. )
Note that z(-) € C(0,T; H). Let ((t) = Az(t) € C(0,T; (D(A))"). Then
from (5.27) we deduce

(1), y(T)) = /OT/F <¢v0 + il g;i vi) dr. (5.28)
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Note that if v € (H'(I"))" and ¢ € D(A) (hence v € H'(I')), we can write

<Ua’W/)> = /]“ (1/}’00 + Z aa;/} vi) dFv
i=1 v

where (vg,v1,...,0,) is a representation of v.
Therefore (5.28) reads also

(€(T), (1)) = /OT<v(t),W(t)> dt. (5.29)
This is exactly the formula that follows from the definition of the solution of
¢~ AC=0,
gi _, (5.30)
¢(xz,0)=0

obtained by the Method of Transposition of J. L. L1oNs and E. MAGENES [1]
(see also Chapter 2 of Part II), using the dual equation

_d]l - Aw = 07

oY =0, (5.31)
v

¢(T) € D(A).

We are interested in the density of the range of {(T’;v), solution of (5.30)
at some time 7', in the space (D(A))/. This is equivalent to the density of
z(T;v) in H, where z is the solution of (5.24). We are in the framework of
the model (2.1), with a semigroup satisfying the condition (4.5), and thus
the problem is that of the approximate controllability of the pair (A, B) at
some time T'. The general theory implies that the pair (A4, B) is approximately
controllable at any positive time 7', if and only if the condition (4.12) holds.

We write the condition (4.12)

Tk
> (hywij)B*wy; =0, Vk>0 = h=0. (5.32)
j=1

This implies that

Tk
w= (hwij)wi

j=1
satisfies yw = 0, Dyw = 0. Clearly w = 0; hence the coefficients (h, wy;) = 0,
for j=1,...,7x. Hence h = 0.

It is clear from the above that if we control the whole boundary, we can

take v(t) in L*(I") instead of (HY(I"))’; i.e., v(t) = vo(t) and vy(t) = -+ =
un(t) = 0.
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On the other hand, we need (Hl(f’))l if we control only a part of the
boundary. Let us make this precise. We first state a lemma.

Lemma 5.2. The eigenvector w solution of (5.20) satisfies the relation
/ m - v|Dyw|* dI" + 2(\ — 1)/ w? dr = (X — 1)/ m-vw?dl.  (5.33)
r Q r

Proof. As usual, we multiply (5.20) by

ow
0xq

Mea

and perform integration by parts. Details are left to the reader. a
We then state the following theorem.

Theorem 5.3. Let A = A — I associated with the Neumann boundary condi-
tion, and the two following cases for U, B. Either U = L*(I") and B = A~ '~*
or U = L*(Iy) x (L*(I1))" and B = A7Y (v 41 »1). Then the pair (A, B)
is approzimately controllable at any T > 0. The range of ((T;v) solution of
(5.40) is dense in (D(A))/.

Proof. The first case has already been discussed. Consider the second case. We
have to prove (5.32). Note first that for £k = 1, ry = 1, and w; is a constant.

We necessarily have (h,w;) = 0. Starting with k& = 2, we have A > 1. From
the hypothesis of the statement (5.32) we have, writing

Tk

w = Z(h,wkj)wkj,

j=1

(5.34)
Yyow =0, Dsjw=0.

Splitting the surface integrals in (5.33) in two parts Iy and I and using
the sign properties of m.v on Iy, I'7 and the fact that A > 1 we deduce that

/dexzo.
Q

Therefore the coefficients (h,ws;) = 0, for j = 1,...,r,. The desired result
has been proved. |

Remark 5.4. Apparently, it is not sufficient to take U = L?(I}); unlike the
Dirichlet case, see Remark 5.2. a

Remark 5.5. Consider again (I'rh, h). As usual from (4.14), we can prove that
(I'rh,h) < C(||h]lv/)?, recalling that V = H'. Hence V' C FJ. and Fr C V,
with continuous and dense injection. In the case U = L?(I') and B = A~ 1v*,
one can obtain an additional result, namely (D(A))/ C Ff; therefore Fr C
D(A). It follows that the range of ((T’;v), solution of (5.30), is dense in H as
v(-) varies in L2(0,T; L*(I")). 0
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5.4 Pointwise control

We consider the system

(= AC=2300 vit)d(x — ),
¢l =0, (5.35)
¢(x;0) =0,

where the points a; belong to 2 and represent actuators. We assume that the
dimension of the space is n < 3. We shall reduce the formal model (5.35) to
our general set up.

We take A = A with Dirichlet conditions. We define b; € H by the equation

(bis h) = (A7 h)(as). (5.36)

This makes sense because for h € H = L?, A~'h belongs to H?> C C(Q)
with continuous injection. Hence the right-hand side of (5.36) is defined and
represents a linear continuous functional on H. Consider the dynamic system

2 =Az+ ivi(t)bi, 2(0) = 0. (5.37)
i=1
Let us check that
¢(T) = Az(T) (5.38)

coincides with the definition of (5.35) through the Method of Transposition.
Indeed consider

—¢' = A¢p, &(T) = h. (5.39)
Then from (5.37) and (5.39), it follows taking into account the definition of b;
m .7
GO =Y [ wtlatd, (5.40)
i=170
where 1 = A71¢. But from the Method of Transposition we define ((7") by
m_ T
(€.om) =Y [ wtitena. (5.41)
i=1

From (5.40) and (5.41), using the fact that ¢(T) = A~1h, we deduce that
(5.38) holds. Now the system (5.37) has already been studied in §4.2. Consider
the matrices

Fy, with Fy j;; = wkj(ai), j=1..,rge=1,...,m; (5.42)

then we can state the following theorem.
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Theorem 5.4. The pair (A, B), B = (b1,ba,...,by) is approzimately con-
trollable at any T > 0, if and only if rank Fy, = ri for any k.

Remark 5.6. We refer to A. EL JAr and A. J. PRITCHARD [2] for general
results of controllability in the case of pointwise control. a

Remark 5.7. We assume that the assumption of Theorem 5.4 is satisfied. Using
condition (4.14), we obtain again that Fr C H} with dense and continuous
injection. Hence the range of ((T’;v) is dense in H 1. O

6 Controllability for skew-symmetric operators

6.1 Notation and general comments

We shall need to work here with a complex spectrum. We assume that A has
a purely imaginary spectrum of the form

{i\/xj,—z'\/Aj;j:1,...},
where
0<)\1§)\2§...§)\j§...7 /\jTOQ

with only a finite number of successive eigenvalues possibly equal. If ¢; is the
eigenvector corresponding to 2\/ Aj, then ¢; is the eigenvector corresponding

to —i\//\j. We assume that
i, & (6.1)
form an orthonormal basis of H (complexified).
This implies with the notation of the scalar product in H complexified

(¢jv (b_k) = Ojk, (¢jv ¢)k) =0. (6'2)

By definition ~ ~
Ag; = i/Njoj, Ad; = —i/\jd;. (6.3)
If ¢ is an element of H (real valued), then it can be represented with the
expansion

b= (cjdj + ;) (6.4)
J
with
Cj = ((bv (bj)v 6] = ((ba (5])7 |¢|2 =2 Z |cj|2' (65>
J

It is easy to check that the operator A is skew adjoint,
A" =—A. (6.6)

In fact we can even characterize the type of operators we are considering,
thanks to the following proposition.
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Proposition 6.1. Assume that A is a linear operator from a dense subspace
D(A) of H into H, satisfies (6.6) and

the null space of A = {0}, (6.7)

{ the mapping A + I from D(A) to H is onto (6.8)
(and thus invertible since already one to one),

and the map T = (A+I)"" is compact. (6.9)

Then the spectrum of A is of the form :l:i\/)\j, with
O< A <Xl <A< AT oo,

and the corresponding eigenvectors ¢; and gi;j form an orthonormal basis for
H. Conversely if A has these spectral properties, then it satisfies (6.6) to (6.9).

Proof. Let us assume (6.6); then if z € D(A), we can write
(AZ,E) = —(A*Z,E) = _(ZaAZ) = —(AZ,E),

and thus (Az, z) is purely imaginary. Hence the eigenvalues are necessarily
purely imaginary. As —1 cannot be an eigenvalue, the map A+ I is necessarily
one to one. Moreover if X is an eigenvalue corresponding to the eigenvector ¢,
then ¢ is an eigenvector corresponding to the eigenvalue \.
Assume now (6.7), (6.8), and (6.9). Let us check the T' is a normal operator
on Hji.e.,
T =TT". (6.10)

Note that T* = (A* + I)~!. Let f € H and define
o= {A+ D)+ (=A+D Y,
b= {-(A+ DT+ (“A+ D)7
then clearly 1 = A¢; thus
Ap+o=(A"+ D)7, Ao+o=(A+D)7"],

which proves (6.10).

From the spectral theory of normal compact operators, see T. KATO [4,
p. 260], we can state that T has a discrete spectrum {u1, u2,...}, where
|| > |p2] = -+ > |pn| = -+, |pn| tends to 0 as n tends to infinity. Each of
these eigenvalues has a finite multiplicity. Moreover, as the null space of T is
0, the eigenvectors form an orthonormal basis of H. But eigenvectors of T" are
eigenvectors of A, with eigenvalues obtained by the transformation

A=—1+1/p.

The spectral properties of A are easily deduced.
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Let us check the reverse. The set D(A) is made of elements
¢ = (c;jb; + )
J

such that

Z |Cj|2)\j < 00.

J

It is clear that D(A) is dense in H. If ¢ € D(A), then
Ap = (—ici/Ajbs + i/ ;).
J

Therefore we can solve the equation

Ap+op=Ff (6.11)
as follows:
cj = Ji
T =iy
where f; denotes the components of f. Therefore, (6.11) has one and only
one solution. To prove (6.9) consider a sequence {f™} that tends to 0 in H

weakly, and let ¢™ be the corresponding solution of (6.11); we must prove
that ¢" tends to 0 in H strongly. Let fI' be the components of f™ and

w_ A7

C:

7 (1 —i\//\j)

be the corresponding components of ¢”.
We have

Sigr=3 5 < 3 e T
— —~ 1+ X = J AN
J J j=1,....N

As f™ tends to 0 weakly, |f"|?> remains bounded and [} tends to 0 for any
fixed j. Moreover A\, tends to 0 as N tends to infinity. It follows from the
above inequality that
Doler?
j

tends to 0 as n tends to infinity. This means that ¢™ tends to 0 in H. O
The solution of
2'=Az, 2(0)=¢ (6.12)

is given by

2(t) = e =3 (e VNG + et VN, (6.13)
J
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where c; are the components of ¢.
In the sequel we shall use the notation

¢=Rep+ilmo

to express the decomposition of an element of H complexified.
Note also that if ¢ € D(A), then

161500y = 1407 =2 Ajley[?
i

and _
o oy
VAT VA

form an orthonormal basis of D(A). Similarly ¢; \//\j, oy \//\j form an or-

/

thonormal basis of (D(A))".

6.2 Dynamical system

Consider B € L(U; H). We shall make several assumptions on B in relation

with the eigenvectors ¢;.

There exist N integer > 0 and operators M € L(H; H), A € L(H; D(A)")

such that
|B*2|* > (Mz,2), Vz¢€H,

forall j,k > N +1,
(MReg;, Ime¢i) =0,

forall )6k >N+1,j#k

(A Re¢;,Re o) N (ARe ¢, Re ¢;)

M : P
(M Re ¢;,Re ¢r) L Y

forall k> N+1,j#k

(ARe¢j,Re ¢y) + (ARe ¢, Re ;) + \//\j/\k(MIm@,Imm) =0.

There exists ¢g > 0 such that for all j > N + 1,

(M Re¢;,Red;) + (MIme;,Im¢;) > io
J
forall j > N+1

(ARegbj,Re(bj) < K

Aj BRVAY

(MRequ,Re(bj) — (MImng,Im(bj) —4

and

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)
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)\N-',-l > AN.

For j < N, we consider only the \; having different values and call P;(P;)
the projector on the finite dimensional eigensubspace of H corresponding to
the conjugate pair of eigenvalues {i\/AJ—, fz'\/Aj}; then

P 2
| J’?' . YzeH, j<N. (6.20)

J

|B*Pj2|2 Z C1

With our convention we have
0<)‘1<)\2<"'<)\N<)\N+1§)\N+2§"'-

An element ¢ of H is represented by the expansion

N
b= (Pio+Pio)+ > (b + ;). (6.21)

j=1 J>N+1
Naturally if N = 0, the condition (6.20) is void.
We now consider the dynamic system corresponding to the pair (A, B)
2= Az+ Bv, 2(0)=0. (6.22)
Our main result is as follows.

Theorem 6.1. We assume that A satisfies (6.6) to (6.9) and B satisfies
(6.14) to (6.20); then the pair (A, B) is exactly controllable at T, for T suffi-
ciently large.

Proof. We shall consider the controllability operator
T *
Ir = / e BB dt
0
and prove that

Vhe H, (Irh,h) > cr|hlipiay (6.23)

for T sufficiently large.
According to §3.2, this implies the desired result. Consider

N

h=> (Pih+Ph)+ Y (c;d;+cd))

Jj=1 j>N+1

with ¢; = (h, ¢;); then

T
(I'rh,h) = / |B*etA" h)? dt
0

T N
:4/0 B* ;Re(em\/Aijh)_F > Re(e Ve || di (6.24)

j>N+1
=X+ Xo+ X3,
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where

912
N

T
X, :4/ B* |3 Re(e "VNPR)|| dt,
0 =1

T N
XQ:S/ B* ZRe(e—“WijH) B D Re(e "VXig0,)| | dt,
0 j=1 J>N+1
) 2
T
X3:4/ B | > Re(e "VXi&e,) || dt.
0

J>N+1

By an easy computation

N
X1 =2T) |B*P;h)* +Y;
j=1
with
N —iT (/X5 +VAk)
1—e J
Y; = 2Re (B*P;h, B*Pyh)
j7k221 I Z(\/)\j + \/)\k)
N N —iT (/X =V Ar)
_ 1—e¢€ J
+2ReY > (B*Pjh,B*Ph) " ,
=1 k=1 Z(\/)\j - \/)\k>
k#j
N _ omiT(/AHVAR)
Xo=2ReY N (B P B o) ¢

J=1 k>N+1 i(v/Aj + V)

N —iT(\/Aj=VAr)
- 1—e J
+ 2Re (B*P'h,B*gf)ka) .
jz_;kzzjv:ﬂ ’ (VA = V)

Now according to (6.14)
T . — .
Xy > 4/ M > Re(e™VNeg) |, Y Re(eVNgey) | dt.
0 j>N+1 J>N+1

At this stage it is convenient to introduce the following notation, which will
help reduce the length of the following equations and estimates:

mi; = (M Im¢;, Im¢;), li; = (ARed;, Red;).

From (6.15)
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Xs>4 Y / (M Re ¢;, Re ¢) Re(e V% &) Re(e HV ¢, dt
G k>N+1
+4 Z / mjk (e —tiv/N ) Im(e ”\/k’“ck)d

G k>N+1

and from (6.16),
X3 > Y3+ Zs,

where

Yy =4 Z/ (M Re ¢;, Re ¢;)| Re(e "V &) 2 dt

j>N+1
+4 > / (M Im ¢, Tm ¢;)| Im(e "V ;)2 dt,
j>N+1
! . _
Zy=4 ) / {J’“ ’“J}Re(e—“\/kf‘c—j)}{e(e“Wc—k)dt
k>N+1 j
J#k

+4 Z / mji Im(e —tivAig ) Im(e RARIAY 3
E>N+1
J#k
Set .
a; = < .
BRVY
Then we can write

itV lkj\//\k
Zs/a= Y / l\/Ak "

Re(e "V @) Re(e ™V ) dt

E>N-+1
J7Fk
+ Z / \/)\ Aemjg Im(e —tiy/Xs ;) Im(e —tiv Ak k) dt.
E>N+1
J#k
Then
d .
— 4 Z / Lik m(e=tiv g, ) Re(e~"V ey dt
k>N+1 VK dt
J#k
l .
/ ki Re —tiv/% )dt Im(e "V ay,) dt
k>N+1
J#k

+4 Z / VA Ak i Tm(e —tivA g i) Im(e —EV A G dt.
E>N+1
J#k
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Integrating by parts and using (6.17) obtains

Zy ——d Z (/1 Rej;]/\,fe ¢k) (Im(eiT\/)\j dj) . Re(eiT\/)\ka—k)

e — Im(d;) Re(ax))
ay “ RG?}’RQ %) (Tm(e TV ) - Re(e TV a;)
G © —Im(@)Re(dy)).
Hence also
. —iT A
Z3=-81A4 Z Re ¢; Im(e—zT\/Aja_j) , Z Re(kae(e ax)
j Vk
j=N+1 E>N+1
_ Re(a‘k)
814 Reg;1 ; R
+ Z e¢;Im(a;) |, Z e e
Jj=2N+1 E>N+1

—iT\/Aj —
+8 Z (ARe¢j=R€¢j)1m(e*iT\/)\jdj)Re(e Vv i)

J>N+1 \//\J'
_ Re(ay)
—8 > (AReg;,Reg;)Im(a)) a
JjZN+1 J

Next as easily seen

Y = 2T Z lc;?((M Re ¢j, Re ¢;) + (M Im¢;,Im ¢;)) + Y3,
j=N+1
with _
Im(cz(eQZT\/Af —1))

Yy = {(MReg¢j,Reg;) —mj;} 7
3 jZXN;H j j i A

Collecting results we deduce that

N
(Irh,h) > 2T " |B*P;h)> +2T > ¢;I [((M Reg;, Re¢;) + myj]
Jj=1 j>N+1
+Yi+Xo+ 23+ Yé/ (6.25)

Using the assumptions (6.18) and (6.19) we get, setting ¢ = min{co, ¢1 }:

N
Pjh?
(Drh,h) > cT 4> |;4| + Y e p Vi + Xo+ Zs+ Yy
j=1 Y J>N+1

> T |hllEpcayy + Y1+ Xo+ Z3 + V5. (6.26)
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We now estimate the remainder +Y; + X2 + Z3 + V3.
We first check

Y1+ Xo
N N _ AT/ A) e~ IT(/X=VAk)
1—e g - 1
=2Re BB*P;h, Prho + Pyh
; ’ ; i/ A VAR (/A= V) ]
k#j
1— e TGNV o iT(R/AVA)
+ ¢wk +érer . (6.27)
k>;+l [ iV V) (VA = VA
Hence
Y1 + Xo| < BulIhlTn s (6.28)
where Ny
|BB*P;h|
By = V2su A
N hp; \/ J44g |Pjh|
and

1/2 1/2
A,:nMX{%idKr+%+O”2A/ 1 (A +Aalﬂm}
’ Ajt1 — Aj ’ Aj— Aot '
We interpret A\;_; =0, if j = 1. Now

Zs+Ys =T+ T,

where
X ’LT\/)\k
T3 =-8|A Z Reqﬁjlm(eﬂT\/’\faJ Z Regbk )
>N k>N+1 \/ k
_ Re(ay)
+8| 4| Y Regjim(d) |, > Reo Vo
J>N+1 E>N-+1
and
ARe¢; Re g,
1= 3 {0rReos Resy) - (0o, mgy) -4 RED
J

j>N+1
m(2 (VN 1))
VA '
As Ae L(H; (D(A))/) and using the fact that
?; ;
VATV
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are orthonormal in D(A), we can write the estimate
IT5] < 41 Al IR (a)y- (6.29)
Similarly thanks to (6.19)
T3] < K[DlEpay)- (6.30)
From (6.26), (6.28), (6.29), and (6.30), we deduce the desired result. O
Remark 6.1. We have proved that
(Irh, h) > e(T = To) | hlI3pay,
with

B+ K+4)4)

3

To
c

where ¢ = min(cp, c1) (= ¢ if N = 0). Therefore there is exact controllability
if T'> Ty. Moreover this estimate implies the sequence

D(A) € Fr C H C Fy c (D(A)) (6.31)
with continuous and dense injection, as seen in §3.2. a
Remark 6.2. In finite dimension, Theorem 6.1 reduces to Proposition 4.2. O

There is some flexibility in the type of assumption we can make to achieve
exact controllability. We give next a variant of Theorem 6.1.

Theorem 6.2. We make the assumptions (6.6) to (6.9), (6.14), (6.15), (6.20),
and
BB* € L((D(A))"; D(A)) (6.32)

andVjk>N+1,j#k
AjA\s(M Re ¢;,Redr) = (ARe ¢, Re o) + (ARe dp, Re ¢;). (6.33)
There exists Q € L(H; H) > 0, self-adjoint such that Vj,k>N+1, j#k
(ARe ¢;,Re ¢r) n (ARe ¢r,Re ¢;)
Ak Aj
+ VAA(MIm ¢, Im¢y) = (QRe ¢, Re ¢oi).  (6.34)
There exists co > such that Vj > N + 1

(QRQ¢,R€¢) Co
)fj > (6.35)

(M Re¢j,Re ;) + (M Im¢;, Im ¢;) — =T
J

and Vj, k> N+ 1,
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(MRed)j,Requ) — (MIID¢J,IH1¢])

(QRe¢j,Re¢j) _4ARe¢j,Re¢j) < K

A )\? = )\3/2.

n (6.36)

Then the pair (A, B) is exactly controllable for T sufficiently large, and
D(A?) C Fr, with dense and continuous injection.

Proof. One proves that
(Irh, h) > er||B||Epazyy, Vh € H. (6.37)

Of course this estimate is not as good as (6.23), but it is sufficient to establish
that (I'rh, h) is a norm on H and the rest of the statement. We again write

(FThah) =X +X2+X35

where

2
N

T
X, =4 / B* ZRe(e*“\/Aﬂ'Pjh) dt,
0 =1

J

T N
Xy =8 / B | Y Re(e ™M Py | B[ Y Re(e™VNee) | | dt,
0 1 J>NH

2

T
X3:4/ B* Z Re(e "VYig0,) || dt.

o J>N+1

As in Theorem 6.1 N

Xy =21 |B*P;h|> + Y1.
j=1
‘We can combine
Xo 4+ Y71 = right-hand side of (6.27). (6.38)
We can state the estimate
| X + V1| < BilIRlITD azyy s (6.39)

where
|BB*Pjh| p(a)

(6.40)
I1P;hll(pcayy

N
ﬂj\[ = \/28111:)2 \/Aj/lj |
h J=1

and
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A; = max { A O + X)L+ A2 }
! T Y AP Ve V| '

Moreover again as in the proof of Theorem 6.1.

X3>4 Z / (M Re ¢, Re ¢5) Re(e —tiv/A g =) - Re(e "V ) di

G, k>N+1

+4 Z / (M Im¢;,Im ¢y) Im(e “\/Afc ) - Im(e =tV %6 dt.

Gk>N=1
Let us write b; = ¢;/\;; then from (6.33)
X3 > Y3+ Zs,
where

Yi=4 Y / A2(M Re ¢;, Re ¢;)| Re(e ™"V Y5,) 2 dt

J>N+1

+4 ) / A2(M Tm gy, Tm )| Tm(e VA0 > dt,  (6.41)

j>N+1
Zy=4 > / (ARe ¢;, Re ¢x) + (ARe ¢r, Re ¢;))
k?g}jl ( tz\/A]b )Re( tz\/Akb )d
+40) / by )\k M Tm ¢;, Tm ¢y)
Ehe m(e~VA5b;) Tm(e 1V % by ) dt. (6.42)

We can write

/OT ((A Re ¢;,Re ¢r) + (ARe ¢i, Re (bj)) -Rc(e_“\/’\f b_J) Rc(e_“\/’\’“ b) dt
- <A Re ¢;, Re j@) (Re(e TV, - Tm(e~ TV by) —Re b; Tm by, )
- (AReqbk,Re 0i ) (Re(e TV by) - Tm(e " T'V2ib;) —Re by Im by )

VA
T /(ARe¢;,Redr)\/A;  (ARe¢p, Re d;)v/ Ak
+/0 ( VA " VA )

m(e~V2 b)) Tm(e "1V % by ) dt (6.43)
and thus from the assumption (6.34)

Zs=—-8(A| > Reg; Re(e TVYb,) | | > Re P Im (e~ TV %p,,)

J>N+1 E>N+1 VA



6 Controllability for skew-symmetric operators 351

+8(A[Z Reg; Re(b;) |, > Re\/khn))
J k>N+1

i>N+1
+8 Y (ARe¢j,Re %i )(Re(eTi\/)‘jbj)Im(eTi\/)‘jbj)
J>N+1 \/)‘j

— Re (b;) Im(b;))
4/0T(Q Z VA Re gy Im(e TV N0;),

j>N+1
> VA Re gy Im(e TV % by
k>N+1
74/ Z 2j(QRe¢j, Re¢;)| Im(e _“\/’\Jb)|2dt (6.44)

j>N+1
Since @ > 0, we can assert that
X1+ Xo+ X3

N
> 2T {Z IB*P;h>+ ) |b;[P[A2((M Re ¢, Re ¢;)+(M Im ¢, Im ¢;))

j=1 j>N+1
—)\j(Q Re¢j,Re¢j)]}+Y1 + Xo + Ay + As, (645)
with

A= {A?”[(MRedzj,Reeﬁj)—(Mlmqu,lmqu)]

j>N+1

FA/2(QRegy, Regy) — 410 Te ) } Im (b3 (e*"V — 1)),

1/2
)

Ay = -8 (A > Re(bjRe(e_Ti\/)‘jbj)), > Re (‘5;“ Im(e~ TV py))

j>N+1

+38 (A [ > Red; Re(b))

i>N+1

Pk -
, Re Im(by).
) Z \/ A ( )
Then, according to the assumption (6.36)

|A1| < K[|BlIEp a2y

and
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| Az| < A AJ I paz)y-
Then we deduce from the assumptions (6.20) and (6.35)
(Irh,h) > (T = To)[PlIpaz)y - (6.46)
with ¢ = min{cg, ¢1} (¢o if N =0) and

_ On+ K +44]

c

To

and the desired result has been proved. a

6.3 Approximation

We shall study the properties of I'r, assuming only (6.6) to (6.9) and thus
nothing on B except naturally B € L(U; H).

We now keep only the eigenvalues with different values denoted 0 < \; <
Ao+ < Aj < --- and call P; the projector, which has been defined in (6.20)
(but now j is any integer). An element ¢ of H is represented as

¢=> (Pjp+ Pio) (6.47)
j
and
Al — Z(ei\/xjtpj¢ i e—i\//\jtpjgb), (6.48)
j
Call _
mNe= " (Pi¢+Pig). (6.49)
j=1,....N

We also define the operator I" by

I'=2ReY P,BB*P;. (6.50)

J
We can state the following proposition.
Proposition 6.2. Assume (6.6) to (6.9); then

I'rh

T = I'h inH, Vhe H, asT = oo. (6.51)

Proof. We can write, picking n in H

N
(Prh,m) = (Dp(h — IINh),n) + 2TRe > (P;BB*P;h,n) + Xy + Ynr
j=1

(6.52)
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with

N _ o= iT(/ N +VAR)

1 3

Xyr=2Re (> BB'Ph> (P ¢

=1 Py i(v/Aj + V)

/ I ] = eI TGN VAR

+Pen
Z(\//\j — \/)\k>
and N y
(1 — 2TV
Yy =ReY (BB*Pih,Pn)"
j=1 i/
We can check that
| Xn,r| < Bkl pcayy Inll(pcayy s (6.53)
where B has been defined in the proof of Theorem 6.1.
Similarly
N
Yzl <v2> [BB*Pih|: [nll(payy- (6.54)
j=1

Now

N
2TRe Y (P;BB*Pjh,n) = 2T(I'h,n) — 2T (I'(h — IV h), 7).

j=1

Therefore, collecting results, we deduce noticing that ||I'r|| < T||BB*|| and
I17[F < BB

r h  +v2SN |BB*Pih
‘(TT _I,)h’ < 2BB" |h—HNh|+ﬁN” lpcay 21| j |7

T\
and the desired result follows. O
We next prove the following estimate.
Lemma 6.1.
|(Lrh, )| < |BB*||(2[h] + TRl peaylnll(payy - (6.55)

Proof. From the definition of I we have

T
i d o Pen
Drh,n)=4 / BB* S " Re(eVY Pih), Im(e”\/’\’“ ) dt,
(b =4 | el V). ) 3 o

and by integrating by parts
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=4 BB*Y Re(e'"VY P;h) Zlm<lT\/M

J

\/>\k>

4 BB*ZRePh)Z (5’;2)

J

T
+4/ BB*ZIm VAtV P ZIm( it P ) dt.
0 VA
Thus the result (6.55) is easily deduced. O
One deduces from (6.55) that
I'r € L(D(A); D(A)). (6.56)

Remark 6.3. The formula used in the proof of Lemma 6.1 shows also that that
if BB* € E(D(A); D(A)), then

Ir € L(D(A?); D(A?)).

O
Similarly we check the estimate
[(Lh,m)| < (IBB[|: |hllpcaylInllpcayy (6.57)
and then we can assert the following proposition.
Proposition 6.3. One has
I
;h — I'h inD(A), VYheD(A), asT — oo (6.58)

Proof. Using the formulas of Proposition 6.2 and Lemma 6.1, we obtain easily
the estimate

r . h—ITNh
|7 =) <ammi{in-m o + 7
D(4)
Oulikll oy 3 BB*P;h|, (6.59
+ T +V2) |BB*P;h|, (6.59)
j=1
and thus (6.59) follows. O

We now make the assumptions of Theorem 6.1. We first notice that (I'h, h)
is also a norm on H, thanks to the following proposition.

Proposition 6.4. We make the assumptions of Theorem 6.1; then

(Th,h) > c||b||Epayy  Yh e H. (6.60)
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Proof. We have

(I'h,h) =2 (|B* Re P;h|* + |B* Im P;h|?),
J

and from (6.14) and (6.20)

N
P;h)?
>2 ) ((MRerh,Rerh)+(MIijh,Iijh))+2clZ| i )
J>NH =1 J

Now (6.15) to (6.17) imply that if

rj
Pijh = Z CikPjk,

k=1

then

> ((MReP;h,Re P;h) + (M Im P;h,Im P;h))
J>N+1

Z Z |C;k|2((M Re ¢jk7Re (bjk) + (M Im gbjk,Im(bjk)),

j>N+1 k=1

and from (6.18)

> ¢ Z Z|Cﬂc| Z |Pi]?|2,

J>N+1 k=1 Aj J>N+1 J

Therefore collecting results, the desired result follows. a
Let us define the space F’ completing H with the norm (6.60). Clearly one
has as for (6.31)

!’

D(A)C FCHCF' c(D4)). (6.61)

As I'r is invertible from Fj. to Pr and I from F’ to F, we can consider (7)™}
from Fr to Fi. and I'"! from F to F’, hence also from D(A) to (D(A))/ for
both.

In fact, it will be useful to notice that something more can be said for
I'!' namely the following lemma.

Lemma 6.2.

e £(D(A%);H).
Proof. Setting ¢ = I'"'h; then from the definition of I’

2Re Y P;(BB*P;¢) =2Re Y  Pik;

J J
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hence
P;(BB*P;j¢) = P;h, VYj.

Therefore -
|B*P;¢|> = (Pjh, Pi¢), Vj.

But from the proof of Proposition 6.4, it follows that

112
B P> o7
Aj
Therefore \
|Pj¢| < Cj|Pjh|-
Hence
2 1
68 =23 IR0 < STNIBAR < e
J J
which is the desired result. O

We can then state the the following theorem.
Theorem 6.3. We make the assumptions of Theorem 6.1; then one has
T(Ir)'h = I''h in (D(A))',  Vhe D(A). (6.62)

Proof. Let us set pr = T(I'r)"'h and p = I'"th.
We begin by proving the weak convergence in (D(A))/. But

Iy T-Ty,
(h, pr) = <T PTuPT) e 5 lor[{p(ayy
and thus
2
lorll(pcay < C”h”D(A)

as soon as T > 2Ty.

Thellrefore we can extract a subsequence converging weakly to some o in
(D(A)) . But we can write for any 1 in D(A)

I'r
=(h
<T77,0T> (h,m),
and using Proposition 6.3 we get

(FﬁaU) = (hﬂ?)~

Therefore
(I'(c—=p),m) =0
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for any n in D(A). Hence I'(c — p) = 0. But I" is invertible from (D(A))/ to
D(A); hence p = 0. Note that by the uniqueness of the limit, we can assert
that the full subsequence converges. To prove the strong convergence, we first
assume that h € D(A?); in which case, we know that p belongs to H. But

(Z;T(pT = p),pr —p) = (h, pr) = 2(h, p) + (?p’p)’

and therefore the right-hand side tends to 0. It easily follows that pr tends
to p in (D(A))/. In the general case, we pick a sequence h,, that belongs to
D(A?) and converges to h in D(A). Let p, and pr, correspond to h,. We
first notice that 5
.|

lprw = prl < N7 = hullpay- (6.63)

Now
lpr = pll < llprw = prll + o1 = Pull + o = ol
From the uniform estimate (6.63) and from the fact that ||pr, — pu|l tends

to 0 as /T tends to infinity and p is fixed, we deduce that pr tends to p in
(D(A)) as T tends to infinity. O

6.4 Exact controllability for T arbitrarily small

In this section, we consider additional assumptions, which will guarantee that
the pair (A4, B) is not only exactly controllable for large T, but in fact for
arbitrarily small 7. We work in the framework of Theorem 6.1. We replace
(6.19) by

ARe@,Reqﬁj)

(MR€¢J‘,R€¢]‘)_(M1m¢j,1m¢j)_4( s
J

K
< . ViZN+L (664
J

In fact, we shall need (6.64) for j sufficiently large, but modifying the constant,
we can always assume that it is satisfied for j > N + 1, without loss of
generality. We also assume that

there exists a Hilbert space W such that D(A) C W C H,
the injection of D(A) in W is compact, and I" € L(H; W'). (6.65)

Our objective is to prove the following.

Theorem 6.4. We make the assumptions of Theorem 6.1, except (6.19),
which is replaced by (6.64), and we assume (6.65). Then the pair A, B is
exactly controllable for any time T > 0.
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Proof. We begin by proving that for any 7' > 0, then
(I'th,h) =0 = h=0. (6.66)

This will imply that (I'rh, h)'/? is a norm on H, for T > 0, arbitrary.
Of course, we already know that it is true for T > Tp. Naturally (6.66) is
equivalent to

I'rh=0 = h=0. (6.67)

We denote by IT7 the projector on the subspace of H, generated by the
eigenvalues :I:z'\/ Aj, with j < J. We shall need to consider only J large, so in
particular J > N; hence for any element h of H, one has

N J
Ih=73 (Pih+Pih) + ) (G5 +cidy). (6.68)
Jj=1 j=N+1

We shall prove that for any 7' > 0, there exists J depending on T, sufficiently
large and a constant 37, such that

(Irh,h) + B7[IT7R)* > cr||Bl{peayy, VYh e H. (6.69)

Assume for a while that this is proved.
We shall then prove that

I'rh =0 implies h € D(A). (6.70)

Indeed, from the assumption we have
B th=0, te(0,T). (6.71)
Let 7 such that T'— 27 > 0. Consider a sequence of C* functions on R,

with compact support on (0, 7), denoted by p;, which converges to §(0) in the
distribution sense. Define successively hi ; and hg ; by the formulas

his = / A" hps(s) ds, (6.72)
0

th:/ eA*Shl,jpj(s)ds; (6.73)
0

then hl,j S D(A), hQ,j S D(AQ)
Indeed

Ahl,jz/ eA*Shp;(s)ds,

0

Ahg)j :/ EA*Shl’jp;-(S) ds.
0

From (6.71), we deduce easily
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B thy; =0, te(0,T—1),

. (6.74)
B¢ hy =0, te(0,T—27).

As hs j € D(A?), we deduce by differentiating twice the second relation that
B*eAtA%hy =0, te (0,T—27).

Moreover A%hs ; € H. Therefore, we may apply (6.65) with h = A%hs ;, and
T changed into T — 27. As FT_27A2h2j = 0, we deduce that A2h2,j remains

in a bounded subset of (D(A))/; hence ho ; remains in a bounded subset of

D(A). On the other hand, ho; converges to h in (D(A))/ weakly. This follows
from the fact that if ¢ € D(A), then

(¢, ha j) ([A +1] /O e opi(s)ds, [A+ 1)1 /O A5 hpj(s) ds>
and

A1t [ e hpy(s)ds
0

tends to h in H strongly, and

A1) [ Poops(s)ds

tends to ¢ in H weakly. Therefore h € D(A).

Let Y be the subspace of H of elements such that h € H, I'th = 0. Our
objective is to prove that Y = {0}. We first prove that Y is finite dimensional.
But if h € Y, then one can write

Irh+ 37070 = 37117 h;
hence
h=p"(Tr + 57 07) " TR

and
m’h=p'm’(ry + g/ o'y~ h. (6.75)

These formulas prove that Y is a vector subspace of the span of (I'r +
Bl g, (Ir+ /7)1 ¢, 5 =1,...,J, where we have written for sim-
plicity IT7 in (6.75) as

J
'h = (66; +¢;6)),
j=1

which is always possible by a convenient renumbering.
Now, thanks to (6.70), Ah € Y. Furthermore, if h € Y, A2h € Y and thus
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DrA%h = 7117 A%h = 57117 AR
and also
(I A%h, A%h) + 7 (IT7 A%h, A%h) = 37 (IT7 A%h, A%h).
Therefore, by (6.69), we deduce
cr | A%h|IEpayy < B7(A)?(R)?

or

cr|Ahfg < 87 (A)?|RP?,

which proves that A is linear continuous on Y. But then Y can be spanned
by the eigenvectors of A. If ¢; is an eigenvector of A belonging to Y, then

B*¢;e™VA =0, Wt e (0,T).
By the analyticity property, it follows that
B*¢;e'VAi =0, Vi€ (—o0,+00).

In particular (I'r¢;,¢;) = 0, VI' > 0. This is impossible, because we know
that for T sufficiently large (I'rh, h)*/? is a norm on H. Therefore Y = {0},
and (6.67) is proved. It is easy to check then, as a consequence of (6.67) and
(6.69), one has also

(Irh, h) > ¢pl|blipayy,  Vh € H, VT > 0. (6.76)

Suppose that (6.76) is not true; then there exists a sequence {h, }, ||hn||(p(a)) =
1, such that (I’phy, hy,) tends to 0. As (I'rh, h)'/? is a norm on H, we have
h, — 0 in Fr (completed of H with the norm (I'rh, h)'/?). As h,, is bounded
in (D(A))/, it converges also weakly to 0 in (D(A))/; hence, IT7h,, — 0. But
then from (6.69), ||hn | (p(a)) — 0, which is impossible.

It remains to prove (6.69). It is sufficient to prove that

VI'>0, 43J =Jr and c¢p such that
(Ip(h = IT7h),h = IT7R) > cr||h — IT7h|[Fp )y (6.77)
Now
T 2
(Cp(h —II7h),h — IT7h) = 4/ B* Z Re(e "VYic0,) || dt
0 j=>J+1

and with calculations already done

j>J+1
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with (recalling that a; = ¢;//A;)

et vV Ak
Zom s (4] 3 e imie )| T moa T
j=>J+1 k>J+1 \/
+814 Z Re ¢; Im(a;) Z Re¢kRe(ak)
j>J+1 k>J+1 Vs
i Re(em TV
+8 AR Qb,R Qb I lT\/>‘J . J
j;g;l( e¢j,Re ;) Im(e i) N
Re(d;)
-8 ARe ¢, Re ¢;) Im(ay)
J;rl ! ’ \/)\J
and
Tm (2 (2T Ai
YBI: Z [(MRe¢j7Re¢j)_(MIm(bj,Im(bj)] m(cj( )
j>J+1 \//\j

Again we can write
Z3+Ys =Ts5+ Ty,

where

) R —iT Ak
T3=-8[4 E Re ¢; Im(e_ZT\/AJ' a)| , E Re ¢y e(e ar)
j VAR
|J=N+1 E>N+1

+8[A| > Reg;Im(a;)|. Y Regy

J>N+1 E>N+1 VA

Re(ay)

and

T) = Z (M Re ¢j,Re ¢;) — (M ITm ¢;,1Im ¢;)
JENELE (A Reg; Re qu)} Im (2 (X TVY 1))

Aj VA

We use (6.64) to assert that
’ |cj| |a’J |2
T3] < 2K Z \3/2 =2K Z )\1/2
J>IH1 A j>J+1
Next, from (6.65) we can assert that, for any ¢, there exists C'(g) such that

1Pllw < ellhllpcay + C(e)lh]
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(see J. L. L1ONS [1]). Therefore, as easily seen

1/2 1/2
_ _ |a;|?
ITs| <8|[All ey |e Y laP+Ce) | D layl? >, N
J>J+1 J>J+1 > Y
Therefore, collecting results we have
(Cp(h — IT7h),h — IT7h)
K C(e)
> |h— 117 h||? ,{COT— — 4[| Afle - } 6.78
I 1D (ay) e 1Al vy (6.78)
Therefore for any 7" > 0, choose
e — C()T
8[14]°
and J sufficiently large so that
ol ~ K+C(e)
> .
2 VA
This concludes (6.77). O

Remark 6.4. The idea of the regularizing functions p; has been given to us by
J. L. LIons [6]. O

7 General framework: skew-symmetric operators

7.1 Operator A

Let L be a self-adjoint operator in a Hilbert space Hy, (which is identified
with its dual). Let D(L) be the domain of L. We assume that there exists a
Hilbert space V, such that

Vi, C Hy, CVL/M (71)

continuously and densily embedded.
We assume that

<L21722> = ((21722)), Vz1,29 € V1, (72)

where ((, )) denotes the scalar product in V..
We furthermore assume that

the injection of Vi, into Hy, is compact. (7.3)
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In that case L=! € L(Hp; Hy) is compact and thus there exists an or-
thonormal base w; of Hy, of eigenvectors of L; i.e.,
ij‘ = Aj’LUj, |wj|HL = 1,
with 0 < A\; S/\QS)\]TOO
Besides D(L) we shall need
A(L) = {Z ceVy: Lz e VL}
and we have the sequence of spaces, each of them being densily and continu-
ously embedded in the next one
A C D(L)CVy C Hy c Vi c (D(L)) c A
We can associate with L a skew-symmetric operator A, satisfying the assump-
tions (6.6) to (6.9). Take indeed
0171
—-L 0

We have to pay attention to the fact that because H is identified with its
dual, V/ is in the second component the pivot space, identified with its dual.

In that framework the dual of Hy, is (D(L))/, with the duality

Hzme,A:[ ],mm:wxm. (7.4)

!/

<Z=C>:(Z=L71<)HL7 VZEHLu CE (D(L)) .
Note that the scalar product in H is expressed as follows:

(h, b)Y g = (h1, ) + <L_1h2, hb).

!’

Moreover (D(A))I =V} x (D(L)).
The eigenvectors of A are given by

¢‘ - 1 w;
T V2 [iA ]
7.2 Operator B

We next define the operator B. We shall consider a control space U = Uy x Us
where Uy, Uy are Hilbert spaces, identified with their duals. Let ¢1, ¢2 be
operators such that

q1 € ﬁ(D(L)7 Ul), g2 € E(VL; Ug) (75)
We set .
Bv:_[L*%“] (7.6)
qxv2

and B € L(U; H). Note that

) L~'h
th—B&Aé] (7.7)

The presence of L~ in the second component of B* arises from the fact that
the pivot space is VJ.
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7.3 Dynamical system

Consider the dynamic system

2/ =Az+ Bv, 2z(0)=0, 78)
2 € C(0,T); H), 2 € L*0,T; (D(A))); '
we deduce L
21 =2z — L7 qv, 21(0) =0, (7.9)
2h = —Lz — q3vo, 22(0) = 0. .

Hence z1 € C([0,T);HL), 22 € C([0,T};V}); 2, € L*0,T;V}), 2z €
L%(0,T; (D(L))).

We can associate with (7.9) a second order (in time) equation as follows.
Set 1 = z9; then we also write

1"+ Ln = givi — g3,
n(0) =0, 7'(0) +g5v2(0) =0,
n € C(0,TIVY), o +gsva € C((0,T]; (D(L))), (7.10)
' e L*(0,T; (D(L))),
" € C([0,T); AL) @ L2(0,T5 (D(L))) @ H0,T; V).

Note that all terms in (7.10) make perfect sense. However, it is important
to notice that the value of 7’ is not defined at each point, and is not 0 in
any sense in general. It is useful to reinterpret (7.10) in terms of the Method

of Transposition of J. L. LiONS and E. MAGENES [1]. Note that for any
o € D(L),4y1 € Vi, there exists one and only one solution 1 such that

'+ Ly = f,
Y(T) = o, Y (T) =1, (7.11)
¥ e C([0,T];D(L)), " €C([0,T]; Vi)

By making appropriate integration by parts between (7.10) and (7.11), we
deduce the formula

T
(W1, 1(T)) — (Wor 1/ (T) + ga(T)) = / (01, 016) + (03, ga)] b, (7.12)

which can be considered as the definition of n(T") and n/(T") 4+ g3v2(T).
There is a formal but mnemonic way of writing (7.10). Introduce the op-
erator
Jo € L(H'(0,T;Us); L*(0,T;Us))

defined by
Jou =u'.
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Its transpose Jg € E(L2(O,T; Us); (Hl(O,T; Ug))/). One should not mix up
Jgu, which belongs to (H1 0,T; Ug))/, with —u/, which belongs to H~1(0,T; Us).
They coincide only, when applied to Hg (0, T; Us). Next, consider gz as a linear
bounded operator from H'(0,T;V.) to H'(0,T;Us), and thus ¢} as an ele-
ment of £((H'(0,T;Us))"; (H'(0,T;Vg))"). Therefore ¢35 € L£(L*(0,T; Us);
(H'(0,T; VL))I). We write (7.10) as

0" + Ly = ¢io1 + g3 Jgva,  n(0) =0, 7'(0)=0. (7.13)
We know that
neC(0,T; Vi) NL2(0,T; Hy), n' € L*(0,T;(D(L))").
From (7.13) we read
" € C([0,T]; AY) @ L2(0,T; (D(L))) @ (H(0,T; V1)) .

The writing is formal as far as 7/(0) (which is not defined) and 7" are con-
cerned. What it means is that for any

v € H'(0,T;D(L)) N L*(0,T; Ag)
with ¢(T") = 0, then one has

T T T
- / (o o) dt + / (n, L) di = / (01, 018) + (09, o) b, (7.14)
0 0 0

where all terms make sense. This equation defines a unique 7 because it implies
in particular (7.12). The value of 1’ at any given time ¢ (in particular 0) is
not the value of the derivative, but a short for 7’ + ¢5vs.

7.4 Exact controllability

Let us first express the operator I'r € L(H; H). By the definition

T
(Irh, k) = / (B*e*"th, B*e k) dt. (7.15)
0

=l o= [

If we write

and define ¢,y by

¢"+Lp=0, ¥"+Ly=0,

#(0) =L 'hy, (0) =Lk, (7.16)
#'(0) = —L 7 'hy, ¥'(0) = —L ko,
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we deduce easily from (7.7) that

* *ty *Q1¢(t)
BrfedA'thy = [qu)l(t)} , (7.17)
T
(Trh, k) = /0 (@16 @19) + (28, )] . (7.18)

Therefore the estimate
(Drh, k) = o(T — To) | hlFpayy

is clearly equivalent to

T
/0 (a1 + la2d'[2) dt > e(T — To)(16(0) 12, + 16/ (0) 3, ).
Moreover

_[-L7((T) + 45429/ (T))
Irh = [ (D) } , (7.19)

where 7 is the solution of (7.10) with
vi(t) = —qo(t), wva(t) = @' (t).
If we use the formulation (7.13) for the 7 equation, then we may write

Irh = {_L;(lg)m} , (7.20)

but 7'(T) is not the value of ' at T, which is not meaningful because 7’ is

only an L? function, but a mnemonic to denote an element of (D(L))I defined
by the relation

T T
(' (T), $(T)) — / (o ) dt + / (n, L) di

T
:/0 [(v1, quep) + (v, q2v)")] dt (7.21)

for any ¢ € H'(0,T; D(L)) N L?(0,T; Ap).

Let us now try to check how we can satisfy the sufficient assumptions of
exact controllability as stated in Theorem 6.1 and find the operators M, A
satisfying (6.14) and (6.19). We shall suppose that there exist operators 71,
7o and a form b(&, ¢’) such that

m € L(D(L); D(L)'), m € L(VL;VY),
b is bilinear continuous on Hy, x V7,
|Q1<|2 Z (7T1<7<)7 VC € D(L)7
|g2€]? > (m2(,€), V(€ Vi,

(7.22)
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(miwj, wy) = Ajblw;, w) + Aeb(wg, wj), Vj#k>N+1, (7.23)
b(wj, wg) + blwg, w;) + (mawj,w) =0, Vj#k>N+1, (7.24)

1
/\.(Wle,wj)-i-(ﬂ'gwj,’wj) >2cy, V3>N+1, (725)

j
(mwj,w;) (”2“’13"7“”3‘) B R B e (7.26)

/2 1/2
A7 Aj Aj

We then define

(M&,m) = (m L6, L7 ) + (meL ™6, L yp), V&, m € H, (7.27)
(A§777) = b(élvnl)a Vf S Hv n S D(A) (728)

It is easy to check that all assumptions (6.14)—(6.19) are satisfied.
As a consequence of Theorem 6.1 we can state the following theorem.

Theorem 7.1. Consider the pair (A, B) defined in §7.1 and §7.2. Assume
(7.22) to (7.26) and (6.20). Then the pair (A, B) is exactly controllable for T
sufficiently large.

Let us check what must be added to obtain exact controllability at any
T > 0. We replace (7.26) by

(”1“’;’ w;) _ (maw;, w;) — 4b(w;, w;)| < 2K, Vj >N + 1. (7.29)
J

We also assume that there exists a Hilbert space Wy, such that

Vi, C Wi C Hp, the injection of Vi, in Wy, is compact (7.30)
b is bilinear continuous on Hj x Wi. '

Then (7.29) implies (6.64) and (7.30) implies (6.65).
We can then state the following theorem.

Theorem 7.2. We make the assumptions of Theorem 7.1, except (7.26),
which is replaced by (7.29), and we assume (7.30); then the pair (A, B) is
ezxactly controllable for any T > 0.

8 Exact controllability of hyperbolic equations

We shall apply in this section the results of §6 and §7 to the exact con-
trollability of the wave equation, Maxwell equations, and the plate equation
with boundary control. The domain €2 considered in the sequel is smooth and
bounded.
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8.1 Wave equation with Dirichlet boundary control
We take L = — A, with
Hp = L*(Q), Vi=H;(Q),
D(L) = H*(Q) N H; (),
Ap ={z€ D(L): Az € H}(Q)}.
We take Uy = Uy = L?(I") and ¢ = 0/0v, g2 = 0. Let

m(z) =z —x9, R(x0)= sup [m(z)].

We define

N1 8( o¢’ B
= poy /F v 08 ar, =0, (5.1

MO =~ i) /QZma o (8.2)

Consider the eigenvectors w; defined by
_ij = /\jwjv wj‘p = 0; (83)

then we have the relation

Ow; Qwy,
/Fm-l/ay oy dr

ow ow
= (2—n)\//\j)\k 5jk —/ Zma<)\ wja —I—)\kwka a) dx (8.4)

for any j, k. Then taking N = 0, all assumptions of Theorem 7.1 are satisfied.
The system to be controlled is, according to (7.12)

) @) = [ (.50 ) (85)
where v satisfies
W' — Mg =0,
V[ =0, (8.6)

O(T) =0, ¢ (T)=11, o€ H*NHj, 1€ H,].
The relation (8.6) is the “Method of Transposition” definition of
n' — An =0,
7]|F = —vy, (8.7)
n(0) =7'(0) = 0.
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The exact controllability property is expressed as follows: Given yg € L2,
y1 € H™1, for T sufficiently large, the system

77”*A77:0a ¢//7A¢:07
Me=50 er=0, (53)
n(0) =7'(0) =0, n(T)=yo, 7'(T)=m

has a solution with ¢(0) € Hg, and ¢'(0) € L.

8.2 Wave equation with Neumann boundary control
We take now
L=-A+1, Hp=L*Q), Vi=HY(9),
D(L) = {z € H*(Q): a 0}

AL:{ZEHg }

The eigenvectors are defined by

— ij + wj; = )\jwj,
6’[1}]‘ -0 (89)
o
Note that A\; = 1 and wy = 1/|9|.
The eigenspace corresponding to A; is one dimensional. We next take U; =

(L2(F1))n+1, Uy = L*(I}) (see (5.21) for the definition of Iy and I7), and
| =z . 1
Nz = [sz] for z € D(L), @2z =z, forze H . (8.10)

Note that for
Vze D(L), mDz=Ds1m1%.

See §5.3 for the notation. Define then
no_ 1 . ’ . / /
(M6C) == oy [V DC- DOV, W6, e DL), (1)
AN 1 . / / 1
(m2¢, () = R(ZUO)/pm v¢¢'dl, N¢,¢('e H . (8.12)

Similarly define

M0 == Rz /Zma L e (8.13)
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We use the following relation among eigenvalues:
/ m - v(w;wg + Dw;jDwy)dIl" = (n — 2)\/)\j)\k5jk + 20k
r

/Zma()\ wjg —l—)\kwkg )dm (8.14)

Pick N = 1. Consider j # k > 2. It is easily checked that the properties (7.22)

o (7.26) are satisfied. Let us check (6.20). It follows from the fact that
r
B* 2 _ |

Therefore all assumptions of Theorem 7.1 are satisfied.
The system to be controlled is, according to (7.12),

(W1, 0(T)) = (Yo, 1 (T) + g3v2(T))
/ / U101/1+ZU11 dF+/ / vorp’ dI,  (8.15)
Iy = Io
where
V10
V12
v =
vin
and v is the solution of
Y= A+ = f,
W _ (8.16)

We can consider v; as an element of (H Nr 1))’, by the following duality for-
mula (see also (5.29)):

- 00
(v ,9}2/ vi0Y10 + Y vy dr. (8.17)
1 . 1071 ; 1 g
Consider the special case
_ _ o Ox L Ox
V0 =YX, Vi =M O with o = 0. (8.18)

Then
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- ox 09
(v1,6) = /F1 {Wlx’he + z:zl n ox; n ox; } ar

:/ {’71X’719+20i,1’71)(0i,1719} ar (8.19)
I

=1
Z/ {mx = Asimx}mbdl,
Iy

where

*
_Aal = E 0;,104,1
[

represents the tangential Laplacian on Iy, which is an element of E(H Yr);
(HY(I7))').
So we can write (8.15) as
n" —An+n=0,
on an
81/ n O’UQ, 81/ V1, (8 20)
n(0) =7'(0) =0,

with the interpretation of the operator Jy already discussed in §7.3.

Let us express the property of exact controllability. Let yo € L2, y; €
(H'(Q))'; then for T sufficiently large, the system

' —An+n=0, ¢" —Ap+¢=0,
onl .., 0o on|
v n - JO¢7 v - 07 v n - Ao’l(b ¢7
n(T) =yo, ' (T
n(0) =0, #7'(0)=0

has a solution with ¢(0) € H!, ¢/(0) € L?. We recall that Ji¢' belongs to
(H'(0,T;L*(I))') and —A,10 + ¢ to L2(0,T; (H (1))

(8.21)

Y1,

8.3 Maxwell equations

Let us introduce some notations. Let L?(Q) = (L2(Q))3, L2(I") = (Lg(f‘))3

and similarly, H*(Q) = (H’“(Q))3 If v € HY(Q), we set curl v = D x v, where
x symbolizes the external product. We recall the relations

curl gradv =0, div curlv =0.
Furthermore, the set 2 being assumed smooth and singly connected, we have

curlu =0 = u = Dp, divu =0 = u = curlw.
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Define

J = closure in L*(Q) of functions belonging to
(C> (Q))3 with divergence 0,
K = closure in L?(Q) of functions belonging to
(C5° (Q))3 with divergence 0,
J1 ={v e HY(Q): divv = 0,v x v = 0},
K ={v e HY(Q): dive =0,v-v = 0},
where v represents the external unit normal. We provide J; and K; with the

scalar product
((u,v)) = (curlu, curlv) (8.22)

for which they become Hilbert spaces. Indeed if v € Jy, curl v = 0, then
v=curly, curlcurly=0.

Using the integration by parts formula

(curl ¢,v) = (¢, curly) + /F ¢ xv-drl, (8.23)

we deduce easily that curl x = 0; hence v = 0. Similarly if v € K7, curl v = 0,
then v = Dp and Ap = 0, with dp/dv = 0; hence p is a constant, which
implies again v = 0. It can be proved (see (8)) that

JiCcJ, KiCK (824)

with continuous and dense embedding. Moreover curl is an isometry from Jy
to K, and K3 to J. The norm thus defined on J; and K is equivalent to that
induced by H'(Q). We shall further need the spaces

ng{veHQ(Q): dive =0, vxv =0, V-cuﬂv:O}7
dive=0, vxv=0, } (8.25)

v-curlv =0, v xcurlcurlv =0

Jy = {v c H3(Q):

and
Ky ={veH?*(Q): divo=0, v-v=0, v x curlv =0}
divv=0, v-v=0, } (8.26)

K3 =1{veHQ):
3 {v (@) vxcurlv=0, wv-curlcurlv=20

The spaces Jo and K5 are provided with the norms

lv]] = |curl curlv|
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and Js3, K3 with the norms
|v]| = |curl curl curlwv] .

Then curl is an isometry from Js to K1, J3 to Ko, Ko to Ji, and K3 to Js.
Note that from (8.23) we have

(curl ¢, ¥) = (curle), @) (8.27)

with ¢ € J1, ¥ € Ky, or ¢ € K1, 9 € J;. It follows that curl can be extended
as an isometry from J to (K3)' and K to (Ji)’. Similarly it extends as an
isometry from (K1) to (J2), (J1) to (K3)', (J2) to (K3), and (K3) to
(Js)
Summarizing we have the sequences
JsCcJhcJiCcJC (Jl)/ C (Jg)/ C (J3)I,

8.28
K3 CKyCK; CKC(Ky) C(Ky) C(Ks), (8:28)

with each space being continuously and densely embedded into the next one.
Moreover curl curl is an isometry from Js to Jy, Ja to J, Ji to (J1)', J to
(J2)', and (J1)" to (J3)’, and a similar result with J changed into K.

Define

H,=K, V=K, D(L)=K,, A(L)=Ks, L=curlcurl. (8.29)
The eigenvectors w; are given by the relations

curlcurlw; = A\jw;, divw; =0,
v-w; =0, vxcurlw;=0 onl, (8.30)

lw;| = 1.

We shall use the following relations among eigenvectors:
/ m - veurlw; - curlwy, dI = (n — 2)/\j Ak Sk
r
Owy, ow;
+ /Q Za:ma (/\jwj . Oz + A\pwy - ax(i) dx (8.31)

with again m(z) = z — xo.
Define next

Uy =L*(Iy), Uy ={vel?*I1):vxv=0}
@ = —7icurl, g2 = —70.

We can take
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(m¢,¢) = —R(io) /Fm.ycuﬂg-cuﬂg’ dI, V¢, ¢ € Ko, (8.32)
/ = 1 . . 4 /
(726D = g /Fm v Cdl, G, € Ko, (8.33)
1 ¢

Then all assumptions of Theorem 7.1 are satisfied, with N = 0.
We next interpret the system to be controlled. Consider (7.11) and (7.12);
we get for ¢y € Ko, ¥ € K

" + curlcurly = 0,

divy =0,

v-=0, vxcurlyy =0 on I
Y(T) = o, Y'(T) =1,

(8.35)

(1, (1)) = (Yo, n'(T) + g5v2(T))

T
:—/ [/ vl-"ylcurh/)dF—i-/ v2~'yo1//df] dt. (8.36)
0 I Iy

Now, we use the formula (see (5.22))

o
9 + Dy xvyy onl (8.37)

and similar relations on Iy and I. Using the fact that v; belongs to Uy, we
have

yeurly = v x

/ vy - yreurlp dl = —(Dq X vy, 119),
I

/ va - o' dI' = (JGv2, Yor).
Iy

We then can write (8.36) as follows (using the Method of Transposition):

7’ + curlcurln = 0,

divy =0,

n(0) = 1(0) = 0, (3.38)
v X cur177|1,1 =D’ Xy,

v X cur177|FO = —Jjva.

We see that v x 77|F1 belongs to L?(0,T; HY(I1)") and v x 77|FO belongs to

(H'(0,T; L*(Ip))". Let us then express the condition of exact controllability.
Given yo in K and y; in (K7)’, we consider the system
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n" + curlcurln = 0, ¢" 4 curlcurl ¢ = 0,

divn =0, dive =0,
1(0) =7'(0) =0, T =yo, 0(T)=w1, (8.39)
churln’n:D;lx’ylcurl(b, ¢-v=0,

chur1n|F0:J§¢’, v x curl ¢ =0,

which has a solution with ¢(0) € K; and ¢'(0) € K, at least for T sufficiently
large. Furthermore we know that n € C([0,T]; K}) and ' € L?([0,T]; K3).
Reducing (8.39) to Maxwell equations by setting

H=culy, E=-n, ¢=-cul¢,
we deduce the relations
E' = curl H,
H' +curl E =0, ¢ + curly =0,
r_
divE =divH =0, Y’ = curlg,
vx H|,. =D} xmy, dive = divey = 0, (8.40)
H 1 J* / E(T) = ET’ H(T) = HT7

Vv X ‘Fg_ 0¢7 ¢'V:0, qu/}:('L
E(0) = H(0) =0,

with

H € C([0,T]; J3),
H' e L*([0,TY; J3),
¢ € C([0,T]; K1),
¢' € C([0,T]; K),

E e L*((0,T]: K3),
E' € L2(0, T]; K),
¥ e C([0,T); J1),
' e C([0,T); J).

The values Er and Hp are any elements of K| and Jj, respectively. The
system (8.40) has a solution for T sufficiently large.

We now turn to another situation where we shall be able to use The-
orem 6.2 instead of Theorem 6.1 (which permitted to state Theorem 7.1).
However we assume the geometric condition

m-v > 0. (8.41)

Consider again (8.29). Take Uy = Uy = L3(I') and ¢; = —v, g2 = 0. We
define A, B as in §7.1 and §7.2. We note that B € D(A) and thus (6.31) is
satisfied. We then take

(M¢&,n) = R(lazo)/Fm"’L_lgl L7 nydrl, (8.42)

1 0
(A&, m) = Rizo) /szafl : 8;]1 da, (8.43)
(Q&,m) = R&O)Am-ycurlLflgl-curlLflnl dr. (8.44)
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Let us check the assumptions of Theorem 6.2, with N = 0. Thanks to
(8.41) the assumption (6.14) is satisfied and (6.15) is trivial. The property
(6.33) is clear from the definition of ¢, and that of M, A. From the definition
of @ and the relation (8.31) the property (6.34) is easily checked. It remains
to check (6.35) and (6.36). But

1
(MRe¢;,Red;) = 2R($O))\§/Fm'u|wj|2dl“7
1
: ) = . Lw.: |2
(QRed;, Re ;) 2R(:170)/\?/Fm v|curlw;|? dI’
and from (8.31)
1
(MRed;,Red;) — | (@QRed;, Reg;) =
j

therefore (6.35) is satisfied with

Now

J

1 — 1 . 12 _
(M Ry Reos) + ) (@Redy Reos) = o { [moshuyfar -1
and

ow;
m-u|w<|2df’:2/ mew; - . 7 dr+n
J v, [ Sy
= 4R(ZEO)(A Re gbj, Re (bj) +n,
and in particular the property (6.36) follows. The dynamic system is given by

n"” + curlcurln = 0,

divnp =0
= (8.45)
1n(0) =7'(0) =0,
v X cur1n|1, = —7.
We express the property of exact controllability as follows.
The system
1" + curlcurln = 0, ¢" + curlcurl ¢ = 0,
divn =0, dive =0,
T ’ , (8.46)
1n(0) =7'(0) =0, n(T) =yo. 7'(T) =y,

churlr]}F:*yqb, ¢-v=0, vxcurlp=0
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has a solution for T sufficiently large, with yo € K, y1 € K. Moreover
6(0) € K, ¢(0) € (K1)'. We have n € C([0,T}:K), of € C(0,T]: (K1)).
Reducing to Maxwell equations as above we obtain the system

E' =curl H, ¢ + curley = 0,

H' +curl E =0, Y = curl ,

divE=divH =0, { dive=dive =0, (8.47)
vx H|, =7¢, E(T)=Er, H(T)=Hr,

E(0) = H(0) =0, ¢-v=0, vxip=0.

For any given E7 and Hp in K and J, respectively, and for sufficiently large
T, the system (8.47) has a solution such that

H e C(o,T): J0), Eec([o T); K?),
H' € C([0,T7; J3), C([0,T]; K3),
¢ € C([0,T); K), weC([ ] )
¢ € C([0,T]; (K1)"), ¢ eC([0,T]; (1)),

and ¢ belongs to L*(0,T;L*(I)).

8.4 Plate equation

We begin with Neumann control. We take Hy, = L?(2), V, = H3(Q), D(L) =
H4(Q) N HZ(Q), and

L=A% A(L) ={z€ HQ): A%z € HF(Q)}.
The eigenvalues related to L are defined by
A?w; = Njw,,

8w3
Wjir = )

8.48
=0, fusl=1. (848)
12

Considering again the multiplier m(z) = 2 — o, we can check the relation

/m vAw; Awy dI”
= —n \/)\ )\kék—/Zm )\w dw —I—)\kwka dx. (8.49)
J o Ja a e,

We take Uy = Uy = L?(Ip), where we recall that I is the part of the boundary
on which m - v > 0. We pick ¢ = —79A and ¢ = 0.

It is useful to introduce the space H3(Q) N HZ (), intermediary between
Vi, and D(L), equipped with the norm ||z|| = |D(Az)|. Note that L is an
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isomorphism between H3 N HZ and H~'. We shall check the property of
approximate controllability for any T° > 0, by checking the assumptions of
Theorem 7.2. We take N = 0, and we define

no_ 1 . / o
(m¢, () = R(xs) /Fm VACAC AT,  mo =0, (8.50)

1 ¢
b(z,¢) = ~ R(xo) /Q;mazax dzx. (8.51)

[e3%

The properties (7.22), (7.23), and (7.24) are easily verified. As

Y
R(zo)

n

and b(w;, w;) = 2R(zo)’

(8.52)

(mw;, w;) =

the properties (7.25) and (7.29) are clear. It remains to check (7.30). We define
W = H} and the assumption (7.30) is satisfied. Therefore, all the assump-
tions of Theorem 7.2 are now satisfied. Thus the pair (A, B) is approximately
controllable for arbitrary positive 7T'. Let us interpret this result. The dynam-
ical system is described by

T
(1T = {whf (1) + Gen(T)) = = [ [ vAvdear (859
0o Jr,
for o € H* N HE and v; € HZ and ¢ being the solution of
W+ A% =,
Y(T) =y¢'(T) =0,
0
o= 2% =,

ov|p
v e C([0,T); H* N HE), ' € C([0,T]; HY).

(8.54)

We interpret (8.53) as follows:

'+ A%y =0,

n(0) =7'(0) = 0,
9
n|, =0, ﬂ —0,

n (8.55)

Io
neC0,T;VE), o € (0,7 (D).

Let us express the controllability property. Given yo € L%(Q), y1 € H2(Q),
the system
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N+ A =0, ¢"+ A% =0,

99
— — = =
n(0) =7'(0) =0, ‘b}F*al/ F*O’
on
np=0 ) n =0 n(T)=yo, 7(T)=u,
on
ov _A(b‘n”

¢ € C([0,T); Hy), ¢ € C([0,T];L?),
Adly, € L*(0,T; L2(I0))

has a solution for any 7' > 0.
We next consider a more elaborate case, where we control y and Ay on
the boundary. We need some notation. Let J,, be such that

JIp = {ZEH": Z‘F:0=Az‘r:07---74"_1/22}F=0}.

Hence J, = H&, Jo=H?N H& .... We provide J,, with the norm

1212 |A"/222, if n is even,
z =
T T DA 222, if nis odd.
We set Jo = L2(£2). The operator —A is an isometry from J, to J,_2, n > 2.
Denote J,, the dual of J,,, when Jj is the pivot space. Clearly —A extends
as an isometry between J, and J_,,_o, and we have the sequence

Jo.CIJp1CJpC---CJiCJgCJIJ_q4---CJ_p---.

In the above sequence, suppose that we pick J; to be the pivot space, identified
with its dual. Then the dual of Js is Jy, the dual of J3 is J_1, and the dual
of J, is J_p42.
The duality pairing is in the first case (Jy pivot)
(—2)"/2u, (—A)~"/ %), if n is even, (8.56)
(D(—=A)"=1/2q, D(—A)~"+1/2y), if n is odd '

with u € J,, v € J_,,.
Now in the case when J; is chosen as the pivot space, then the duality
pairing is given by

8.57
(D(=A)*12qu, D(—A)~"=1/2y), if n is odd (8:57)

{((—A)"/Qu, (—A)=/21y), if n is even,
with u € J,, v € J_p49.
We choose in the sequel J; to be the pivot space. Let H, = J1, Vi, = Js,
D(L) = Js, and A(L) = J7. Then V] = J_4, (D(L)) =J_3.
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We pick L = A2, The eigenvectors are defined by

A = Ay (5.58)
wj’F:ij‘p:O’ ijH:L

and the w; form an orthonormal system in J; the pivot space. We shall use
the relations

0 0
/Fm . l/ayij aVAwk dr

ow; owy,
= (2 + n)\/)\j)\kéjk — /Q ;ma ()\jAwk 8117; + A Aw; 8£Ca) dx, (8.59)
P 2 P 2
/Fm-l/(aVij) dF+AjAm-V(anj) dI' = 4\, (8.60)
We take Uy = Uy = L?(Ip). We recall that
0
"= oy
on Iy. We define ¢ = ngA4, g2 = ng. We then take
P | / 0 o .,
(m¢, ¢ = Ri(zo) Fm V(‘)VAC[)VAC dr, (8.61)
N1 / o .0 ,
126 = iy | VoS¢ T (5.62)
1 0z
b(z,() = — / meA dx. 8.63
(=0 == peoy |, Z € o (8.63)

Let us check that the assumptions of Theorem 7.2 are satisfied, with N = 0.
The properties (7.22) and (7.23) are clearly satisfied. The relation (7.24) can
also be checked, taking into account the fact that the w; are orthogonal in
H}. Let us check (7.25). We have

1
(miwj, w;) + (m2w;, w;)

B R(io) [/\13 /rmly \

J
2
8V ij

2 4

R(xo)

ar| -

wj

0
dF—i—/Fm-Vay

from (8.60). Hence (7.25) is verified. Let us check (7.29). We have

(7r2wj,wj) 2—n

blwj,wj) = =777, 2R(x0)’

hence
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1 2n
) — ) — Ab(ws . ws) —
by (771“’3 ) wj) (7T2w]7 wj) (wj ) U’J) R(xo)

and (7.29) is satisfied. Let us finally check (7.30). We take W, = J and note
that (o)
H{Zo

b < .

b(z, Q)] < Ri(zo) [ FAIIq W
As the injection of J3 into Js is compact the assumption (7.30) is also satisfied.
Therefore the assumptions of Theorem 7.2 are now satisfied. Thus the pair
(A, B) is exactly controllable for arbitrary positive T'.

The dynamic system is given by the relation

T o 9
(r, 0(T)) — (o, 1/ (T) + g3ua(T)) = /0 /F <vlayAw+vzayw') drdt,

(8.64)
where g € J5, 11 € J3, and 1 is the solution of
U+ A% =0,
w(T) :¢05 1/)/(T) :1/}17
w‘ = A = AQw -0 (8.65)
=BV, = 4%, =0
¢ € C([OuT]vjf))v 1// € C([OaT]7J3)
Writing ¢ = —An, we interpret (8.64) as follows:
"+ A% =0,
¢(0) = ¢'(0) =0,
C|p, =0, A, =0, (8.66)

<|F0 = V1, A<|F0 = ']0*’027
Ce L2(0,T;J_1) N C([0,T]; J_3), ¢ € L2([0,T]; J_5).

Let us express the controllability property. Given yg in J; and y; in J_3, the
system

M A =0, ¢+ A2 =0,

¢(0)=¢'(0)=0, ¢|.=A¢[,=0,

Clp, =0, Al =0, ¢(T) =y,

= 5 A0 Al =T g 0 (D) =,

¢ e L*(0,T;J-1)NC([0,T]; J-3), ¢ € C([0,T]; J3),
¢ € L*([0,T); J5), ¢ € C([0,T]; 1)

(8.67)

has a solution for T' > 0 arbitrary.

Remark 8.1. For other examples and results of exact controllability see J. L. Li-
ONS [1, 5] where the HUM method is presented in full generality, I. LASIECKA
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and R. TrIGGIANI [9, 10, 11, 13], R. TRIGGIANI [4], J. E. LAGNESE [1],
and J. E. LAGNESE and J. L. LioNs [1]. The Maxwell equation is treated in
J. E. LAGNESE [2]. The result of exact controllability for the plate equation
is given in E. ZUuAzUA [1] and I. LASIECKA and R. TRIGGIANI [13]. For the
use of microlocal analysis in the context of exact controllability, we refer to
C. BARDOS, G. LEBEAU, and J. RAUCH [1] O



Part IV

Quadratic Optimal Control: Finite Time
Horizon






1

Bounded Control Operators: Control Inside
the Domain

1 Introduction and setting of the problem

In this chapter we consider the dynamical system governed by the equation

{x'a) = Ax(t) + Bu(t), t>0, (1.1)

where A: D(A) C H — H, B: U — H are linear operators defined on the
Hilbert spaces H (state space) and U (control space), respectively. = is the
state and u the control of the system. We shall also consider another Hilbert
space Y, the space of observations. The inner product and norm in H, U, and
Y will be denoted by (-,-) and |-|. Whenever confusion is possible a subscript
H, U or Y will be added.

Given T' > 0, we want to minimize the cost function

T
J(u) = /0 {|Ca:(s)|2 + |u(s)|2} ds + (Pox(T), z(T)) (1.2)

over all controls u € L?(0,T; U) subject to the differential equation constraint
(1.1). Concerning the operators A, B, C, and Py we shall assume that

(i) A generates a strongly continuous semigroup e on H,
(i) Be L(U;H),

(iii) Py € L(H) is hermitian and non-negative,

) CeL(H;Y).

(H)
(iv

We shall also say that (A, B,C, Py) verifies assumptions (H). Assumption
(H)—(iv) means that the observation operator is bounded. However in §4 be-
low we shall also consider the more general situation when C' is unbounded.
Under assumptions (H)—(i)—(ii), problem (1.1) has a unique mild solution
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x € C([0,T); H) for any 29 € H and any u € L?(0,T;U) (see Part I, Chap-
ter 1, §3.1). Moreover z is given by the expression

t
z(t) = et +/ e(=94 Buy(s) ds.
0

A function u* € L?(0,T;U) is called an optimal control if
J(w*) < J(u), Yue L*0,T;U).

In this case the corresponding solution of (1.1) is called an optimal state
and the pair (u*,z*) an optimal pair. Under hypotheses (H) it is easy to see
that there exists a unique optimal control (because the quadratic form J(u)
is coercive on L2(0,7T;U)). However we are interested in showing that the
optimal control can be obtained as a feedback control (synthesis problem). For
this purpose we shall describe the Dynamic Programming approach, which
consists, essentially, in the following two steps:

Step 1.
We solve the Riccati equation
P'=A*P+ PA— PBB*P + C*C,
{P( )= P.
Step 2.

We prove that the optimal control u* is related to the optimal state * by the
feedback formula

u*(t) = —B*P(T — t)z*(t), tel0,T],
and moreover that z* is the solution of the closed loop equation

{a:’(t) [A— BB*P(T — t)]z(t), te[0,T],

2 Solution of the Riccati equation

2.1 Notation and preliminaries
We first introduce some notation. Let H be a complex Hilbert space; define

Y(H)={T € L(H): T is hermitian},
YXHH)={T e XH): (Tz,z) >0,Yz € H}.
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The space X'(H), endowed with the norm of £L(H), is a real Banach space
and YT (H) is a cone in Y (H). For any interval I in R, we shall denote by
C(I;E(H)) the set of all continuous mappings from I to X (H). We next
consider the set of all strongly continuous mappings F: I — X(H) (that
is, such that F(-)z is continuous for any = € H). We shall mainly use the
following concept of convergence, called strong convergence. A sequence {F,}
is strongly convergent to F' if
Vo € H, nILH;an()$:F()x in C(I; H),

where C(I; H) is endowed with the topology of uniform convergence on com-
pact subsets of I. This topological space will be denoted by C (I; E(H)) Ifr
is compact we can also consider a stronger topology. Indeed, if F' is strongly

continuous, the number
| F'll = sup [ F'(¢)]] (2.1)
tel

is finite by virtue of the Uniform Boundedness Theorem. The space of all
strongly continuous mappings F': I — X(H), endowed with the norm (2.1),
is a Banach space and will be referred to as C, (I; E(H)), where the subscript
u stands for uniform convergence. Note that the spaces C, (I; X (H)) and
Cs (I ; X (H )) are equal as sets, but their topologies are different. In particular
C(I;X(H)) is a proper closed subspace of C,(I; X(H)), but it is a dense
subspace of C,(I; X(H)) if H is separable. (The fact that H is separable will
not be used in the sequel.) If F' € C,(I; X(H)), then it is easy to check that
IF(-)|| is Lebesgue measurable (see N. DUNFORD and R. S. SCHWARTZ [1],
Lemma 3, p. 616).

Remark 2.1. The above terminology is both natural and convenient, but it
may deserve some extra general comments. Given a compact interval I in R,
there are two underlying spaces C'(I; £(H)) and £L(H; C(I; H)) and the space
L(H;C(I; H)) has two different topologies. The notation C,, (I; L(H)) applies
to the space E(H; C(I H)) endowed with its natural Banach space topology;
Cs (I s L(H )) denotes the same space endowed with the weaker non-Banach
topology 75 of pointwise convergence:

anp — a <= Vo € H, an(z) — a(z) in C(I; H).

The space E(H ;C(I;H )) coincides with the space of all strongly continuous
mappings A: I — L(H). The mapping A induces a map a: H — C(I[; H)
defined by a(z)(t) = A(t)z and because

Vax € H, supl|A(t)z| < oo,
tel

we conclude from the Uniform Boundedness Theorem that

sup [|A(t)| £z < o0
tel
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By interchanging the order of the sup’s

sup sup |A(t)z| = sup sup |A(t)z| = sup [|A(t)||lzcm),
le|=1 tel tel |x|=1 tel
we conclude that a belongs to £(H;C(I;H)). Using this construction the
space C’(I s L(H )) of all uniformly continuous mappings can be identified
with a closed but smaller subspace of L(H ;C(I; H )) because the norm on
L(H;C(I; H)) coincides with the norm on C(I; L(H)) by interchanging the
sup’s. In particular £ (H ;C(LH )) contains all strongly continuous semigroups
of class Cy, whereas C(I;L(H)) only contains uniformly continuous semi-
groups. The reader can easily check that the space E(H ;C(IH )), endowed
with the weaker topology 7, remains closed, but the space C(I; E(H)) is now
dense when H is separable. a

We define C1(I; X(H)) as the set of all mappings F' € Cs (I; ¥(H)), which
are strongly differentiable (that is, such that F(-)x is differentiable for any
x € H) and such that their derivative belongs to Cs(I; X(H)). We set

Ci(;XT(H)) ={F eCLI;X(H)): F(t) € X" (H),Vt € I'}.

Finally we denote by C®(I; £(H)) the set of all Hélder continuous mappings
from I to X'(H) with exponent « € ]0, 1].

We are given a linear operator A that is the infinitesimal generator of a
strongly continuous semigroup e‘4 in H. By the Hille-Yosida theorem, there
exist M > 1 and w € R such that

et < Me*t and ||| < Me*t, ¢ >0, (2.2)
where the A,,’s are the Yosida approximations of A. For any T' > 0 we set
My = sup{||e!*|: t € [0,T],n € N}.

Finally we denote by A* the adjoint operator of A.

In the sequel, we shall need a generalization of the Contraction Map-
ping Principle. Let T" > 0, and let {v,} be a sequence of mappings from
C.([0,T); Z(H)) into itself such that

[7(P) = m(Q)I| < ol P = Q,

for all P,Q € C,,([0,T]; £(H)) and all n € N, where a € [0, 1].
Moreover assume that there exists a mapping v from the space C,, ([0, TY;
Y(H)) into itself such that

lim 47" (P) =~™(P) in Cs([0,T}); 2(H)), (2.3)

n—oo

for all P € C,([0,T]; ¥(H)) and all m € N, where ™ and ;7" are defined by
recurrence as
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Y=, ATH(P) =9 (Y™(P)),
T =T M HP) = (9H(P)),
form=2,3,...,and P € Cs([O, TY; Z‘(H)) It is easy to check that

Iv(P) =@l < ellP = Qll, ¥P,Q € Cu([0,T]; L(H)).

Then, by the Contraction Mapping Principle, there exist unique P, and P in
C.([0,T); Z(H)) such that

’Yn(Pn):Pn and W(P):P
However, as we do not assume that
Yn(P) — v(P) in C’u([O,T];E(H)),

we cannot conclude that P, — P in Cy([0,T]; ¥(H)), but a weaker result
holds.

Lemma 2.1. Under the previous hypotheses on the sequence of mappings

{n}s
P, — P in Cy([0,T]; 2(H)).
Proof. Set
P°=0, P?=0,
and define

P™ =~™(P%, P™=~m(PY), m=12

g Ly oo

By the Contraction Mapping Principle, we have
lim P" =P, lim P™" =P, in C, ([0,T); 2(H)), n=12....

Moreover
|P=P™ <> a* Iy (PO, (1Po =PI <Y oF|lym (PO
k=m k=m

Now fix z in H; then for all ¢ in [0,T]
[P(t)z — Po(t)a| < |P(t)z — P™ ()| + [P (t)z — P (t)x]
+ [Pl (t)x — Py(t)z]. (2.4)

Given € > 0, there exists m. € N such that

oo

> @ IR PO+ [ (PO} < 5 (2:5)

k=m

for all m > m. and all n € N. By (2.4) and (2.5) it follows that
|P(t)a — Py (t)z] < ; +|P™= () — P (t)x|, Wt € [0,T). (2.6)

Now (2.3) yields the conclusion. O
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2.2 Riccati equation

Let A, B, C, and Py be given linear operators such that assumptions (H) are
verified. Consider the following Riccati equation:

P’ = A*P+ PA— PBB*P + C*C, o
P(0) '

= P,.

Problem (2.7) was studied by several authors when H, U, and Y are fi-
nite dimensional. We recall the pioneering work in the early papers by
R. E. KALMAN [2] and W. M. WONHAM [2]. The first systematic approach
in the infinite dimensional case is due to J. L. LI1ONS [3] who solved (2.7) by
variational methods. Here we follow the direct approach by G. DA PRATO [1].
For other results see D. L. LUKES and D. L. RUSSELL [1], R. TEMAM [1],
L. TARTAR [1], and R. F. CURTAIN and A. J. PRITCHARD [1].

As the operator A is unbounded it is not clear a priori what a solution
of (2.7) means. We shall define now two kinds of solutions: mild solutions
and weak solutions. It is also possible to define a notion of strict solution and
classical solution. These definitions are more technical and will be given in §3.
We first notice that if A € L(H), then, as is easily checked, problem (2.7) is
equivalent to the following integral equation:

t
P(t)z = ' Pyeta + / A O Cet M ds
0
t
—/ =4 P(s)BB*P(s)e' "2 ds, xe H. (2.8)
0

Now (2.8) is meaningful for any A, which satisfies assumptions (). In particu-
lar the right-hand side of (2.8) belongs to the function space Cs([0,T]; X(H))
and it is natural to seek solutions in that space.

Definition 2.1.
(i) A mild solution of problem (2.7) in the interval [0, 7] is a function P €
C;([0,T); Z(H)) that verifies the integral equation (2.8).
(ii) A weak solution of problem (2.7) in the interval [0,7] is a function
P € C([0,T); ¥(H)) such that, P(0) = P, and, for any z,y € D(A),
(P(-)z,y) is differentiable in [0, T] and verifies the equation

d

4 (PO)2.9) = (P(t)z, Ay) + (P(t) Az, )

— (B*P(t)z, B*P(t)y) + (Cz,Cy). (2.9)
(|

Note that the choice of the space Cs([0,T]; ¥(H)) is natural because the
mapping t — e*4 is in general strongly continuous but not uniformly contin-
uous.
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Proposition 2.1. Let P € Cy([0,T]; X(H)). Then P is a mild solution of
problem (2.7) if and only if P is a weak solution of (2.7).

Proof. If P is a mild solution of (2.7), then for any x,y € D(A) we have

t
(P(t)z,y) = (PoetAx,etAy)—i—/ ([C*C—P(s)BB*P(s)]e" =4z, =944 ds.
0

It follows that (P(t)x,y) is differentiable with respect to ¢t and, by a simple
computation, that (2.9) holds. Conversely if P is a weak solution, then it is
easy to check that for all z,y € D(A)

d

i (P(S)e(t_s)A:Z?, B(t_S)Ay)

= (Oe(t—s)Az, Oe(t—s)Ay) o (B*P(t)e(t_S)Ax, B*P(t)e(t_S)Ay).

Integrating from 0 to ¢ we obtain

¢
(P(t)z,y) = (e Pyeta, y)—|—/ (e(tfs)A* [C*C—P(s)BB*P(s)]e" 4z, y) ds
0

for all x,y € D(A). As D(A) is dense in H, (2.8) follows. O
It is useful to introduce the approximating problem:

P! = A%P, + Py A, — P,BB*P, + C*C,
{ L= APt + (2.10)

P,(0) = Py,
where A,, = n?R(n, A) — nl is the Yosida approximation of A and R(n, A)

is the resolvent of A. Problem (2.10) is obviously equivalent to the following
integral equation:

t
P, (t) = 'A% PyetAn —|—/ e AnC*CetAn ds
0

t
—/ (=40 P, () BB* Py (s)et=*)4n ds.
0

We now solve problem (2.7). We first prove the local existence of a solution.

Lemma 2.2. Assume that (H) is verified, fix T > 0, set
r=2Mz| P, (2.11)
and let T be such that
T€]0, 7], (ICIF +r*|BIIP) < [Poll,  2rMiT < 5, (2.12)

where My has been previously defined just below (2.2). Then problems (2.7)
and (2.10) have unique mild solutions P and P, in the ball
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B, , = {F € Cu([O,T];E(H)): |1F| < r}.

Moreover
lim P, =P inCs([0,7]; 2(H)). (2.13)

n—oo

Proof. Equation (2.8) (resp. the integral version of (2.10)) can be written in
the form

P =~(P) (resp. P, = yn(Pn)),
where for x € H

t
Y(P)(t)x = e PoetAa + / e(=9A[C*C — P(s)BB*P(s)]e""94z ds
0
and

t
Y (P)(t)z = et PyetAna + / =945 [C*C — P(s)BB*P(s)]e!* 94z ds.
0

Choose now r and 7 such that (2.11) and (2.12) hold. We show that v and 7,
are %—contractions on the ball B, . of Cu([O, 7l; E(H)) Let in fact P € B, ;.
Then, recalling (2.2), we have

W (P) (x| < ME{|Poll + 7[ICI1* + 2| B]|*]}
< 2M7| Byl |a,

and analogously
7 (P)(8)z] < 2M7[| Poll |-

It follows that
V@)D <7 [wP)OIN <7,  Vte[0,7], n€N, P€ B,

so that v and v, map B, ; into B, .
For P,Q € B, ; we have

V(P)(t)z =7 (@Q)(t)r= / 94 (PBB* (Q-P)+HQ-P)BE*Ql(s)e e ds,
0
and a similar formula holds for ~,,(P)(t)x — 7, (Q)(t)x. It follows that

Iv(P)(t) = (@)@l < 2rMZ7||BIP||IP - Q|| < 51I1P ~Q,
[ (P)(t) = 7 (@)@ < 2rME7|B|?|P = Q| < 311P - Qll.
Thus v and ~,, are ;-contractions in B, ; and there exist unique mild solutions

P and P, in B, .. Finally (2.13) follows from Lemma 2.1. a
We now prove global uniqueness.
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Lemma 2.3. Assume that (H) is verified, let T > 0, and let P, Q be two mild
solutions of problem (2.7) in [0,T]. Then P = Q.

Proof. Set

a= sup max{[[P(@®)[,[|Q®)]};
t€[0,T]

« is finite by the Uniform Boundedness Theorem. Choose r > 0 and 7 € [0, T
such that
r=2Mja, 7(|CI*+r*|B|*) <o, 2rMiT <.

By Lemma 2.2 it follows that P(t) = Q(t) for any ¢ € [0, 7]. It is now sufficient
to repeat this argument in the interval [r, 27] and so on. O
The main result of this section is the following theorem.

Theorem 2.1. Assume that (H) is verified. Then problem (2.7) has a unique
mild solution P € Cs([0,00[; X7 (H)). Moreover, for each n € N, problem
(2.10) has a unique solution P, € C([0,00[; X (H)) and

lim P, =P inCs([0,T); X(H)),

for any T > 0.

Proof. Fix T > 0, set 3 = M2(||Py||+T||C||?), and choose r > 0 and € ]0, T
such that

r=26Mz, t(|C|*+r*|B|*) < B, 2rTMi <.

By Lemma 2.3 there exists a unique solution P (resp. P,) of (2.7) (resp.
(2.10)) in [0,7], and P, — P in Cs([0, 7]; ¥(H)). We now prove that

P,(t) >0, Vte]o,7]. (2.14)
This will imply that
P(t) >0, Vte]|o,7]. (2.15)

To this end we notice that P, is the solution of the following linear problem
in [0, 7]:

P =L:;P,+ P,L,+C*C, P,(0)= P,
where L, = A,, — ;BB*Pn. Denote by U, (t,s), 0 < s <t < 7, the evolution
operator associated with L (see Part II, Chapter 1 §3.5). Then we can write
the solution P, (t) as

t
Po(t) = Un (L, 0) Pyl (2,0) + /0 Un(t, $)C*C U (. 5) ds.

Thus (2.14) and (2.15) follow immediately.
We now prove that, for n large enough, we have
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P(t)<BI, P.(t)<pI, Vte[0,7]. (2.16)

These inequalities will allow us to repeat the previous argument in the interval
[1,27] and so on. In this way the theorem will be proved. We have in fact

t
(Pa(t)z,2) = (Poe'ra, etna) +/ |CesAng|? ds
0

t
f/ |B* P, (s)e"=94n 2|2 ds < Blz|?.
0

As P,(t) > 0 this implies (2.16). The proof is complete. O
We now prove continuous dependence with respect to the data. Consider a
sequence of Riccati equations

{(Pk)' = A} P* + PR Ay — P*By B PF + Gy, (2.17)

PH0) = Py,
under the following hypotheses:

(i) for any k € N, (A, By, C, Py) fulfill (H),
(i) forall7 >0 and all z € H,

lim e**z = ez uniformly in [0, 7],
k—o0

(i) for all T> 0 and all z € H,
AL ) (2.18)

lim ez = ¢! 2 uniformly in [0, 77,

k—oo
(iv) the sequences { B}, {Br}, {Ck}, {Cs}, {P(;“} are
strongly convergent to B, B*,C,C*, P,

respectively.

Theorem 2.2. Assume that (H) and (2.18) hold. Let P and Py, be the respec-
tive mild solutions to (2.7) and (2.17). Then, for any T > 0, we have

lim P =P in C.([0,T); H). (2.19)

Proof. Fix T > 0. By the Uniform Boundedness Theorem there exist positive
numbers p, b, and ¢ such that

IPYI <p, NCiCill e |IBBi <b,  VkeN.
Set 3= MZ2(p+ cT') and choose r and 7 € |0, T| such that
r=2M3B3, t(c+1r*)<B, 2Mir <.

Then, arguing as we did in the proof of Lemma 2.2 we can show that P*(-)z —
P(:)x in C([0,7]; H) for any z in H. Finally, proceeding as in the proof of
Theorem 2.1, we prove that this argument can be iterated in the interval
[1,27] and so on. O
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We conclude this section by proving an important monotonicity property
of the solutions of the Riccati equation (2.7).

Proposition 2.2. Consider the Riccati equations:

P = A*P, + P,A— P,B;B*P; + C*C;,
{ : + it (2.20)

Pi(0) =P, i=1,2.
Assume that (A;, Bi, Ci, P;o), verify (H) fori=1,2 and in addition that
Py <Py, C7Cy<C3Cy, ByB;<BiB;.

Then we have

Pi(t) < Py(t), t>0. (2.21)

Proof. Due to Theorem 2.1 it is sufficient to prove (2.21) when A is bounded
(because we can approximate A with the sequence of bounded operators A,,).
Set Z = P, — Py; then, as easily checked, Z is the solution to the linear
problem:

Z' = X*Z + ZX — P3|BsB} — B1Bi| Py + C3Cs — CFCh,
Z(0)=Pog— Pio,

where

X = A— 1B B;(P +P,).

Let V (¢, s) be the evolution operator associated with X*. Then we have

t
Z(t) =V (t,0)(Pe,o — P1,0)V*(t,0) +/ V(t, s){C5C2 — CTC1}V*(t,5) ds
0
t
+ / V(t,s)Pi(s)[B1B} — B2B31P1(s)V*(¢t,s)ds
0
so that Z(t) > 0 and the conclusion follows. O

2.3 Representation formulas for the solution of the Riccati
equation

We want here to give an explicit formula for the solution of the Riccati equa-
tion (2.7). In fact several variants are possible; see A. V. BALAKRISHNAN [4]
and I. LASIECKA and R. TRIGGIANI [1, 3].

We assume that (H) is verified and introduce the operator

Ky € L(L*(0,¢; H); L*(0,t; H))

defined by
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(Kix)(s) = /te(”S)Az(p) dp, =€ L*0,t;H), s € 10,1].
Its adjoint K} € E(LQ(O,t;H);LQ(O,t;H)) is given by
(Kyx)(s) = /5 e~ (o) do, s € 0,1).

0

In fact Ky, K; € L£(L*(0,t;H);C([0,¢]; H)) (with K; not representing the
dual for these functional spaces). Therefore we can define KY€ £L(L?(0,¢; H); H)
as the operator

t
Kz = (Kx)(0) = / ePAx(p)dp, x € L*(0,t; H),
0

and its dual (KP)* € £(H;L*(0,t; H)) is given by

*

[(K2)*R)(s) = e**" h, he H.
We can assert the following proposition.
Proposition 2.3. Assume that (H) is verified, and let P be the mild solution
of (2.7). Then one has the formula
P(t) = [I + (K;C*CK, + (K{)*PyK{)BB*] "

X [KfC*Cet=)A 1 (K2)* Pyett(t).  (2.22)
Proof. We first clarify the meaning of the right-hand side of (2.22). For fixed ¢,
e(t=)4 is the operator in £(H; L*(0,t; H)) defined by h — e(=*)4h, s €]0,1[.
Next C' € L(H;Y) is identified with an element of £(L?(0,t; H); L*(0,t;Y))

defined b
amee Cz(-)(s) = Cx(s).

Similarly B € £(L*(0,t;U); L*(0,¢; H)) and analogous considerations hold
for C*, B*. Then the operator

Ay =1+ (K{C*CK, + (K})*P,K,)BB*

is an element of £(L?(0,¢; H); L*(0,t; H)), which even belongs to £(L?(0,t; H);
C([0,t]; H)). According to Proposition 1.1 in Appendix A, it is invertible and

A7t e L(L2(0,4 H); C((0,1]; H))
and finally
ATHEFC* O 4 (KDY Poet] € L(H;O([0,1]; H)),

and it makes sense to take its value at time ¢, defining in this way an element
of L(H), and therefore (2.22) has a meaning.
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We shall proceed with the formal derivation of (2.22). The rigorous deriva-
tion is first done for the approximation (2.10), where the formal computations
are valid, because A,, is bounded, and then the final result is obtained by going
to the limit. Define X (¢, s) to be the solution of the problem

8X(t,5) _ _ * s S S
~ . =(A-BBP()X(ts), 0<t<s, (2.23)
X(t,t)=1.

Define next
Z(t,s) = P(s)X(t,s).

An easy computation (from the Riccati equation and (2.23)) shows that the
pair X (¢,s), Z(t, s) is the solution of the Hamiltonian system

76X6(t, ) _ AX(ts)— BB*Z(t ),

S

0z g’ ) A2t 5) + COX (1, 5), (2.24)
S

Z(t,0) = B X(t,0), X(t,t)=1.
Therefore we have

Z(t,s) = N Py X (t,0) + / =D C*CX (t,0) do,
. 0
X(t,s) =et=94 / eP=IABB*Z(t, p) dp,

and combining the two relations we obtain
. t
Z(t,s) = eV Py {etA - / ePABB*Z(t, p) dp}
0
s t
—|—/ = o0 {e(t_“)A - / eP=DABB*Z(t, p) dp} do.
0 o

Setting Z;(s) = Z(t,s) € L(L*(0,t; H); L*(0,¢; H)), this relation reads as

Zi + (K" P KBB*Z, + K} C*CK,BB*Z, = K;C*Ce''™)4 4 (K?)* Pye!?.

As P(t) = Zi(t) = Z(t,t), we obtain formula (2.22). O

3 Strict and classical solutions of the Riccati equation

In this section we are interested in strict and classical solutions of the Riccati
equation. The section is divided into three subsections, namely the general
case, the case when e/ is an analytic semigroup, and finally the case when A
is a variational operator. In §3.1 and §3.2 we follow G. DA PraATO [1].
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3.1 The general case

In order to define strict solutions to (2.7), we need to give a precise meaning
to the linear mapping A: T — A(T) = A*T + TA. For any T € X(H) we set

pr(e,y) = (Tw, Ay) + (Az, Ty), 2,y € D(A) (3.1)
and define
D(A)={T € X¥(H): @r is continuous in H x H}. (3.2)

If T € D(A) then ¢r has a unique extension (which we still denote by 1)
as a continuous sesquilinear form in H x H. In this case there exists a linear
operator that we denote by A(T') € X(H) such that

(A(T)z,y) =or(z,y), x,y€ D(A), T € D(A). (3.3)

Thus we have defined a linear operator from D(A) C Y (H) — X(H). Tt is
easy to check that A is closed in X (H). However D(A) is not dense in X(H)
in general. The following proposition shows the relationship between A(T)
and A*T +TA .

Proposition 3.1. Let T € D(A). Then for any x € D(A) we have Tz €
D(A*) and
A(T)x = ATz + T Ax. (3.4)
Proof. For any x,y € D(A) we have
(T, Ay) = pr(x,y) — (Az, Ty).
It follows that, for x € D(A), the linear mapping
y — (Tz,Ay): D(A) —C,
is continuous for H. This implies that Tz € D(A*) and for all y € H
(A(D)z,y) = pr(@,y) = (ATw,y) + (TAz,y),

which proves (3.4). O
Remark 3.1. We define a semigroup on X(H)

eAT) = Te!, >0, T e S(H). (3.5)

Notice that e is not strongly continuous in general (this should imply that
eA(T) — T ast — 0 in L(H)). However it is easy to see that

M) — Te ast — 0, Ve e H, VT € X(H). O
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We now return to the Riccati equation (2.7), which we write in the form
P' = A(P) — PBB*P + C*C, P(0) = P,. (3.6)
We say that P is a strict solution to the Riccati equation (2.7) (or (3.6)) if

(i) PeC([0,00) Z(H)),
(i) P(t) € D(A), vVt >0, (3.7)
(iii) A(P) € Cs([0,00[; Z(H)) and (3.6) holds.

Remark 3.2. Assume that P is a strict solution of problem (2.7). By Propo-
sition 3.1 it follows that for any « € D(A), P(t)x € D(A*) and the following
equation holds:

P'(t)xr = A*P(t)x + P(t)Az — P(t)BB*P(t)x + C*Cx. (3.8)

By (3.8) one can easily check that P is a weak solution of problem (2.7). Thus,
by Proposition 2.2, a strict solution is a mild solution of (2.7). O

Proposition 3.2. Assume that (H) is verified and that Py € D(A). Then the
Riccati equation (2.7) has a unique strict solution.

Proof. Uniqueness follows from Theorem 2.1. Let us prove existence. Fix T >
0 and let P (resp. P,) be the mild solution of (2.7) (resp. (2.10)). Set

An(S)=A;S+SA,, n>w, SeX(H),

where the A,,’s are the Yosida approximations of A and w is given in (2.2)
(note that the A4,,’s are not the Yosida approximations of A). We have

P! = A,(P,) — P,BB*P, + C*C,
P,(0) = Py.

Moreover V,, = P! is the solution of the problem

V! = An(Vy,) — P,BB*V,, — V,BB*P,,
V,,(0) = A,(Py) — PyBB*Py + C*C.

We want to show that V,,(+)x is convergent, as n — oo, to V(-)z in C([0,T]; H),
where V' is the solution to the following linear integral equation: For all x in
* t *
V(t)z=e V(O)etAx—/ A [P(s)BB*V (5)+V (s)BB* P(s)]e"™ 4z ds,
0

which can be easily solved by successive approximations. In fact, by using
similar arguments as in the proof of Lemma 2.2, it follows that
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P, — P, V.. =V in Cs([0,T); H).

As V,, = P/, we have that P € C}([0,T]; H). It remains to show that P(t) €
D(A) and that (3.6) holds. Fix ¢t > 0 and let ,y € D(A). We have

er@(@,y) = (P(t)z, Ay) + (Az, P(t)y)

Jim [(Po(t)x, Any) + (Anz, Pa(t)y)]

lim (A, (Pa(t))z,y)

lim [(Va(t)z,y) + (Pu(t)BB*Py(t)z,y) — (C*Cx,y)]
(V(t)z,y) + (P(t)BB*P(t)z,y) — (C*Cz,y).

It follows that P(t) € D(A) and

A(P(t)) = P'(t) + P(t)BB*P(t) — C*C. 0

3.2 The analytic case

We assume here that the semigroup 4 is analytic. Then there exists ¢ > 0
and v > 0 such that

4] S0y dnet <Gt o<l (39)
As et (T) = etAnTetAn VT € L(H), it follows that
2 2
el < e, e <5 e 0<t<t (310)

Moreover the semigroup etA, defined by (3.5), is clearly analytic for ¢ > 0.
We now introduce the notion of classical solution. We say that P €
C;([0,00[ ; X(H)) is a classical solution of the Riccati equation (2.7) if
(i) for any ¢ > 0, P(t) is differentiable, P(t) € D(A) and
P'(t) = A(P(t)) — P(t)BB*P(t) + C*C, t>0,
(ii) P(0) = Fo.
Proposition 3.3. Assume that (H) is verified and that €' is an analytic

semigroup. If P € Cy([0,00[ ; X(H)) is a classical solution of (2.7), then P
is a weak solution and a mild solution of (2.7).

Proof. Let P be a classical solution, let z,y € D(A), and let ¢ > 0. By
Proposition 3.1 we have P(t)xr € D(A*) and

A(P(t))z = A*P(t)z + P(t)Ax.

It follows that
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d
dt

for all t > 0. By integrating this identity between ¢ > 0 and ¢, and letting
¢ tend to 0, we find that P is a weak solution and then a mild solution of

(P(t)z,y) = (P(t)z,y) + (P(t)Azx,y) — (B*P(t)z,B*P(t)y) + (Cz,Cy)

(2.7). O
Remark 3.3. By Proposition 3.3 it follows that there exists at most one clas-
sical solution of (2.7). O

Theorem 3.1. Assume (H) and that et is an analytic semigroup. If P €
Cs([0,00[; X(H)) is the mild solution of (2.7), then P is a classical solution
and belongs to C*([e,00[; X(H)), Ve > 0.

In order to prove Theorem 3.1 we need the following two lemmas.

Lemma 3.1. Assume that €' is an analytic semigroup. Let E € CS([O,T];
Y(H)) for some T >0, and let F be defined by

t
F(t)x = / =V B(s)e Az ds, x e H.
0
Then for any o € 10,1[, we have F € C*([0,T); X(H)) and there exists a
constant Cp > 0 such that
|F(t)z — F(r)z| < Cplt = r|*|Ellcgo,r eyl

for all t,r > 0.
Proof. Let x € H and 0 < r <t <T. We have

F(t)z—F(r):c:/ =94 (g xds+/ /t ) Ae”M)(E(s))x do.

T

Taking into account (3.10) we have

T t—sd
17w - Fol < e {je=rt+ [Cas [y,
0 r—s O
t—s d t—s 1 T
/ ds/ i / T—s)_o‘ds/ o ldo < |t—r|°‘/ (r—s)~%ds,
r— r—s « 0

the conclusion follows. m|

Lemma 3.2. Assume that et is an analytic semigroup. Let oo € 10,1[, M €
C*([0,T); X(H)), and let G be defined by

t
G(t)x :/ e M (s)e' =% ds, xe H. (3.11)
0

Then G € C*([0,T]; X(H)) N C([0,T]; D(A)) and
G'(t) = A(G(t)) + M(¢).
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Proof. Set
¢
Gp(t)r = / e(t=3)An (M(s))zds.
0

Then we have
G (t) = / t A=A (M (s) — M(t)) ds + ™A (M (t)). (3.12)
0

By using (3.10) we have

[ Anel=4 (M (s) = M(D) | < 263%™t — ol My (3.13)
where 12(t) — M(5)|
— S
Mo = sup L)1
0<t<s<T |t — s

By (3.12) and (3.13), it follows that G € C*([0,T]; ¥(H)) and
G'(t)x = / t Ae' DA (M (s) — M(t))a ds + "4 (M(t))z.
0

Finally, arguing as we did in the proof of Proposition 3.2, we find that G €
C([0,T); D(A)) and that (3.11) holds. O
Proof. Proof of Theorem 3.1. Let P be the mild solution of (2.7), which we
write in the form

t
P(t)x = ' Pyt a + / =94 B(s)et=) 4 ds, (3.14)
0

where z € H and E = C*C — PBB*P. As !4 Pye!# is analytic in t for t > 0,
from Lemma 3.1 we have P € C%([e,T}; ¥(H)) for 0 < e < T, a € ]0,1].
Moreover for all x in H and t > ¢

t
P(t)z = =94 Pe)elt =94 + / =94 B(5)et=9) 4 ds.
g

From Lemma 3.2, it follows that
P e C'([26,T); X(H)) N C([26,T); D(A)), 0<2<T,

which implies E € C*([2¢,T]; X¥(H)). Moreover, by the identity

t
P(t)z = ' 294" p(2¢)et 24 4 / eV E{t —0)e"xdo, xeH,
2e

with ¢ > 2, it follows that P € C?([3¢,T]; X(H)), 0 < 3¢ < T. By repeating
this argument several times we find P € C* ([¢,T]; X (H)), for any € > 0, as
required. a
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The next corollary follows easily from (3.9).

Corollary 3.1. Assume that (H) is verified and let e!4 be an analytic semi-
group. Let P € Cs([0,00[ ; H) be the classical solution to (2.7). Then P belongs
to C([e,00[ ; L(H; D((—A*)'72))) for all e €]0,1].

Theorem 3.2. Assume that (H) is verified and that the semigroup et? is

analytic in the sector Sy = {\ € C: |arg\| < 0} for some 6 € |0,7/2[. Let P
be the classical solution of problem (2.7). Then P has an analytical extension,
as a function with values in X(H), on the sector Sp.

Proof. Define r and 7 as in (2.12). Then by Lemma 2.2 we have

P()z = lim P™()z in C([0,7]; H), r € H,

where P(™) are defined by recurrence as
PO )z = e PyetAn

t
P(m+1)(t)x — etA*PoetA:C +/ e(t=9)A" o e(t=9)A 0 ds
0

t
- / (=4 p(m) () BB* ™) (5)e(t )4 4 ds.
0

Clearly P(™)(.)z are analytic in Sp. Thus by a classical result, P(-)x is analytic
in Sy for any x € H. This yields the conclusion (see for instance A. E. TAy-
LOR [1], Theorem 4.4.F). O

3.3 The variational case

We consider here the situation described in Chapter 2 of Part II. We assume
that there exists a Hilbert space V' such that V C H, algebraically and topo-
logically, and V' is dense in H. Moreover, H is identified with its dual, and
V € H C V', where V' is the dual of V. We denote by (-,) the duality pair-
ing between V and V'’ and by || - || the norm on V (recall that |- | and (-,-)
represent the norm and the scalar product in H). Let a: V xV — R be a
V—H coercive continuous bilinear form; that is

Ja>0, INER, VzeV, a(v,v)+Av*>a|v|*
Let —A: D(A) C H — H be the operator generated by a
—(Av,v) = a(v,v), Yve D(A),

and denote by A, the operator A — A\I. The operator Ay, as well as A, is
the generator of an analytic semigroup on H (cf. Part II, Chapter 1, §2.7,
Theorem 2.12). Moreover we have seen that when
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Da(3,2) = Da: (3,2),
then
Da(5,2) = D((=4)"?) =V = D((-43)"?) = Da- (5,2)

(cf. Part II, Chapter 2, §1.5, Proposition 1.1).
We shall need the following result due to F. FLANDOLI [6], which is true
for arbitrary variational operators.

Lemma 3.3. Let A be a variational operator in H. Then for any T > 0, there
exists K7 > 0 such that

T
/ [(—A)Y2et4z|?dt < Kp|z|?, Vz € H. (3.15)
0

Proof. For variational operators we know from the result of A. Yaar [1] (cf.
Part II, Chapter 1, Theorem 6.1) that D 4(},2) and D((—A)'/?) are isomor-
phic. It is sufficient to prove (3.15) for all x € D(A); if x € D(A), we have

T T
/O [(—A) /2t A2 df = / A6t (= A) V202 dt < (= A)Y22[2, 1 -

As Da(},2) is isomorphic to D((—A)/2), the conclusion follows. 0
In this case we have the following additional regularity result.

Theorem 3.3. Assume that (H) is verified, and let A be a variational oper-
ator. Let P € Cs([0,00][ ; H) be the classical solution to (2.7). Then for any
t >0 and x € D((—A)"?) we have P(t)z € D((—A*)Y?) and the mapping
(=A*)YV2P()(=A)Y %z is continuous for t > 0.

Proof. Let x € D((—A)l/Q) and let P be given by (3.14); then we have
(P(t)(—A) 22, (—A)22) = (Po(—A) /2, (- A) /26 a)

t
+/ (E(s)(—A)lme(t_s)Ax?(—A)l/Qe(t_S)Ax) ds
0

t
< |l Poll ||(—A)1/2||2|6m$|2+||E||/Ol(—A)l/Z)eSAxlzdS-
It follows, recalling (3.15), that

2
C
[(PO)(=4) e, (~4) 2| < T (=) 2P laf? + | Bl Kl

which yields the conclusion. O
So when A is a variational operator generated by a continuous and coercive
bilinear form a such that

D((—A)l/z) — D((—A*)1/2),
Theorem 3.3 says that for all ¢ > 0 the operator P(t) belongs to L(V'; V).
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4 The case of the unbounded observation

In this section we consider the case when the observation C' is unbounded.
More precisely we make the following assumption:

(i) CeL(D(A)Y)

(ii) 3 a real continuous function K such that

(1)) @ 3
/ |CesAz)? ds < K (t)|z|?, Va e D(A).
0

Clearly, if (H)—(v) holds, then for any ¢ > 0, there exists a linear operator
Fo(t) € X7 (H) such that

(Fe(t)z,y) :/0 (Ce*Aa, Cesty)ds, Va,y € D(A). (4.1)

Lemma 4.1. Assume that (H)—(v) is verified, and let Fo(-) be defined by
(4.1). Then F¢ € Cs([0,+o00[ ; X (H)). Moreover, setting

t
Fon(t)z = / A (CJ) Clpettads, x e H,
0

where Jp, =nR(n, A), one has for all T >0

lim Fan(-) = Fc(-),

in Cs([0,T]; X(H)).
Proof. Let tg € [0, +00[, t > to, and x € D(A); then we have
2 t
‘\/(F(t) - F(to))x‘ = (F(t)z—F(to)z, z) :/ |Ce*Az|2ds — 0, ast— to.
to

As D(A) is dense in H we have

lim /(F(t) — F(to)) =0

t—to

for all x € H. Consequently, the first part of the lemma follows easily. The
last part follows immediately because

Fon(t) = J Fod,. O

We consider now the Riccati equation in the integral form

¢
P(t)x = e Py a + Fo(t)z — / e=4" P(s)BB*P(s)e' 42 ds (4.2)
0



406 IV-1 Bounded Control Operators: Control Inside the Domain

and the approximating equation
P, (t)x = e'n Pye!na + Fo  (t)x

t
- / eI P, (5) BB Pa(s)e™nzds, neN. (4.3)
0

Equation (4.3) has clearly a unique solution P, € C ([0, 00[; X% (H)), which
is also the solution of the problem

{ P! = A*P, + P,A, — P,BB*P, + (C.J,)*C.J,,

We now prove the following theorem.
Theorem 4.1. Assume that (H)—(1)—(ii)—(iii) ~(v) are verified. Then (4.2) has
a unique solution P € Cs([0,00[; X1 (H)) and

lim P,(-) = P(-) in C([0,T); X(H)), VT > 0. (4.4)

n—oo

Proof. The proof is similar to the one of Theorem 2.1, with minor differences.
Fix T > 0, set

Lr= sup |[[Fo.®)l, r=2(MZ|P|+ Lr),
te[0,T],neN

and choose 7 € [0,T] such that

?M37||B||* < MZ||Po|| + Ly, 2rrM7 < 3.

t
~(P)(t)x = 'Y Pyt + Fo(t)x — / e=4" P(s)BB*P(s)e!' "4 ds,
0

and let 7, (P) be defined in a similar way. Then ~ and =, are %—contractions
on the ball
{Pe ([0, 7]; H): | P(t)]| <7Vt €0,7]}.

Thus there exists P (resp. P, ) such that v(P) = P (resp. 7,(P,) = P,) and
P (resp. P,) is the unique solution of (4.2) (resp. (4.3)) in [0, 7]. Now, by
Lemma 2.1, it follows that

lim P,(-) =P(-) in Cs([0,7]; Z(H)).

This yields P(t) > 0, Vt € [0, 7]. From now on the proof is completely similar
to the one of Theorem 2.1. O
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4.1 The analytic case

We choose once and for all A\ > w and set Ay, = Ao — A. We assume besides
(H)— (1)~ (i) ~(iii)
(H)—(vi) A is the infinitesimal generator of an analytic semigroup,

(H)-(vii) there exists o € [0, 5[ such that C € L(D(A,);Y).

We remark that (H)—(vi)—(vii) imply that there exists a constant K, > 0 such
that (see Part II, Chapter 1, §5, Theorem 5.2)

[Cet| < Kne®tt™, t>0.

It follows that (H)—(v) holds true and so we have the following straightforward
generalization of Theorem 2.1.

Proposition 4.1. Assume that (H)—(1)—(ii) —(iil) ~(vi)—(vii) are verified. Then
the Riccati equation (2.7) has a unique mild solution P € Cs([0,00[; X (H)).

4.2 The variational case

As in §3.3, we are given a variational operator A, which is V—H coercive for
some o > 0 and A € R. We assume that V' is isomorphic to D((—A)l/z) and
to D((—A*)'/?). We assume in addition that

o (H)—(viii) C € L(V;Y).

In fact this framework corresponds to the limit case of the situation considered
in §4.1, with o = J. If (H)—(viii) holds, then by Lemma 3.3, it follows that
(H)—(v) is also fulfilled. Thus we have the final result.

Proposition 4.2. Assume that (H)—(i)—(ii)—(ili)—(viii) are verified. Then the
Riccati equation (2.7) has a unique mild solution P € Cs([0,00] ; X7 (H)).

5 The case when A generates a group

We shall denote by L,.(H) the set of elements in £(H) that have a continuous
inverse. It is well known that £, (H) is open in L(H).

In this section we assume (H) and in addition that A is the infinitesimal
generator of a strongly continuous group of operators. This is equivalent to
say that A fulfills (H)—(i) and —A generates a Cy semigroup e~ *4. Besides
Riccati equation (2.7) we shall consider the following:

{Q’ = —AQ -~ QA" ~QC*CQ + BB,

Q(0) = Qo. 61

We shall show that, as proved in F. FLANDOLI [2], when Qo = P; ', then we
have Q(t) = P~1(t). We first consider the case when A is bounded.
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Proposition 5.1. Assume that (H) is verified, that A € L(H), and that Py €
L.(H). Let P(-) be the mild solution of (2.7) and Q(-) the mild solution of
(5.1) with Qo = Py *. Then P(t) € L,.(H) for all t > 0 and we have

Pty = Q), V>0,
Proof. Set A = PQ — I; as easily checked we have
A= (A* — PBB*)A — A(A* — C*CQ) =: L(A),
A(0) =0.
As L is a linear bounded operator in L(H) we have A(t) = 0, ¥t > 0 and so
P(t)Q(t) = I, ¥Vt > 0. In a similar way one shows that Q(¢)P(t) = I, Vt > 0.

O
We prove now the main result of this section.

Theorem 5.1. Assume that (H) is verified, that A generates a strongly con-
tinuous group in H, and that Py € L,(H). Let P(-) be the mild solution of
(2.7) and Q(-) the mild solution of (5.1) with Qo = Py *. Then P(t) € L,.(H)
for all t > 0 and we have

Pt =Q(t), Vt>0.

Proof. Denote by P, and @, the solutions of problems (2.7) and (5.1) with
A replaced by the Yosida approximants A,,, n € N. By Theorem 2.1 we have

lim P, =P, lim Q,=Q
in Cs ([0, T]; X*(H)) for all T > 0. By the previous proposition it follows that
Pyt = Qn(t), Vt>0.

Letting n tend to infinity on the equality
Pn(t)Qn(t)x = Qn(t)Pn(t)x =z, x€H,

the conclusion follows. O

6 The linear quadratic control problem with finite
horizon

6.1 The main result

In this section we consider the control problem (1.1)—(1.2). We assume that
(H) is verified and denote by P € C ([0, 00[ ; X (H)) the mild solution of the
Riccati equation (2.7). We first consider the closed loop equation

(6.1)

z'(t) = Az(t) — BB*P(T — t)z(t), te€]0,T],
z(0) =xz9 € H.
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Proposition 6.1. Assume that (H) is verified, and let xo € H. Then (6.1)
has a unique mild solution x € C([0,T]; H).

Proof. Tt follows from Proposition 3.6 (Part IT, Chapter 1, §3). O
We now prove a basic identity.

Proposition 6.2. Assume that (H) is verified, and let u € L?(0,T;U), xq¢ €
H. Let x be the mild solution of the state equation (1.1), and let P be the mild
solution of Riccati equation (2.7). Then the following identity holds:

T
J(u) = /0 lu(s) + B*P(T — s)x(s)|*ds + (P(T)zo, x0). (6.2)

Proof. Let P, be the solution to (2.10), and let z,, be the solution to the
problem

x, (t) = Apzn(t) + Bu(t), te[0,T],
CCn(O) =X € H,

where the A,,’s are the Yosida approximations of A. We follow here a classical
argument; see for instance R. W. BROCKETT [1]. By computing the derivative

d

ds (Pa(T = 8)zn(s), zn(s))

and completing the squares, we obtain the identity

d

s (DT =8)n(s),2n(5)) = |u(s)+ B Po(T — 8)an(5)[* = |Cn(s)[* = [u(s)]*.

Integrating from 0 to 7" and letting n tend to infinity, we obtain (6.2). a
We are now ready to prove the following result.

Theorem 6.1. Assume that (H) is verified, and let xo € H. Then there exists
a unique optimal pair (u*,x*). Moreover the following statements hold:

(i) * € C([0,T); H) is the mild solution to the closed loop equation (6.1),
(ii) u* € C([0, T];U) is given by the feedback formula

u*(t) = —=B*P(T — t)z*(t), te€][0,T], (6.3)
(iii) The optimal cost J(u*) is given by
J(u*) = (P(T)xo, xg). (6.4)
Proof. We first remark that by identity (6.2) it follows that
J(u) > (P(T)xo,xo), (6.5)

for any control u € L?(0,T;U). Let now * be the mild solution to (6.1), and
let u* be given by (6.3). Setting in (6.2) u = u* and taking into account (6.5),
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it follows that (u*,z*) is an optimal pair and that (6.4) holds. It remains to
prove uniqueness. Let (@, Z) be another optimal pair. Setting in (6.2), u = @
and x = Z, we obtain

T
/0 |i(s) + B*P(T — s)z(s)|* ds = 0,

so that 4(s) = —B*P(T — s)Z(s) for almost every s in [0,T]. But this implies
that Z is a mild solution of (6.1) so that T = z* and, consequently, & = u*. O

6.2 The case of unbounded observation

We now consider the case of unbounded observation, assuming that (H)—(i)—
(ii)—(iii)—(v) are verified. It is convenient to introduce the linear operator:

&~ Lp(&): D(A) — L*(0,T; H),
where (L7€)(t) = CetA¢. As, by (H)—(v)
||LT§||2L2(0,T;H) < K(T)|f|2a

L7 has an extension to the whole space H, which will still be denoted by L.
Let zg € H, u € L?(0,T;U), and let = be the corresponding solution of
(1.1). We want to define the cost functional J(u); this is not a priori defined

because z(t) does not necessarily belong to D(C') and the term fOT |Cx(t)|? dt
is not well defined. We set

Cx(t) = (Lrxo)(t) —I—/O Ly (Bu(s))(t — s) ds.

This definition is meaningful in virtue of the following lemma.

Lemma 6.1. Let z € L*(0,T; H), and set

t
w(t) = / Ly (2(s))(t — s)ds.
0
Then w € L*(0,T; H) and the following estimate holds:

[wl|720,7:0) < KT 220,780

Proof. 1t is sufficient to verify the estimate for z € L?(0,T; D(A)); in this
case we have

t
w(t):/ Celt=9)4%(s) ds.
0

Let ¢ € L?(0,T; H); then we have
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T T T
w = S e(t=8)4 (g .
/0 (wlt), (1)) dt / a / (c (), (8)) dt

It follows that

T T T 1/2 T 1/2
/ (w(t), () dt| < / ds / (Celt=94, ()2 dt] V |gp(t)|2dt]
0 0 s s
< K(M)ell22 0,75 12022071
As this is true for any ¢, we obtain the estimate. O

Now the following result is proved as Theorem 6.1.

Theorem 6.2. Assume that (H)-(1)—(ii)-(iii) (v) are verified, and let ¢ €
H. Then there exists a unique optimal pair (u*,x*). Moreover the following
statements hold:
(i) z* € C([0,T]; H) is the mild solution to the closed loop equation (6.1),
(ii) w* € C([0,T); U) is given by the feedback formula (6.3),
(iil) the optimal cost J(u*) is given by (6.4).

6.3 Regularity properties of the optimal control

We give here some regularity results for the optimal pair (u*,x*).

Proposition 6.3. Assume that (H) is verified. Let Py € D(A) and x € D(A),
where A is the linear operator defined by (3.3). Then

z* € CY([0,T); H) N C([0,T]; D(A)), u* € C'([0,T]; H).

Proof. By Proposition 3.2 we know that the mild solution P to the Riccati
equation (2.7) is a strict solution, so that

P e CL([0,T); 2(H)) NCs([0,T]; D(A)).

Now the assertion concerning z* follows from Proposition 3.3 (Part IT, Chap-
ter 1). O

Proposition 6.4. Assume that (H) is verified and that €' is an analytic
semigroup. Then the following statements hold:

(i) for any € € 10,T/2[, * (resp. u*) belongs to C*(le,T — [ ; H) (resp.
C>(le, T — e[ ; U)).
(il) w* and x* are analytic in )0, 7.

Proof. (i) We first remark that by (6.3) u* € C([0,T]; U). Moreover, as (z*)" =
Az*+ Bu* and 2*(0) = xo, we have, by Proposition 3.10 (Part II, Chapter 1),
x* € C*([e,T); H) (for any « € ]0,1]) and € € [0, T]. By (6.3) and Theorem 3.1
we have u* € C*([e, T —¢]; U). Then, by Proposition 3.9 (Part II, Chapter 1),
x* belongs to C([e, T — €]; H). By iterating this argument the assertion (i)
follows. Finally (ii) is a consequence of Theorem 3.2. O
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6.4 Hamiltonian systems

Assume that (H) is verified, let P be the mild solution of (2.7), and let (u*, z*)
be an optimal pair. In (6.1) it is useful to introduce the following function:

p(t) = P(T — t)a* (1)

called the adjoint variable. If we differentiate p*(t), assuming for a while that
the conditions of Proposition 6.3 hold, we easily deduce from (2.7) and (6.1)
that p*(t) satisfies the equations

—p/(t) = A*p(t) + C*Cx(t),
{P(T) = Pyx(T) (6.6)
and thus considering (6.6) together with
a'(t) = Az(t) — BB*p(t),
{x(O) . (6.7)

we obtain a system (the two point boundary value problem) whose solution is
(z*,p*). The system (6.6)—(6.7) is called Hamiltonian system. Once we have
established (6.6)—(6.7) for regular xg, Py, it is easy to extend it to the general
case.

Remark 6.1. One can notice the analogy between (6.6)—(6.7) and (2.24), which
was the source of the explicit formula (2.22) for P(t). O

7 Some generalizations and complements

7.1 Nonhomogeneous state equation

Consider the following optimal control problem: To minimize

T
J(u) = /0 (1C2(®) + [u(®)?} dt + (Pox(T), 2(T)) (7.1)

over all controls u € L2(0,T;U) subject to the differential equation constraint

{a:’(t) = Axz(t) + f(t) + Bu(t), te0,T], 72)

z(0) = x¢ € H.

We assume that hypothesis (H) holds and that f € L?(0,T; H). Moreover
we denote by P the mild solution of the Riccati equation (2.7). We want to
show that it is possible to generalize the Dynamic Programming approach to
this more general situation. The main difference is the introduction of a dual
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variable r, defined by the following backward Cauchy problem: For all ¢ in
[0, 7]

' (t) + (A* = P(T — t)BB*)r(t) + P(T —t) f(t) = 0, (73)
r(T) = 0. '
Notice that, by the change of variable t — T' — ¢, problem (7.3) reduces to an

initial value problem, which has a unique mild solution.

The following identity generalizes identity (6.2).

Lemma 7.1. Let zg € H, f € L?(0,T;H), and u € L?>(0,T;U). Then we
have

T
J(u) = (P(T)zo,20) + 2(r(0), z0) +/0 {2(r(s), f(8)) = |B*r(s)]* } ds

T
+ / |u(s) + B*r(s) + B*P(T — s)x(s)|* ds,
0
(7.4)

where x and r are, respectively, the mild solutions of (7.2) and (7.3).

Proof. Let P, be the solution of (2.10), and let z,, and r,, be the solutions of
the problems

{rm — — (A% — Po(T — ) BB*)r(t) — Pu(T — 1) (1),
(

Then, by integrating the identity

js{(Pn(T_s)xn(s),xn(s)) 4 2(rn(s), 2a(s)) )

= |B* Py (T —8)zn () + B*rp(s) +u(s)|” + 2(rn(s), £(s)) — |B*ru(s)|?
—[Can ()] = |u(s)|?
between 0 and T and by letting n tend to infinity, we obtain (7.4). a

By using identity (7.4) we can easily generalize Theorem 6.1. The proof is
similar and will be omitted.

Theorem 7.1. Assume that (H) is verified, let zg € H, and let f € L*(0,T; H).
Then there exists a unique optimal pair (u*, x*) for problem (7.1)—(7.2). More-
over the following statements hold:

(i) 2* is the mild solution to the closed loop equation

2 (t) = (A—BB*P(T—t))x(t)—BB*r(t)+f(t), t €10,7], z(0) = xo,
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(ii) u* is given by the feedback formula
u(t) = =B*[P(T —t)a"(t) + r(t)],

where 1 is the mild solution to (7.3),
(iii) the optimal cost is given by

T
J(u*) = (P(T):co,:ro) + 2(7’(0),:170) +/O [(27"(5), f(s)) - |B*7’(5)|2] ds.

Remark 7.1. (Tracking Problem). Consider the following optimal control prob-
lem: To minimize

T
K(u) = / {1C2(t) — €)1 + [u(t) P} de
+ (Po(2(T) = &(T)), (x(T) = &(T)))  (7.5)

over all controls u € L2(0,T;U) subject to the differential equation constraint

2(0) = zp € H. (7.6)

{z’(t) = Az(t) + Bu(t), te[0,T),

Here £ € WH2([0,T]; H)NL?(0,T; D(A)) is a given function. Now, by setting
CC:Z—é., f:Af_fla xOZZO_:E(O)a

equation (7.6) reduces to equation (7.2) and problem (7.5)—(7.6) to problem

(7.1)-(7.2). O

7.2 Time-dependent state equation and cost function

Consider the system

(7.7)

' (t) = A(t)z(t) + B(t)u(t),
z(0) = zp,

where A(t): D(A(t)) C H — H and B(t) € L(U; H) are linear operators.
We make the following assumptions on the families {A(t)}.cp0,r) and

{B(t) }repo,r:
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(i) A(t): D(A(t)) C H — H generates a Cyy semigroup in H
for all ¢t € [0.77],

(ii) there exists a strongly continuous mapping
Ua(-,-): {(t,s) €eR®*: t > s} — L(H)

such that U} (-, ) is also strongly continuous and

gtUA(t’ s)x = A@)Ua(t, 8)x,Ua(s, 8)x = x,

Vo € D(A(t)),0< s <t <T,

(iii) we have lm Uy, (t,s)z = Ua(t, s)x,Vo € H uniformly on
the bounded sets of {(t,s) € R®: t > s}, where
Ua, (t,s) is the evolution operator generated by the Yosida

approximations of A(t),

(iv)  B(-)u is continuous for all v € U.

Under these assumptions problem (7.7) has a unique mild solution given by
¢
z(t) = U(t,0)zo +/ U(t,s)Bu(s) ds.
0

Assumptions (7.8) are verified in many problems both parabolic and hy-
perbolic (see for instance P. ACQUISTAPACE and B. TERRENI [1], A. Lu-
NARDI [3], A. Pazy [2], and H. TANABE [1]).

We want to minimize the cost function

T
J(u) = / (1C(5)(s)[2 + [u(s)[2} ds + (Pox(T), 2(T))

over all controls u € L?(0,T; U) subject to the differential equation constraint
(7.7). Concerning the operators B, C, and Py, we shall assume that

Py € XT(H), CeCy([0,T);L(H;Y)),

(7.9)
B € C,([0,T); L(U; H)).
It is convenient to consider the backward Riccati equation
Q +A*Q+QA—-QBB*Q + C*C =0, (7.10)
QT) = P. '

Its corresponding mild form is
T
Q) =U(T,t)PU (T, t)x + / U*(s,t)C*(s)C(s)U(s, t)x ds
t

T
—/t U*(s,t)Q(s)B(s)B*(s)Q(s)U(s,t)xds, =« € H,
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where U*(s, t) is the adjoint of U(s,t).
The following theorem is proved as Theorem 2.1.

Theorem 7.2. Assume (7.8) and (7.9). Then problem (7.10) has a unique
mild solution Q € Cs([0,00[; X (H)) and

lim Q, =Q in Cs([0,00[; X(H)),

n—oo

for any T > 0, where Q,, is the solution to problem (7.10) with A(t) replaced
by An(t).

The following monotonicity property of the solutions of Riccati equations
is proved as Proposition 2.2.

Proposition 7.1. Consider the Riccati equations

Qi(T)=Qip, i=1,2. (7.11)

Assume that (A;, B;, Ci, P o) verify (7.8) and (7.9) for i = 1,2 and that, in
addition,

{@+M@+@&—@&&@+@Q=&

Pio < Py,
CI(#)C1(t) < C3(1)Ca(t),  Ba(t)B3(t) < Bi(H)Bi(t),  t€][0,T].

Then we have
Pi(t) < P(t), t>0. (7.12)

By using Theorem 7.2, we can easily generalize Theorem 6.1.

Theorem 7.3. Assume (7.8) and (7.9), and let xy € H. Then there exists
a unique optimal pair (u*,z*) and u* € C([0,T];U) is related to x* by the
feedback formula

u*(t) = —B*()Q(t)z*(t), te]0,T].
Finally,the optimal cost J(u*) is given by
J(u*) = (Q(0)zo, z0).

Remark 7.2. For the time-varying variational case the reader is referred to the
book of J. L. Lions [3]. O

7.3 Dual Riccati equation

We assume here that (H) is verified and consider the Riccati equation

P = A*P+ PA— PBB*P * t>
{ + +CrC, t>0, (713)

P(0) = P,



7 Some generalizations and complements 417

and the dual equation

Q(0) = Qo. (7-14)

where Qo € XT(H). Clearly the set (A*,C*, B*, Qo) also verifies assump-
tion (H); thus the equations (7.13) and (7.14) have unique solutions P,Q €
Cs ([0, +o00[ ; X (H)), respectively.

We want to present here a simple formula that gives P in terms of (). This
formula will turn out to be useful in Chapter 3 below, and it was proved in
V. BARBU and G. DA PRrATO [1], by variational methods.

Fix T > 0, and set

{Q’ — AQ+ QA" —QC*CQ+ BB*, >0,

Qr(s)=Q(T—3s), se][0,T], (7.15)

and
Gr(s)=A*—C*CQ(T —s), s€][0,T]; (7.16)

we shall denote by Ug, the evolution operator associated with Gr.
We first prove a lemma.

Lemma 7.2. Fix T > 0, and set
Zr(t) = [T+ P)Qr(t)] ' P(t) = P()I + Qr(t)P(t)] "

Then for any v € H we have
t

Zr(t)x = UGT(t,O)ZT(O)UéT(t,O)x—I—/ Ug.(t,5)C*"CUG,.(t,s)xds. (7.17)
0

Proof. We assume that A is bounded; otherwise we replace A by its Yosida
approximations A, and then we let n tend to infinity. We first remark that
the definition of Zr is meaningful by Proposition 1.1 in Appendix A. Setting
for simplicity Z = Zr and Q = Q1 we have

(I+PQ)Z=rP
and so ~ ~ ~
(P'Q+ PQ)Z + (I+ PQ)Z' =P,
which implies
(I+PQ)Z' =P —(P'Q+PQ)I+PQ|"'P
=P — (P'Q+ PQ)P|I+ QP!
= [P'(I+QP)— (P'Q+ PQ"P|[I+QP]™"
=[P'— PQ'P|[I +QP)".
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It follows that ~ R ~
(I+PQ)Z'I + QP] =P — PQ'P.

Then, by substituting P’ and @’ with the expressions given by (7.13) and
(7.14), we have

[I + PQ)Z'[I + QP) = A*P + PA— PBB*P + C*C
+ P[AQ + QA* — QC* CQ + BB*]P
= [[ + PQJ(A" = C*CQ)P + P(A - QC*C)[I + QP
+ [I 4+ PQ|C*C[I + QP).

Therefore ~ ~
7'=(A*-C"CQ)Z + Z(A—-QC*C) + C*C,

and the conclusion follows. O

Theorem 7.4. Assume that (H) is verified, and let P and Q be the respective
solutions in Cs ([0, 400 ; X (H)) of (7.13) and (7.14) with Qo = 0. Let T > 0
and set

Gr(t) = A* = C*CQr(t) = A* —C*CQ(T —t), te0,T).
Then we have
P(T) = UGT (T7 O)[I + POQ(T)]_lpoUC*JT (T7 0)
T
+/ UG, (T,s)C*CU¢, (T, s)ds. (7.18)
0

Proof. As
Zr(0) = [I + PoQ(T)] ' Py

and Zp(T) = P(T), the conclusion follows from (7.17). O

8 Examples of controlled systems

8.1 Parabolic equations

Let Q be an open bounded set of R™ with regular boundary 99). Consider the
state equation

gf (t,€) = (A¢ + ) (t,€) + (Bu(t,-))(€), in]0,T]x Q,
z(t,€) =0 on]0,T] x %, (8.1)
2(0,€) = zo(§) in Q,
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where ¢ € R and B € £(L?(2)). We choose H = U =Y = L*(Q) as space
of states, controls, and observations. The control u is said to be a distributed
control. We denote by A the linear self-adjoint operator in H:

Ax = A¢x + cx, Va € D(A),
D(A) = H?(Q) N H}(Q).

Setting x(t) = x(¢, ), u(t) = u(t, ) we can write problem (8.1) in the abstract
form (1.1). By Proposition 2.11 (Part II, Chapter 1), A is the infinitesimal
generator of an analytic semigroup in H. Let C' and Py be non-negative linear
bounded operators in L?((2). Consider the following problem: To minimize

J(u) = /0 Q{\(Cw<t7-))(5)!2+|u<t75>|2}dtd5+ /Q (Pox(T,)()2(T, €)) dé

subject to state equation (8.1). We remark that assumption (H) is fulfilled.
Due to Theorem 2.1, the Riccati equation (2.7) has a unique solution P €
Cs ([07 T; Z+(H)). Then, by Theorem 6.1, there exists a unique optimal pair
(u*,x*), where z* € C([0,T]; L*(2)) is the classical solution in ]0,T[ to the
closed loop equation

01,6 = (¢ + alt,€) — (BB (P(T — 1)a(t, 1) (€),

in 10, 7] x Q,
xz(t,£) =0 on]0,T] x 09,
2(0,8) = x0(§) inQ,

that is,

2
Ve €10, 71, gj and g;eLQ([&:,T—s]xQ).

Moreover u* is given by the formula
U*(t, 5) = - (B* (P(T - t)l'* (tu )) (5)) .
Consider now a problem with unbounded observation: To minimize
T
= [ [ UVt oF + Py ards+ [ ar.o ae
0
subject to state equation (8.1). In this case the linear operator C' is given by
Cr= —\/Agzm

and Proposition 4.2 can be applied.
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8.2 Wave equation

Let 2 be as in the previous example and consider the problem:

2x
gtz (t,€) = Aex(t,€) + (Bu(t, ))(5) in 0,7 x £,

xz(t,§) =0 on ]0,T] x 09, (8.2)
%(075) =x0(§), inQ,
0.0 =m(e) o

Set
H=Y =H;(Q)aL*Q), U=L*Q) (8.3)

and denote by X = [2;’ }, the generic element of H. The inner product in H

is defined by
IZ?O ZO
<[ 1] : { 1]) :/(ngo Ve 42t de. (8.4)
X z Q

Let A be the self-adjoint positive operator on L?(€2) defined by
D(A) = H*(Q) N Hy(Q), Ax=—Aex. (8.5)
Then we have
(X,Z) = (VA" VAZ) + (a7, 21).
Define the linear operator A on H:

ax—|° 1] lxol ., VX € D(A),

—A0| |2t
D(A) = H*(Q) N Hy(Q) @ Hy ().

(8.6)

We have A* = —A and by Proposition 2.12 (Part II, Chapter 1) we know
that A is the infinitesimal generator of a contraction group in H. Let finally
B € L(U; H) be defined as

0

Bu:[
U

] , ueU;
then B* € L(H,U) is given by
0 0
B* [xl] =z, {%] €H,

and we have
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Setting )
) =alt), @)= (), ult) =ult,),

we can write (8.2) in the abstract form

Y' = AY + Bu, Y(0) =Y, (8.7)
B e

We are interested in the following optimal control problem: To minimize

W= [ ' /| (mx(t,gn? "
ox

+ [ (Vetr.op + |5 e

ox
00 (4,6)

2
+ |u<t,§>|2> dt d¢

2) ¢, (8.8)

over all u € L?([0,00] x Q) subject to (8.2). The cost function J(u) can be
written as

T
J(u) = / (YR + ()} di -+ Y (T

The Riccati equation is

gl L B BT i

A0 —A0 01 01
P(0) = [(1) (1)] .
We can represent P as P
P= o mf
where
Py € L(H{(9)), Py € L(L*(); Hy (),

Py € L(HJ(Q); L*(Q)), Paz € L(L*(Q)),
and the following identities hold:
Pf = AP A™Y, P}, =PyA™', Py = AP, Py, = Pa.

Setting C = I, we can apply Theorem 2.1 and conclude that the Riccati
equation has a unique mild solution P € CS([O, oof ; Xt (H)) Moreover by
Theorem 6.1, there exists a unique optimal pair (u*,2*) and

w0 = (Pl = 06 )(©) - (PalT -0, (1)) €
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The closed loop equation is

0%z

8t2 (t,f) = Agx(t,f) - (P21 (T - t)SC(t, )) (5)

- (P22<T 0% ->) € 0, T[x Q.

z(t,§) =0 on]0,T[ x 99,
2(0,5) = z0(§),
ot (t,&) =x1(&) in Q.

Remark 8.1. Similar results can be obtained if one replaces in problem (8.2)

the Dirichlet by the Neumann boundary condition.

gtf (t,€) = Aex(t, €) + (Bult,)) (&) n]0,T] x Q,
gi (t,€) =0 on]0,T] x 99,

5(09(075) =zo(§) in
xz .
0.0 = (6 e,

where v is the outward normal to 9. In this case we set
H=Y =H"Q) o L*Q), U=L*Q),

and define the scalar product in H by

0 0
() () e s f o

Moreover we define a self-adjoint positive operator A; on L2(Q2) by

{D(Al) _ {x € H2(Q): gi —0 on aﬂ},

AliE = —AgZE,
and the linear operator A; on H:

0

0 1] |z

A X =
—-A; 0

xl} , VX € D(A),

D(A,) = {a: cm2@): 2" ~0 on aQ} @ HL(9Q).

ov

Now all previous considerations can be easily generalized.

(8.10)

(8.11)

(8.12)

(8.13)
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8.3 Delay equations

We start with a simple example given in §2.10 (Part II, Chapter 1). A more
elaborate treatment of differential delay systems with delays in the control
and observation variables will be given after using the general state space
frameworks developed in Chapter 4 of Part II.

Let D, E € L(C™), r > 0, and consider the problem:

2'(t) = Dz(t)+ Ez(t —r) + u(t), t>0,
0 €C", (8.14)

where hy € L?(—r,0;C") and u € L*(0,T;C"). We shall use here the notation
of §2.10 (Chapter 1 in Part IT). We set

H=L*-r0C"), U=C" ()= (2(t),2).
Then problem (8.14) is equivalent to
' = A% + Bu, LZ'(O) = (ho,hl),

where A is defined by (2.104) in Chapter 1 of Part II and B is the linear
operator
u+— Bu = (u,0): C" — H.

We remark that the adjoint operator B* is given by
(xo,21) — B*(zg,21) = x9: H — C".

Consider now the problem: To minimize

T
J(u) = /0 {201 + [u(®)]} dt + |2(T)?

over all u € L?(0,T;C") subject to (8.14). J(u) can be written as

T
7 = [ HICa0R + 0P}t + (RT). 5T ooy

where
C(xo,21) = (20,0) and Po(zo,z1) = (20,0).
The Riccati equation is

P' = A*P+4 PA—-P?>4C*C, P(0)= P,

i * _ [10
because, as easily seen, BB* = [{ §].
We can write P as
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P
p_ |fo Po ’
Py Pry

where

Py € E((Cn), Py € E((LQ(O,T,CR),Cn)),
Py € L(C™; (L*(0,T5C")), P11 € L(L*(0,T;C")).

Then the optimal control is given by
u*(t) = —Poo(T — t)z*(t) — Por (T — t)2;.

We now consider the more general situation. The abstract theory devel-
oped in Chapter 4 of Part IT (Theorem 4.1) for unbounded observation oper-
ators applies to a class of delay systems with delayed observations where the
control operator of the state equation is bounded. Following the notation and
definitions of §5 (Chapter 4, Part IT), a delay differential system with controls
and observations is given by

l'(t) = Lx; + Buy, t>0,

0 .1 2 2 m (8.15)
(2(0), zo,up) = (¢, o, w) € M* x L*(—h,0;R™),

y(t) = Cxy, t>0. (8.16)

The spaces of controls and observation are U = R™ and Y = R”, respectively.
By introducing the extended structural state (t) in H = M? x L*(—h,0;Y)
(cf. Part II, Chapter 4, §6.2, Theorem 6.1, equations (6.11) to (6.14)), system
(8.15)—(8.16) can be transformed in the form

%5;@@) = (AT)*z(t) + (BT)*u(t), t>0, 5.17)
£(0) = ¢,

where BT: D(AT) — U and C: D((AT)*) — Y are continuous linear maps
when the domains are endowed with their respective graph norm topologies.
The operator BT is bounded and continuous on H when it is of the form

0
BT (0 4, v) = B ¢° +/_th(9)¢1(9) do (8.18)

for some matrices By and B1(6), 6 € I(—h,0), such that the elements of B ()
belong to L?(—h,0). Then

(B")*u = (Bou, B1(-)u,0). (8.19)

So we specialize to systems (8.15) of the form
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0

#(t) = Ly + Bou(t) + /_h By(0)¢" (O)u(t +0)df, t>0, (8.20)

(I(O)v o, UO) = (900, 501, w)'
The operator C is of the general form (cf. Part II, Chapter 4, §6.2.2)
€= (g0, Loy + ¢, Cipr + ) = CE = Copr + A0): D((A7)*) — Y, (8.21)

where (¢, ¢, \) is a representation of the elements of D((/IT)*)
So we only need to check part (ii) of condition (H)—(v)

t _
/0 Ces A €2 ds < K(1)[€]}, V€€ D((AT)).

In the notation of Part II, Chapter 4, etA")" is (ST)*(t) and
C(ST)*(t)¢ = Ci(t) = Ca + [r(t)X](0)
= (CeSa)(t) + (e3"E%)(~),

which is continuous as an element of L?(0,T;Y) with respect to ¢ and
(ex "¢2)(—t) is the shift of an L>—function. This holds for each finite 7' > 0.
As a result we have the following proposition.

Proposition 8.1. When the mapping B is of the form (8.18), the Riccati
equation

(8.22)

=ATP+PAT)*—PBT)*BTP+C*C,
P(O) =P,

has a unique mild solution P in Cy([0,00[; XT(H)), where H = M? x

L2(=h,0;Y).

The Riccati equation (8.22) on [0,T], T > 0, is associated with the mini-
mization of the cost function

T
J(u) = /0 (1Cal? + [u(t)?] dt + Fa(T) - o(T) (8.23)

over all u in L?(0,T;Y), where
Py(",€',€%) = (F€",0,0), VE=(£¢",€%).
The optimal control u* can be expressed in feedback form
u*(t) = =BT P(T — t)i(t), t>0,
where for the initial conditions in (8.15)

&(t) = (x(t), Lz, + Buj, Cxy).
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As P(t) can be decomposed into a 3 x 3 matrix of operators on the state space
H =R" x L*(—h,0,R") x L*(—h,0,Y)

~+

Poo(t) Poi(
P(t) = | Pio(t) Pri(
Pao(t) Pai(

) Poo(t
) Praf
) Paaof

~+
~+
~+

)

~+

~+
~

and BT has the special form (8.18)
BT P(T—1)i(t)= By {Poo(T —t)x(t)+ Poy (T —t)z(t)[Lxs + Bu;]
+ Poo(T—t)C} + /Oh B} (0){Pyo(T — t)x(t)
+ Piy(T — t)a(t)[Lay + Buf] + Pio(T — t)Cix }(8) d6.

It is important to notice that the feedback is through the structural operators
L, B, and C on x; and uy. This state captures the minimal information
necessary for the feedback synthesis. Without this notion of state, determining
directly expressions as above is almost hopeless in the general case. We leave
it to the reader to specify L, B and C in special cases!

The same problem can also be formulated by using the eztended state Z(t)
in H= M?x L?(—h,0;U) (cf. Part II, Chapter 4, §§5.2 and 6.1, egs. (6.7) to
(6.10)) which verifies the state equation

dou i 5T
T E®) = (A7) 5 + (BT) u(t), (8.24)

2(0) = (¢°¢", w),

with the observation equation

y(t) = Cz(t) (8.25)
(cf. Chapter 4, §6, equations (6.7) and (6.8)), where BT: D(A*) — U and
C: D(A) — Y are continuous linear maps when the domains are endowed

with their respective graph norm topologies. When the control operator is
given as in (8.20), the operator B is equal to

0
BT(©=BJu)+ [ BI©u)ds+0) (8.26)
—h

where v, (, A is a representation of an arbitrary element & of D(fl*)

€= (v(0), LT+ ¢, BT+ \).

The operator BT is unfortunately not bounded on H. As for C it takes the
simple form

Clp(0), o, w) = Cop, (8.27)
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and part (ii) of condition (H)—(v)

t -
/ Ces g2 ds < K(D)e3, Ve € D(A),
0

is verified. In the notation of Part II, Chapter 4, ' is S(t) and
CS(t)E = C(x(t), z, (2 w),) = (Cx)(t),

which is continuous as an element of L?(0,T;Y) with respect to & in M? x
L?(0,T;U). However BT is not bounded on H because it contains a delta
function. So we cannot use the general theory of §4.

However we have seen in §6.3 of Chapter 4 in Part II that & and & are
intertwined via the structural operator

o0
F=|0L B (8.28)
0

C B

(cf. (6.74) and (6.77) to (6.80) in Theorem 6.2). Then for the optimal control
u*

E(t; F(¢°, 0" w),u*) = Fi(t; (6% ¢ w), u®).
So it is not too difficult to guess that for the formulation (8.23)—(8.24)—(8.25),
there will be a Riccati equation and a solution I7(t) related to P(t) through
the identity
II(t)= FTP(t)F.

To see that, multiply the Riccati equation (8.22) by F'T on the left and F on
the right and use the intertwining identities

CF=C, B'F"=B", FTAT=AF", A"F=FA

(cf. Part II, Chapter 4, (6.79), (6.80) and from (6.78)) to obtain
II'=A*IT+ITA—-II(B")*BTII + C*C, (8.29)
11(0) = FT PyF. '

It corresponds to the control of an infinite dimensional system with both
unbounded control and observation operators. We know what the Riccati
equation associated with the state Z(t) will look like, but it remains to give
a precise meaning to such an equation and establish the properties of its
solution. The necessary techniques that would allow us to do it are different
than the ones that will be developed in the next two chapters.

The last equation is associated with the same problem (8.23) with

(€0, ¢, ¢%) = (F€2,0,0), VE=(£,¢"€%). (8.30)
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The optimal control u* can be expressed in feedback form
uw*(t) = —BTII(T — t)&(t), t>0,
where for the initial conditions in (8.15)
I(t) = (x(t), me, ue).

However in view of (8.26) the interpretation of BTII (T —t) is not clear unless
some additional properties of IT(t) are obtained. In that respect the extended
state is simpler to define but because it does not incorporate the delay struc-
ture of the problem, the feedback law is difficult to explicit. For a simple ex-
ample of this property, the reader is referred to M. C. DELFOUR, E. B. LEE,
and A. MANITIUS [1] and M. C. DELFOUR [15]. For a more detailed bibliog-
raphy on the control of delay systems, the reader is referred to the references
in Chapter 4 of Part II. Although the general case with delays in control and
observation has a unique solution, it was not possible here to detail all special
cases and the history of the problems

8.4 Evolution equations in noncylindrical domains

Consider the state equation

Ox
g (H8) = Aex(t,€) +u(t,), t€]0.T], £y,
2(t,€) =0, te€]0,T], &€, (8.31)
1’(075) = xO(é-)u 5 € QOa
where for any t € [0, 7], ; is a bounded set in R™ with a regular boundary

0.
We want to minimize the cost

T
s = [ de [ e OF +luOP e+ [ aToPde 32
0 Q4 Q

T

over all controls u € L2([0,T] x ;) subject to state equation (8.31). By
L2([0,T] x ;) we mean the set of all functions u

(t, &) = u(t,§): {(t,§): t €[0,T],£ € X} — R,
such that ¢ — [, |u(t,§)|* d¢ is measurable and

T
/ dt/ lu(t, &)|* d¢ < +oc.
0 Q

We first reduce problem (8.31) to an evolution equation in a cylindrical do-
main, following G. DA PRATO and J. P. ZoLEsIo [1]. To this end we intro-
duce, as in J. P. ZOLEsIO [1], a suitable change of variables:
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x(t, &) = z(t, Ty(£)), ul(t,&) =v(t,Ti(E)),
where T} is a regular mapping such that
T:(Q) =Q, t€]0,T].
Then problem (8.31) reduces to
= J; ' div [ ((DT) 1) (DT,) ' Vz]
+((DTt)—1)*Vz- cclltTt + v, t €[0,7T], €€ Qo,
z(t,§) =0, te][0,T], £ € 0Qy,
2(0,€) = xo(§), €€ o,
where J; is the determinant of the Jacobian matrix DT} of T;.
We set H = U = L?(Qo), 2(t,-) = 2(t), v(t,") = v(t) and write (8.33) as
an abstract evolution equation in H
Z(t) = A(t)z(t) + v(t), 2(0) = o,
where A(t) is defined by

(8.33)

A(tyw = J; M div [J((DT) =Y (DTy) "' Vw] + (DT3) 1) ' Vw -
D(A(t)) = H*(Q0) N H} ().

T;
dt ts

A(t) is the realization of an elliptic operator under Dirichlet boundary condi-
tions, and consequently it is the infinitesimal generator of an analytic semi-
group in H. Moreover we have A € C*([0,T]; £(D; H)) so that by H. TAN-
ABE [1], assumptions (7.8) hold. The cost function (8.32) becomes

/ dt/Q Ji (T, ) (12, €)1 + [v(t, €| )d§+/ |2(T, €)| dé,

0
and we can study the problem as in §7.2.
Remark 8.2. It is also possible to study problem (8.31) without changing vari-
ables. By proceeding as in P. CANNARSA, G. DA PRATO, and J. P. ZOLESIO
[1], we assume that there exists a bounded open set D that contains all sets
Q, t € [0,T], and introduce unbounded operators {A(t)}, t € [0,T] with
domain depending on time, but in the fixed space H = L?(D)

D(A(t)) :{y€L2 y|Q €H2 Qt y}D\Q €H2(D\Qt)7
y=0 ondD, y=0 ond}
A(t)u = Au,Yu € D(A(t)).
Then we write problem (8.31) in the abstract form (7.7) and prove that (7.8)
hold. O

Remark 8.3. An optimal control problem for the wave equation in moving
domain has been studied with similar techniques in G. DA PRATO and
J. P. ZoLEsIO [2]. O






2

Unbounded Control Operators: Parabolic
Equations With Control on the Boundary

1 Introduction

As in the previous chapter, we shall denote by H, U, and Y the Hilbert spaces
of states, controls, and observations, respectively. We consider a dynamical
system, whose state z(t) is subject to the following equation:

2'(t) = Az(t) + Bu(t), =z(0) ==z € H,

where u € L?(0,T;U) and A: D(A) C H — H generates an analytic semi-
group in H. However, in the current case, the linear operator B is not supposed
to be bounded from U into H. This situation has been discussed at length in
Chapters 1 and 2 (Part IT). However some key constructions will be repeated
here as needed. In that case many possibilities could be considered. However,
in practice, it will be natural to consider situations where B maps U into the
dual space (D(A*))/ of D(A*). This will be apparent in the following Exam-
ples 1.1 and 1.2. Equivalently, B is supposed to be of the form B = (A\g— A)D,
where D € L(U; H) and )¢ is an element in p(A4). Under these assumptions
we write the state equation as

2/ (t) = Ax(t) + (Ao — A)Du(t), z(0) = zo,

or in the mild form as
t
z(t) = ez 4+ (N — A)/ =94 Du(s) ds. (1.1)
0

Remark that formula (1.1) is meaningful and € L?(0,T; H); see Chapters 1
to 3 of Part II. This formula will represent the state of our system.

The above representation of the operator B is also discussed in Chapter 2
of Part II. The differential equation for the state still makes sense for a control
operator B € L(U; D(A*)"), and a representation formula can be obtained for
x(t) (cf. Theorem 1.1 in Chapter 3 of Part II). These results can be sharpened
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when A is the generator of an analytic semigroup (cf. Theorems 2.2 and 2.3
in Chapter 3 of Part II) and the natural operator B € L(U, D(A*)') is D =
[Ao — A]7!B through formula (1.1).

We shall assume that

(i) A generates an analytic semigroup e of type wo
(HP)1 and A is a real number in p(A) such that wy < Ag,
(i) 3« € ]0,1[ such that D € £L(U, D(A%)),

where D(A%) = D([\o — A]*) is the domain of the fractional power [A\g — A]*

of the operator A\g — A, as defined in §5 of Chapter 1 in Part II. For more

details on the above techniques, the reader is referred to Chapter 1 (Part II).
Assumption (HP); is equivalent to say that

B =\ — A]D = [\ — A" %[N0 — A]°D (1.2)
belongs to £(U, D((A*)l_a)l). In the variational case
D((A)'°) = [D(A"), H]. = B € L(U,[D(A%), H],)
and the regularity results of Theorem 2.2 (Part II, Chapter 3) would apply:
Vu € L*(0,T;U) and Vz(0) € [[D(A), Hla, [D(A*), H]|_,]

— z € W([0,T;[D(A), Hla, [D(A"), H]1 _,]).

e’

V2 (1.3)

Remark 1.1. Assume that (HP); is verified, and let & be defined by (1.1). By
the Closed Graph Theorem, [Ag — A]*D is a bounded operator. Moreover,
because

(Ao — A)e "4 Du(s) = [Ag — A=t \g — A]* Dus),
there exists a constant k, > 0 such that
[(Ao = A)e" ™ Du(s)| < ka(t — s)*u(s)], s € [0,1].
Thus the state z(-) can also be written as
t
z(t) = etag +/ (Ao — A)el" =4 Du(s) ds,

0

and the following estimate holds:

t
lz(t)] < |etAx0| + ka/ (t— s)o‘*1|u(s)| ds.
0

If a > ;, from the Holder estimate, it follows that x € L°°(0,7T; H); this

implies that € C([0,T]; H) by a standard density argument. In fact setting
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t
zi(t) = etz + / (Ao — A)e'=AER(k, A)Du(s) ds,
0

we clearly have z;, € C([0,T); H) and it is easy to check that zx(t) — x(¢)
uniformly in ¢.

If « < 1/2, then ¢ C([0,T]; H) in general; however, arguing as before,
we can easily check that [\g — A] Pz € C([0,T]; H) for all 3 > 1/2 — a. In
the sequel, we shall discuss separately the cases @ > 1/2 and o < 1/2; as we
shall see, the second case is much more difficult to deal with. a

Consider the following optimal control problem: To minimize the cost func-
tion r
J(u) —/0 {ICx () + lu(t)*} dt + (Pox(T), x(T)), (1.4)
over all u € L?(0,T;U), subject to the differential equation constraint (1.1).
We assume, besides (HP)1,
(i) that C € L(H;Y),P, € X7 (H),
(ii) and that if o < 1/2 there exists 8 € [1/2 — «, (1 — «)/2]
(HP), such that the following holds
z € D([\o — AP) = Po[ho — APz € D([\o — A*]),
and [\ — A*]°Py[\o — A)? is bounded.

If assumption (HP)2 holds, we shall use the notation
P = closure [\g — A*]° Py[\o — A)?,
so that Pz € Xt (H) and
Py =[ho — A*]PPs[No — AP,

We remark that if o > 1/2, then we do not require additional conditions
on Py, except that Py € YT (H), whereas if @ < 1/2, we need the assumption
(HP)2—(ii) to make sense of the term

(Pox(T), x(T)) = (Ps[ho — A" a(T), Ao — A 72(T)),

in the cost functional. In fact, if 3 > 1/2 — a, then [\g — A] Pz € C([0,T]; H)
(see Remark 2.1), and the trace value [A\g — A]~?x(T) is meaningful.

By Assumption (HP) we mean the set of assumptions (HP); and (HP),.
We shall also say that (A, D, C, Py) fulfill (HP). The definitions of optimal
control, optimal state, and optimal pair are as given in Chapter 1.

We shall study the optimization problem (1.1)—(1.4), by using Dynamic
Programming and by proceeding into the usual two steps.
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First step.

We consider the Riccati equation that formally reads as follows:

P'= A*P + PA— P(\g — A)D((Ao — A)D)"P + C*C,
P(0) = P,.

We set
E=[AN—A"D, V=[X-A7""P
Then E € L(U; H) by virtue of assumption (HP);—(ii) . Thus the meaningless

term P(Ag — A)D((Ao — A)D)*P can be written as V*EE*V and the Riccati
equation rewritten as follows:

{P’ — A*P 4+ PA— V*EE*V + C*C, 16)

P(0) = Py,

or in the integral form

t
P(t)z = " Ppeta + / =A™ ok O (t=9) Ay g
0

¢
_/ VRS EE Y (s)e D% ds, xe H. (1.7)
0

We look for a solution P(-) of (1.7) such that V(¢t) € L(H) for all ¢ > 0.
Second step.

We shall show that the optimal control u* is related to the optimal state y*
by the feedback formula

w(t) = —D* (Ao — ANP(T — )™ (t) = —E*V(T — t)a* (1). (1.8)

Moreover z*(t) is the solution of the closed loop equation
t
x(t) = ettay + / Ao — A"~ AEE*V (T — s)x(s)ds, (1.9)
0

which can be solved by a fixed point argument.

We now give some bibliographical comments. Early papers treating bound-
ary control problems are due to A. V. BALAKRISHNAN [4, 5] and D. C. WASE-
BURN [1], who developed further an old idea in H. O. FATTORINI [3]. Sim-
plifications and refinements through domains of fractional powers were intro-
duced in R. TRIGGIANI [3]. Another approach is due to A. CHOINOWSKA-
MicHALIK [1] and J. ZABCzYK [4] (see also Chapter 3 in Part II for an al-
ternate interpretation of their constructions). The Riccati equation (1.7) was
first studied by A. V. BALAKRISHNAN [5] when Py = 0 and by I. LASIECKA
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and R. TRIGGIANI [3] when Py is a positive multiple of the identity. They
were able to build an explicit solution of the Riccati equation by generalizing
the representation formula (2.22) of Chapter 1; we remark, however, that this
method does not give uniqueness. A direct approach to solve (1.7) was first
used by F. FLANDOLI [1] under the assumption that Vo = [A\g — A*|* 7% Py is
bounded; he showed that, in this case, there exists a unique solution P(t) such
that [A\g — A*]1~*P(t) is bounded for any ¢. Moreover the closed loop (1.9) can
be solved directly and the feedback formula (1.8) holds true. The same direct
approach was used by G. DA PRATO and A. ICHIKAWA [1], which proved that
(1.7) has a unique solution for any Py € X (H) if « > 1/2, whereas if o < 1/2
they need in addition that the linear operator [Ag — A*]7 Py is bounded for
some y > 1 —2a. For some other results in this direction, see M. C. DELFOUR
and M. SORINE [1] and M. SORINE [2] using J. L. Lions’ direct method and
A. J. PRITCHARD and D. SALAMON [1].

In this chapter we assume (HP) following the recent paper of F. FLAN-
DOLI [7], and show the existence and uniqueness of the Riccati equation (see
§2.2 below). Then, we solve the control problem in §2.3.

We shall not study the Riccati equation (1.7) when o < 1/2 and P, only
belongs to X" (H). In this case the cost functional (1.4) is not defined on
the whole L2(0,T;U), (see Remark 1.1), and the Dynamic Programming ap-
proach, based on the direct solution of (1.7), does not work. Concerning the
existence (but not the uniqueness) of a solution to (1.7) we mention the fol-
lowing results:

(i) If Py is a positive multiple of the identity, there exists a solution of (1.7)
and one can also solve the corresponding control problem (1.1)—(1.4) (see
I. LASIECKA and R. TRIGGIANI [3], and F. FLANDOLI [5]).

(i) There exists Py € X" (H) such that (1.7) does not have a solution (see
F. FLANDOLI [5]).

(iii) A sharp sufficient condition, which is “almost” necessary, for the ex-
istence of a solution of (1.7) is given in I. LASIECKA and R. TRIG-
GIANI [14].

It is also possible to study generalizations as in §2.7, §3, and §4 of Chapter 1
in Part I to

(i) nonhomogeneous state equation,
(ii) tracking problem,
(iii) time-dependent state equation and cost function.

The generalizations (i) and (ii) are straightforward, and they will be left to
the reader. For the point (iii), which is much more technical, see the papers by
P. AcQUISTAPACE, F. FLANDOLI, and B. TERRENI [1]; P. ACQUISTAPACE
and B. TERRENI [3]; and P. ACQUISTAPACE [1].

We end this section by giving two examples concerning the heat equation.
For a result concerning the strongly damped wave equation, see F. Buccar [1].
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Several other examples can be found in the lecture notes by I. LASIECKA and
R. TRIGGIANT [11].

Another approach to boundary control problems using a quadratic cost
function not necessarily coercive can be found in L. PANDOLFT [1].

Ezample 1.1 (Dirichlet boundary condition). Let € be a bounded open set in
RY with a smooth boundary 9. Consider the optimal control problem: To
minimize

Tw= [ ' | topa+ [ ' |t oF o+ [ e e e

over all controls u € L%([0,T] x 99Q) subject to the state constraints

0
0 (1) = Aca(t.©), (.6 €10,T[x

CC(O,&)::Z?()(S), 569,
:C(tvg) = u(tvf)a (t,f) € ]OvT[ x 09,

(1.10)

where zo € L*(Q),
N
0%z
A = Z o2
i=1 %t

is the Laplace operator and I" € £L(L*(99)).
We set H=Y = L*(Q), U = L?(99), and introduce the Dirichlet realiza-
tion A of the Laplace operator

D(A) = H* Q)N H{(Q), Az = Acx, Vo€ D(A).

As is well known (see for instance S. AGMON [2]), A is a strictly negative self-
adjoint operator in L2(£2), so that assumption (HP);-(i) holds with \g = 0.
Moreover we have

ay _ ) H(Q), if « €]0,1/4],
D((_A) ) N {{u € H?>*(Q): u=0 on 90}, if a €]1/4,1].

Let us introduce now the Dirichlet mapping
v Dv=w: L*(09Q) — L*(Q),
where
Asqw =0 in Q, w(&) =v(€) in 0. (1.11)

As proved in J. L. LIONS and E. MAGENES [1], we have D € £(L?(9Q); H'/?(2));
therefore D € L(L*(0Q); D((—A)*))) for any a € ]0,1/4[. Thus Assump-
tions (HP) are verified provided that o € ]0,1/4[, 8 € ]1/2 — a,1/2], and
I' € L(L*(09); D((—A)P))), as noted in R. TRIGGIANI [1]. We now show,
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following A. V. BALAKRISHNAN [4], that problem (1.10) can be set in the
form (1.1).
First we assume that u € W2 (0, T, LQ(BQ)) and introduce a new variable
by setting
We obtain
Jy B 0Du
1) = Ayt (1), (1,6 €10, T[x 2,
y(0,8) = z0(€) — (Du(0,)) (), €€,
y(t,§) =0, (t,§) €]0,T[x 0%

Then, we set y(t) = y(t,-), u(t) = u(t, ), and write the above problem as

y(t) = ' (zg — Du(0)) — /0 e=ADy(s) ds.

By performing an integration by parts, it is not difficult to check that z fulfills
(1.1). Finally, the hypothesis v € W2([0, T]; L*(0£2)) can be easily removed
by regularization. O

Ezample 1.2 (Neumann boundary condition). Let Q be a bounded open set in
RY with a smooth boundary 0f2. Consider the optimal control problem: To
minimize

W= [ ' | etopa+ [ ' |t oF o+ [ ey P e

over all controls u € L?([0,T] x 99), subject to the state constraints

W6 = Aca(t,6). (16 €10, T[x 0
1’(0,5) = ZUo(f), § e, (112)
06 = u(t6). (1,6 €10.7[x 00,

where zg € L?(Q), I' € L(L?*(R2)), and v represents the outward normal to
9.

We set H =Y = L?(Q), U = L?(09), and introduce the Neumann real-
ization A of the Laplace operator

D(A) = {a: € H2(Q): g‘z = o},

Az = Agz, Vz € D(A).

As is well known (see for instance S. AGMON [2]), A is a nonpositive self-
adjoint operator in L?(Q), so that Assumption (HP);—(i) holds with any
Ao > 0; we choose \yg = 1. We have
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H2(0), if o €]0,3/4,

{z € H2(Q): g“z = 0}, if o €3/4,1[.

D([Ao — A]*) =

Introduce the Neumann mapping
v Nv=w: L*(09) — L*(),

where 9
8111/} (&) =v(§) in 9.

As proved in J. L. LioNs and E. MAGENES [1], we have

N € L(L*(09); H?());

Aqw—w=0 inQ,

thus N € L£(L*(09Q); D([Ao — A]*)) for any a € ]0,3/4[; and Assumptions
(HP) are verified. Moreover, by proceeding as in Example 1.1, we see that
problem (1.12) is equivalent to problem (1.1) with D = N and Ay = 1. O

Remark 1.2. One obtains similar results for an elliptic operator with general
boundary conditions (see I. LASIECKA [1]). O

2 Riccati equation

2.1 Notation

We use here the notation introduced in §2.1 of Chapter 1, and we assume
that Assumptions (HP) are verified (that is both (HP); and (HP)2) hold. If
P e Cy([a,b); ZT(H)), we set

Vp(t) = [Mo — A*'T*P(t), t€ [a,b].

When no confusion may arise, we will drop index P, writing Vp = V.
We are going to study the Riccati equation

(2.1)

P' = A*P + PA—V*EE*V + C*C,
P(0) = P,

where
E =[N — A]*D.

We also consider the integral form
* t *
P(t)z = e PyetAx —|—/ e(t=8) A" ox Cp(t=8)A . gg
0

t
—/ =)V EEV (s)et D ds, (2.2)
0
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where x € H.
It is useful to introduce the approximating problem for k& > Ag:

{P,; = A*Py + PoA — VFELE! Vi, + C*C, 2.3

Py(0) = Py,
where
Ey, = kR(k, A)E, Vi =Vp, =[Ao — A*]' 2P,

and R(k,A) = (k — A)~1. Problem (2.3) can also be written in mild form as
follows:

¢
Pu(t)z = e Pyetx + / (=) CFCet=9) Az ds
0

t
— / AV () B B Vi(s)e ™9z ds,  (2.4)
0

where z € H.
Remark 2.1. The operators (A, By, C, P),
By, = [Mo — A*'"“kR(k, A)[\o — A*]*D

fulfill assumptions (H) of Chapter 1. So, by Theorem 2.1 of Chapter 1, equa-
tion (2.4) has a unique mild solution P, € Cs ([0, 0o[; X (H)). 0

Finally, in order to make simpler some estimates, we introduce a constant
L such that

i) L>1, [(o-A)7Y<LIo—-A)7| <L,
Vy € 10,1, | ExEf|| < L, VkeN.
(i) (e < Lt][(A = Ag)e A
S Lt7|[(Ao — A) Tt < L,
Vy €]0,1[, Vt>0.

2.2 Riccati equation for a > 1/2
Assume that Assumptions (HP) are verified with o > 1, and set, for the
sake of simplicity, Ag = 0. We shall look for a solution of the Riccati equa-
tion (2.1) in the following functional space. For any interval [a,b] we denote
by Cs.q([a,b]; X(H)) the set of all P € Cy([a,b]; X(H)) such that
(i) Pt)re D((—A*)lfa), Vo € H, Vt € |a,b],
(i) (—A")'"*P € C(la,b]; L(H)), (2.5)
(iii) glm(t—a) Y(—AN) O‘P( Jr =0, VzeH.
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Define
[Plli = sup [|(t —a)' " (=A%) P()].
t€]a,b]

Cs,a([a,b]; X(H)) endowed with the norm
[1Plla = 1Pl + [Pl
is a Banach space. We set
Csya([a,b];EJr(H)) = {P € Csya([a,b]; E(H)): P(t) > 0,Vt € ]a,b]}
and denote by Cy o ([0,00]; Z(H)) the set of all P € C([0, 00]; X(H)) such
that P € Cy o ([0,T]; X(H)) for all T > 0.

Definition 2.1. A mild solution of problem (2.1) in the interval [0,T] is an
operator valued function P € Cyo([0,7]; X(H)) that verifies the integral
equation

¢
P(t)z = e Roe'ta +/ =94 CrCet=2) 44 ds
0

¢
- / eV VHSEEV (s)e D2 ds,  (2.6)
0
where z € H. A weak solution of problem (2.1) in [0, 7] is an operator valued
function P € C; o ([0,T]; £(H)) such that, for any z,y € D(A), (P(-)z,y) is
differentiable in [0, 7] and verifies

jt(P(t)a:, y) = (P(t)z, Ay) + (P(t)Az,y) + (Cz, Cy)
—(E*V 1)z, BV (), (2.7)
P(0) = P,
O

Proposition 2.1. Let P € C, ([0, T]; X(H)). Then P is a mild solution of
problem (2.1) if and only if P is a weak solution.

Proof. 1t is completely similar to the proof of Proposition 2.3 of Chapter 1,
and so, it will be omitted. a

We need, as in Chapter 1, a generalization of the Contraction Map-
ping Principle. Let 7" > 0, and let {7} be a sequence of mappings from
Cs,a([0,T]; X(H)) into itself, such that

[(P) = 7(@)lla < al P = Q|

for some a € [0,1] and all P,Q € C; 4 ([0,T]; X(H)). Moreover assume that
there exists a mapping v from Cj o ([0,7]; (H)) into itself such that VP €
Coa((0.T); S(H)), Vm €N, Vz € H
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lim yi(P)a =™ (P)z, in C(0,T]; H),
Jim (A Ty (P = 172 (= AN 7™ (P), (2.8)

in C([0,T; H),

Then, by the Contraction Mapping Principle, there exist unique Pj, and P in
Os,a ([O, T], Z(H)) such that

Y (Pg) = Py, ~(P)=P.
The following result can be proved as Lemma 2.1 of Chapter 1.

Lemma 2.1. Under the previous assumptions on the sequence of mappings

{7}
klir{)lo P.()x =P()z in C([0,T]; H),
Jim (AT () =t T (AN T P()a, (2.9)
in C([0,T); H), Vee H, T > 0.
The main result of this section is as follows.

Theorem 2.1. Assume that Assumptions (HP) are verified with o > 1/2.
Then, problem (2.1) has a unique mild solution P € Cy o ([0,T]; X(H)). More-
over, the solution Py of problem (2.4) also belongs to Cy o ([0,T]; X(H)) for
all k € N and (2.9) holds for all x € H and T > 0.

Proof. We write problem (2.1) as
P=~(P)=F+H—p(P),
where

F(t) = e Pyet4,

t
H(t):/ e(t=)A" O Celt=9)4 s,
0

(p(P)) (1) = /Ote“‘SM*V*(s)EE*V(s)e<t—s>A ds.

Analogously, we write problem (2.4) as
Py =yk(Pe) = F 4+ H — o (Py),

where

t
(or(P)) () = / =AY () B B Vi (s)e D Ap ds, @ H
0
and Vi (s) = Vp, (s).

In the sequel of the proof T' > 0, & € ]0,1[ and L > 1 are fixed. We proceed
in several steps.
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Step 1.

F H € C,o([0,T); ¥(H)) and
1
1Pl < 2221800, 1o < (14 ))2ICPT. 210)

In fact, we clearly have ||F|| < L?||P||. Moreover
[E = (=AD)OF ()] = ¢ (=AT) e Pyt < L2 P

so that ||F||1 < L?|| Py and the first inequality in (2.10) follows. Concerning
the second, it suffices to remark that |H(¢)|| < L?||C||?T and, for all z € H,

t

|t17a(_A*)1faH(t)| — tlfa(_A*)lfa/O e(tfs)A*C*Ce(tfs)A ds

t
1
gL2||C||2t1—a/ (t— $)*Lds o] < L L2|C|2T.
0 «

Step 2.

¢ and ¢y map Cs ([0, T]; X(H)) into itself. Moreover there exists a constant
Cyr > 0 such that, for all k € N and P € C; ([0,T]; X(H))

le(P)lla + ller(P)lla < CrrllPll2, (2.11)
where

— 1 2a—173
Cl)T—2|:2a_1+ﬁ(2a 1,CY):|T L7

and [ represents the Euler function,

1
B(x,y) :/O t* (1 —t)v L at.

We only estimate ||¢(P)]|o. The estimate for ||k (P)|| is similar. Let P €
Cs,a([0,T); 2(H)) and @ € H; then o(P) € Cs([0,T]; ¥(H)) and we have

t
1
(P <2* [ o 2asipR <, b P
0 a—

which implies
1 o
le(P)l <, "~ LAIPIRT> (2.12)

By arguing as in Lemma 3.1 of Chapter 1, it is not difficult to show that
@(P) € Cs,4([0,T]; X(H)). Moreover we have
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t
[t (=A%) 7 (e(P)) (B)] < Lgtl’“/ (t—s)* 1?2 ds || P
0

1
S L3||P||%T2a—1/ (1 _ 0.)04—10_204—2 d0|$|
0
= L*|P|3T** 7' B(2a — 1, ),

which yields
le(P)llr < T**'LB(2a — 1,0) || P} (2.13)

Now, (2.11) follows from (2.12) and (2.13).
Step 3.

There exists a constant Co p > 0 such that, for all P,Q € CS@([O, T; Z(H)),

we have

[o(P) = e(@)lla+lee(P) = r(Q)lla < Cor([|Pllat Q) I P=Qlla, (2-14)
where

Cor =2 [ml_ T B2a —1, a)} 7?13,
In fact, let P,Q € C, o ([0,T); X(H)), V = Vp, Z = Vg, and x € H; we have
[t ((P)) (W) — 17 (0(Q)) (1)]

< |t /t eIV (V(s) - Z(s)) EE*V (s)] e =94 ds
0

+

)

ti-e /t elt=5)A" [Z*(S)EE* (V(s) - Z(s))} elt=9)4 g
0

and the conclusion follows by arguing as in the second step.
We denote by B(r,t) the ball

B(r.t) = {P € Cun ([0, 5(H)): | Plla < 7).
Step 4.
For all p > 0, there exist 7 = 7(p) > 0 and r = r(p) > 0, such that
[Pl <p = ¥(B(r,7)) U (B(r, 7)) C B(r,7) (2.15)
and
V(P) =Y @)lla < 1P = Qllas  1M(P) = m(Q)lla < 3I1P — Qllas (2:16)

for all P, Q € fy(B(r, T)) This follows easily from the inequalities (2.10),
(2.11), and (2.14).
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Step 5.

Existence and positivity. Choose p > || Py||, and let 7 = 7(p). By (2.15), (2.16),
and the Contraction Mapping Principle, it follows that there exist unique P
and P in Cy o ([0,T]; ¥(H)) such that

’Y(P):P, 'Yk(Pk):Pk-

So problems (2.1) and (2.3) have unique solutions P and Py, respectively, in
[0, 7]. Moreover, by Lemma 2.1 it follows that (2.9) holds for all x € H and
T > 0. Since, by Theorem 2.1 of Chapter 1, Py(t) > 0 for all ¢t € [0, 7], we
finally find

P(t) >0, forallte]l0,7].

Step 6.

Global existence and uniqueness. We first remark that we have shown exis-
tence in the interval [0, 7], which only depends on the norm of Py. Thus, in

order to prove global existence we only have to estimate the norm of P(t),
€ [0,7[. Let P € C,([0,7]; X(H)) be the solution of (2.1) in [0,7] . As
P(t) > 0, we have

(P(t)z,z) < (Poe'z,ez) + /Ot |Celt =) 4|2 ds
< LH{||Boll + T[|C|[*} ],
which implies that
PO < ILIP{IPoll + TIC)?},  for all ¢ € [0,7).
Set now p; = L2{||Po||+T||C||?} and 71 = 7(p1). Let P be the solution to the

Riccati equation (2.1) in [0, 71]. Proceeding as above, we can solve the Riccati
equation

t
Qt) = €=+ p(7, _ o)elt-n+e)A +/ Q=) A" ok Crp(t=9)A g
T1—€
t ' .
— / eIV G E*EVg e ds,
T1—€

in the interval [11 — ¢, 27 — €] (here ¢ is a small positive number to be chosen
later), and we find a solution Q € C; o ([r1 —€,2m1 — €]; X(H)) such that

IRl < LA{|IPo]l + TICI?}, Yt € [r1 —e,2m1 —€].

Now, it is easy to check that setting
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— . P(ﬁ), ift e [0,7‘1],
P(t)i {Q(t), lftE [T1,2T1*€];

then P is the unique solution of (2.1) in [0,27; — ¢]; moreover P(t) > 0 in
[0,27 — €] and

1P| < LA Roll + TICI?}, ¢ €[0,2m —e].

Thus we can repeat this argument successively in the intervals [277 — 2¢, 37 —
2¢], [3m1 — 3e,47 — 3¢], and so on. So we get the conclusions in N steps,
provided N and ¢ are chosen such that N3 > T and

NT1 — T
e < .
- N-1
The proof is complete. a

We now prove the continuous dependence with respect to Py and C of the
solutions of (2.1). Consider a sequence of Riccati equations:

aph
— A*Ph PhA_ Vh *EE*Vh Ch *Oh
dt + v +(EC, (2.17)
PM0) = Py,
where VI = Vph, h € N. Assume that
(i) For any h € N,(A,D,C", P}') fulfill (HP) with o > 3,
(ii) hlin;O(Ch)*Chz =C*Czx, forallxze H, (2.18)

(iii) Jim Pl'z = Pyx for all z € H,

and prove the following result.

Proposition 2.2. Assume that Assumptions (HP) and (2.18) are wverified
with a > 5. Let P and P" be the mild solutions to (2.1) and (2.17), respec-
tively. Then, for any v € H and any T > 0, we have

Jim P"()x = P()z, in C([0,T);H),
lim '~V (z =12V ()z i C([0,T); H).

h—o0

(2.19)

Proof. Fix T > 0. By the Uniform Boundedness Theorem, there exist positive
numbers ¢ and ¢ such that

1Pyl < q, I(CM)*C*|<e VhEN.

Set p = L?(q + Tc), 7 = 7(p); then, arguing as in the proof of Theorem 2.2
of Chapter 1, we first show that (2.19) holds in [0, 7] and then we prove that
this argument can be iterated in the interval [r, 27] and so on. O
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We finally show a monotonicity property of the solutions of the Riccati
equation

Proposition 2.3. Assume that (A, D,C;, P, o) fulfill (HP) fori= 1,2, with
a > 1/2 and, in addition, that

Pro< Py, C7C1 <C5C. (2.20)
Let P;, i = 1,2 be the mild solution of the Riccati equations

d
dtPi = A*P, + P,A — V;*EE*V; + (Cl)*Cl

Pi(0) = Py o,

(2.21)

where V; = Vp,. Then we have
Pl(t) < Pg(t), t>0.

Proof. For any k € N, i = 1,2, let P, be the mild solution to the Riccati
equation

d
dtPi,k = AP, + Py A= VR EE*V; , + (Ci)*C;,
P; .(0) = P; 0,

where V; ), = (—A;)l_"‘Pi,k. Then, by Proposition 2.2 of Chapter 1,
Py (t) < Pog(t), t>0,keN.

The conclusion now follows from Theorem 2.1. O

2.3 Solution of the Riccati equation for o < 1/2

We assume here that Assumptions (HP) are verified with a < 1/2 and some
Be/2—a,(1—a)/2[. We set again \g = 0 and denote by Pz € X (H) the
closure of (—A*)3Py(—A)”, so that

Py = (—A*)PPs(—A)~".

One can see very easily that the proof of Theorem 2.1 cannot be repeated,
because 2—2a > 1 and some integrals would be divergent. Thus we introduce,
following F. FLANDOLI [7], a more complicated functional space and some
additional notations. If [a,b] is any interval, we set

Hla,b] (t) = (t - a)l—oz—ﬁ7 te [CL, b]v

and
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s—a)l=e Bt —5)P
V[a,b](w):( )(ta)ét )

If P e Cy([a,b]; XT(H)), we set

a<s<t<hb.

Vp(t) = (=A")'"°P(t), t€ [a,b],
Wp(t,s) = (—A)'P(s)(=A)Pet=4 4 <s<t<b

When no confusion may arise, we will drop indexes [a, b] and P, in the formulas
above.

For any interval [a,b] we denote by Cs a,5([a,b]; X(H)) the set of all P €
Cs(la,b]); X(H)) such that (2.5)—(i)—(ii) hold and moreover

(i) P(t)x € D((—A*)'"*), Va € H, Vt € |a,b],
(i) Vp € C(la,b]; L(H)),
(iii) tlgr(llu[ y(OVe(t)r =0, Vo H, (2.22)
(iv) ( )hH(l ) b (t,8)Wp(t,s)x =0, VreH.
t,s)—(a,a
Define
[1Pll2 = sup |lppay @) Ve
t€la,b]
and

[Plls="sup |[[van(t, s)Wpr(L,s)|.
a<s<t<b

Cs,a,5(a,b]; X(H)), endowed with the norm
[Plla,s = 1Pl + |1Pll2 + [|Pll3,
is a Banach space. We set
Csyayg([a,b];E’L(H)) = {P c Cs,a,g([a,b];E(H)): P(t) > 0,Vt € ]a,b]},

and let Cs o,5([0, 0o[; X(H)) be the set of all P € C,([0, 0o[; X(H)) such that
P € Cy0p(0,T); 2(H)) for all T > 0.

Definition 2.2. A mild solution of problem (2.1) in the interval [0,T] is an
operator valued function P € Cy o,4([0,T]; ¥(H)), which verifies the integral
equation (2.6). A weak solution of problem (2.1) in [0, 7] is an operator valued
function P € Cy0,5([0,T]; 2(H)) such that, for any z,y € D(A), (P(-)z,y)
is differentiable in [0, 7] and verifies (2.7). O

Proposition 2.4. Let P € Cy 4 5([0,T); X(H)). Then P is a mild solution of
problem (2.1) if and only if P is a weak solution.

Proof. Completely similar to the proof of Proposition 2.3 of Chapter 1. O
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We shall need, as in §2, a generalization of the Contraction Mapping Princi-
ple. Let T > 0, and let {~;,} be asequence of mappings from C; 4,5([0, T]; X(H))
into itself, such that

76 (P) = m(@)lla < allP = Qla,

for some a € [0,1[ and all P,Q € C; 4,5([0,T]; ¥(H)). Assume moreover that
there exists a mapping 7 from C; o,5([0,7]; ¥ (H)) into itself such that for all
m € Nand all x € H:

Jim A (P)e =™ (P)z in C([0,T]; H),
Jim p()Vap pyz = p(-)Vampyz - in C([0,T]; H),
klggo V(s IWompyx = v, )Wympyz in C(Ar; H),
where Ar = {(t,5): 0 < s <t < T}, VP € Ciap((0,7]; X(H)). Then,

by the Contraction Mapping Principle, there exist unique P, and P in
Cs.0,5([0,T]; Z(H)) such that

Y(Px) = Py, ~(P)=P.
The following result can be proved as Lemma 2.1 of Chapter 1.

Lemma 2.2. Under the previous assumptions on the sequence of mappings

{Vk}, for allx € H
lim Pe()r = P()rin C(0,T]; H),
(Ve (e = p()Ve (e in C([0,T): H), (2.23)
T v, )W, ()2 = (-, W, ) in C(Ar; H).
Prior to state the main result of this section, we need another lemma.
Lemma 2.3. If P € C, 4, 5([0,T]; X(H)), we have

8
_ A*\1—« _ l1—a (t—s)A l—«

AP e <2t TP
Proof. Let t €]0,T], s € [0,t]. We have

(_A*)l—ap(s)(_A)l—ae(t—s)A
_ (—A*)I_QP(S)(—A)Be(t+s/2_S)A(—A)l_a_ﬁe(t+s/2_S)A.

It follows that

(=A%) P(s) (— A)—elt=)4] e
<L<t+s>ﬁs“+ﬁl<t—s>ﬁ( ) 1Pl

which implies the conclusion. a
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The main result of this section as follows.

Theorem 2.2. Assume that Assumptions (HP) are verified for o < 1/2 and
some B € |1/2 — a,1 — a/2[. Then the Riccati equation (2.1) has a unique
mild solution P € Cs,a,g([(), ool E+(H)). Moreover, the solution Py of prob-
lem (2.4) also belongs to Cs.qp([0,00[; X(H)) for all k € N and (2.23) holds
Vo € H.

Proof. We write problems (2.1) and (2.4) as
P:"y(P):FﬁLH*gD(P), Pk:’yk(Pk):Fﬁ’H*(pk(Pk), keN,

where F', H, ¢, and ¢ are defined as in the proof of Theorem 2.1. We fix
T > 0 and proceed in several steps.

Step 1.
F € Csa5([0,T); X(H)) and
1Flla,s < L2|| Poll + 2L%|| P]l. (2.24)
We have indeed
#1708 (A R (1) = 10 (- A7)0 Py (—4) A <P P,

which implies
IF]l2 < L] Pg]l. (2.25)

Moreover, if t € ]0,T] and s € ]0,t], we have
lo(t, ) (=A*) 7O F(s)(=A) A = [lu(t, 5) (= A7) 707 Pes A Paet |
< L?[(t - 5)/t)° || Psll < L?|| Pl
because (t — s)/t < 1. It follows that
175 < L?|| Pp]l. (2.26)
Now (2.24) follows from (2.25) and (2.26) and the estimate || F|| < L?||P||.
Step 2.

He C’S7a,5([0,T];E(H)) and

1
|Hlls < PPICIPT + | 22)C)PT'0
+oo
LL2|C|PT 2 / N1 )P dp, (227)
0

where £ = } min{a, 8}.
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Let x € H; then

t
|t17afﬂ(7A*)1faH(t)x| _ tlfafﬂ(iA*)lfa/ e(tfs)A*C,*C«e(tfs)A:Z7 ds
0

t
1
- LQHOH%FH/ (t—s)*tds|z| < L*|C|IPT*Plal.
0 o
It follows that )
1Hl < LAICIPT. (2.28)
Moreover
lv(t, S)(_A*)l_aH(S)(—A)Be(t_s)A;p|

v(t, s)(—A*)lfo‘/ e OO (=AYt o
0

< L*(|C|Pv(t, S)/ (s — o) Lt — o) P do |z
0

s/(t—s)
—LICPults) [ ()" 4 p) P dplal.
0

As p*7e < [s/(t — s)]*"¢, we have

[(t, 5) (=A%) " H(s)(=A) el 4z ]
<o T o
- th 0 prte(l+ p)?

+o0 dp

prre(1+p)P .

< L2||C||2T1—2B+2a /
0

which implies

+o0 dp

Sl 4 p)f° (2:29)

|H|s < L2 C|PTH 2 /

As ||[H|| < L?||C||?T, the conclusion follows from (2.28) and (2.29).
Step 3.

¢ and ¢, map Cs o,5([0,T]; Y(H)) into itself. Moreover there exists two con-
stants C1 > 0 and Cs > 0 such that for all P € C; o,5([0,T]; X(H))

le(P)llas + l(Bi)llas
< T2 P2 g + Ca(|I P2l Plls + |P]3). (2:30)

Let P € Cy.0,5([0,T); X(H)); we have
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t
lo(P)] < Z°|P|3 / (t— s)2+20-2 g

= L3||P|31%+26-1 (231

because 2a + 26 — 1 > 0. Moreover for all x € H we have

t
tt-a=p / e VA(SYEE Vp(s)et 92 ds
0

[t P (p(P)) (12| =

P [ Ay Py

EE*[(—A") 2 P(s)]e"=*) 4z ds

By using Lemma 2.3, we obtain

t
Itl_“_ﬁ(so(P))(t)wlS2l_“L3t1_“/0 sPFIT2(t — 5)0 L ds| P2 P3|l

—gepman [ g2 oyt Pl Pyl
0
Hence
le(P)ll2 < 217oLPT2er20 /1 o**F2072(1 — 0)* " do || Pl|2|| Plls. (2.32)
0
Finally, using once again Lemma 2.3, we find

[u(t, s) (=A%) (p(P)) (s)(—A) el 4]
V(t,s)/o [(—A*)l_aP(O')(—A)l_ae(S_U)A]*

EE*(—A*)'=*P(0)(—A) ez do
<2tepdsio(—s)? [ oM 0) (s - o) do | Pl
0

As (t —s)? < (t — 0)P, we obtain
[(t,8) (A7 (3(P)) (s)(~4) e e

S
< 21—aL381—o¢/0 U2a+26—2(8 o 0,)1—«1 do HP||§|.’L‘|

<otoppgmat [ e ot gp i3
0
so that
(Pl < 2oeptste =t [ s ppeapply (28)
and (2.30) follows from (2.31), (2.32), and (2.33).
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Step 4.

There exists a constant C3 > 0 such that for all P,Q € Cs.q,5([0,T]; (H))
we have

[7(P) =¥ @)lla,s + 17(Pr) — ¥(Qk)lap
< C5T** PP ([[Pllas + [Qllap) 1P — Q|

ope (2.34)

The proof is similar to the previous one in Step 3.
We denote now by B(r,t) the ball

B(r,t) = {P € Cs,0,5(10,1]; 2(H)) : |Plla,g <7}
Step 5.
For all p > 0, there exist 7 = 7(p) > 0 and r = r(p) > 0, such that
1Psll <p = 7(B(r,7) Un(B(r,7)) € B(r,7), (2.35)
and for all P,@Q € B(r,T)
17(P) =¥ @llas < 5 1P = Qllas,
[9(P) = 1 (@)las < 3P = Qllas-

This follows easily from the inequalities (2.24), (2.27), (2.34), and (2.36).

(2.36)

Step 6. Local existence, convergence, and positivity.

Choose p > || Pg|| and 7 = 7(p). Then, by (2.35), (2.36), and the Contractions
Mapping Principle, there exist unique P and Py in Cs.q,5([0, 7]; £(H)) such
that

’Y(P) = P, 'Yk(Pk) = Pk, (2.37)

and problems (2.1) and (2.4) have unique solutions P and Py, respectively, in
[0, 7].

Moreover, by Lemma 2.2, (2.23) follows. Finally, by Theorem 2.1 of Chap-
ter 1, we have Py(t) > 0 for all ¢ € [0, 7]; this yields

P(t) >0, Vtelo,7].
Step 7. Conclusion.

As the interval [0, 7] depends only on the norm of Pg, in order to prove global
existence, we have to find an estimate for the norm of (P(¢))s, t € [0, 7. Let
P € Cy,0,45([0,7]; X(H)) be the solution of (2.1) in [0, 7]. Let z € D((—A)"),
as P(t) > 0, we have
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(P(t)(—A)z, (—A)Pz) < (Po(—A)P ez, (—A) e z) + / t|C(fA)ﬁeSA:c|2 ds
0
<e2{IRsl+ G TICI ol

which implies

-y roear < 2{ipl+ ricR ek, @)
for all ¢ € [0, 7]. Set now

p=22{IPsll+ SO et = (o)

and let P be the solution to the Riccati equation (2.1) in ¢ € [0, 71]. Proceeding
as in Step 6 of the proof of Theorem 2.1, we prove that there exists a unique
solution of (2.1) in [0, 271 — €] and so on. The proof is complete. O

We now prove the continuous dependence with respect to Pg and C of the
solutions of (2.1). Consider the sequence (2.17) of the Riccati equations. We
assume that

(i) for any h € N, (A, D,C", PI) fulfill (HP) with a < 1/2,
(i) lim (C")*C"z = C*Cxz, forallz € H, (2.39)

n—oo

(iii) lim Pjz = Pgzx forallz € H,

n—oo
and we prove the result

Proposition 2.5. Assume that Assumptions (HP) and (2.39) are verified for
a < 1/2. Let P and P" be the mild solutions to (2.1) and (2.17), respectively.
Then, for any x € H and any T > 0, we have the following properties: For
all x € H.

Jim Ph()e = P()z in C([0,T); H),
Jm p()Vpr (o = u()Vp()e in C([0,T]; H), (2.40)
hlim v(, Y Wpee () =v(, )Wp(-, )z in C(Ar; H).
Proof. Fix T > 0. By the Uniform Boundedness Theorem, there exist positive
numbers gg and ¢ such that

VheN, |Ph<gs [(CM)*CM<e (2.41)
Set )
p:Lz(qﬁ—i— ﬂTﬁC), T:’T(p).

Then, arguing as in the proof of Theorem 2.2, we first show that P, — P in
C;([0,7]; X(H)) and then we show that this argument can be iterated in the
interval [, 27] and so on. O
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Finally, the following result can be proved as Proposition 2.3.

Proposition 2.6. Assume that (A, D, C;, P, o) fulfill Assumptions (HP) for
i=1,2, with a <1/2, and, in addition, that

Py <Py CiCi<C50Cs,

Let P;, i = 1,2, be the mild solution of the Riccati equations (2.21). Then we
have
Pi(t) < Pa(t), t>0.

3 Dynamic programming

In this section, we are going to solve minimization problem (1.4) associated
with the state equation (1.1). In the sequel, this will be referred to as prob-
lem (1.1)—(1.4). We assume that Assumptions (HP) are verified with Ao =0
(recall that under Assumption (HP); properties (1.2) and (1.3) are verified)
and denote by P and Py, the solutions of the Riccati equations (2.1) and (2.4),
respectively, given by Theorems 2.1 and 2.2. We set also V = Vp, V}, = Vp, .
We shall extend the arguments of §6 of Chapter 1 based on the fundamental
identity (3.1) and the solution of the closed loop equation (3.2) below.

Proposition 3.1. Let u € L?(0,T;U) and let x be the solution to state equa-
tion (1.1). Then the following identity holds:

(P(t)wo, x0) + /0 lu(s) + E*V (t — s)x(s)|? ds

:/O {IC(s)? + Ju(s)[2} ds + (Pox(t), z(t)). (3.1)

Proof. Let u € L*(0,T;U) and let = be the solution to (1.1). Let {uz} be a
sequence in W12(0,T;U) such that ux — u in L?(0,T;U), and let z3 be the
solution to (1.1) corresponding to u;. We have, as can be easily checked,

¢
2y (t) = e'*ag + Dug(t) — / et A Dy} (s) ds.
0

By Proposition 3.8 in Part II, Chapter 1, it follows that x(¢) is differentiable
for any ¢ €]0,T] and

t
z) (t) = Aetfay — A/ =4 Dl (s) ds.
0

Now we compute the derivative

d
ds

and integrating from 0 and T and letting k tend to infinity, we get (3.1). O

(Pk (T — s)xk(s), zk (s)),
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Let us consider now the closed loop equation
t
x(t) = etay — / (A D AREV (T — s)x(s) ds. (3.2)
0

Remark that the right-hand side of (3.2) is meaningful for any ¢ € [0,7]
because
(=AM BE V(T — 5)]

L2||P||a[(T — s)(t — s)]>1 if o >1/2,
= {L2||P||a,5(T —s)otAl(t — sl ifa <1/2. (3:3)

Proposition 3.2. Assume that Assumptions (HP) hold. Then the following
statements hold true:

(i) If a > 1/2, there exists a unique solution of (3.2), x € C([0,T]; H).
(ii) If a < 1/2, there exists a unique solution of (3.2), x € C([0,T[;H) and
a constant C' > 0 such that

lz(t)| < C(T —t)~P, te[0,T] (3.4)

Proof. For any y € C([0,T]; H), we set
t
A@ﬂﬂ:i/(—Affaé“”AEEﬂdT—wmd$d& t € [0,7).
0

We first prove (i). Assume « > 1/2; then by (3.3) using the Holder estimate,
we have

W) (0] < L2[P]la / (t - $)* (T - £)* " ds lylleqossn

t t 1/2
srﬁnpna{ [ e—spas | <T—s>2a-2ds} Wl

1

2 201
S oq 1L [ Pllat™ lyllcqo,0:m),

so that A € £(C([0,t]; H)) for any ¢t € ]0,7] and

1
A . < L2 P at20¢—1'
IMecqommy < o, L7IIP]

Thus, if ¢ is small, A is a contraction and (3.2) has a unique solution in
C([0,t]; H). Now this argument can be repeated in [t,2t] and so on, giving
the conclusion. We now prove (ii). Fix 71 € ]0,T], and let o < 1/2 and
6€l]l/2—a,1—a/2]. By (3.3) we have
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t
[(A)(B)] < L2||P||a,a/ (t = 8)* T = )"~ ds |lyllopo,:)
0

t
< PPl s =0 [ s ds oo
1 — (67
< aL2||P||a,ﬁ(T*T1)a+B e ylleqogmy, € 0,T],
so that A € £(C([0,t]; H)) for any ¢ € ]0,7}] and

1 —1,a
M 2ccqo;my) < QL2||P||a,B(T—T1)a+ﬁ e,

Thus, if ¢t is small, A is a contraction and (3.2) has a unique solution in
C([0,¢t]; H), and proceeding by iteration, we prove the first part of (ii).
It remains to show (3.4). Following F. FLANDOLI [7], we set

2() =V(T —t)z(t), te€][0,T] (3.5)
Then z verifies the equation

2(t) = V(T — t)ezy — /t V(T —t)(—A) e DA EE 2 (s) ds.
0

Taking into account Lemma 2.3, it follows that
t

(T -0 Plz(t)| < leolIIPIIaﬁHHLQIIPHa,ﬁ/(T—S)ﬁ(t—S)“’IIZ(S)IdS-
0

Finally set w(t) = (T — t)'=*7#2(t); then we have
lw(t)| < Llxo| [|Plla.s

t
F P L Pl [ (T =) = ) (o) ds
0

(3.6)
< Llzo| [|[ Pl a,s

t
F2 L Pl [ = 9P 2 (s ds.
0

As 2 —2a — 20 < 1, by the Gronwall’s lemma, we have |w(t)| < K, for some
K > 0and all t € [0,T]. It follows that
|z(t)] < K(T —t)*™P=1 te[0,T] (3.7)

Now, from (3.2), we have

t
|$(t)| < L|$O| + L2K/ (t — s)o‘*l(T _ S)OHrB*l ds
0

t/T—t
= Llao| + KT~ =7 [T 0n 114 o)t T,
0
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As 0202071 < (8/T — 1)2+20-1 i follows that
|2(t)] < Llzo| + L2KT2+28-1(T — t)_ﬁ/ o281 4 g)ot8—14g.
0

and the proof is complete. O
We now prove the main result of this section.

Theorem 3.1. Assume that Assumptions (HP) are verified and let xo € H.
Then there exists a unique optimal pair (u*,x*). Moreover the following state-
ments hold:

(i) 2* is the mild solution to the closed loop equation (3.2) and z* €
C([0,T;;H) if o € ]3,1[, whereas z* € C(]0,T); H) N L*(0,T; H) if
a €10, 3.

(ii) u* € C([0, T]; U) is given by the feedback formula:

u*(t) = —E*V(T — t)x*(¢). (3.8)
(iil) the optimal cost J(u*) is given by
J(u*) = (P(T)zo, x0). (3.9)

Proof. Let u € L?(0,T;U) and let y be the solution to state equation (1.1).
Then, by (3.1), we have

T
(P(T)zo, x0) + /0 |u(s) + EXEV(T — s)x(s)[* ds = J(u). (3.10)

It follows that
(P(T)xo,20) < J(u)

for all u € L?(0,T;U). Now, let 2* be the solution of the closed loop equa-

tion (3.2). By Proposition 3.2, z* belongs to C([0,T]; H) if o < } and to

L?(0,T; H) if a > } (due to the estimate (3.4)). Now, let u* be defined by
(3.8) and set u = u*, z = 2* in (3.10). We find (P(T)zo,z0) = J(u*), so that
u* is optimal. Finally, the uniqueness of the optimal control can be proved as

in the proof of Theorem 6.1 in Chapter 1. O






3

Unbounded Control Operators: Hyperbolic
Equations With Control on the Boundary

1 Introduction

As before, we shall denote by H, U, and Y the Hilbert spaces of states,
controls, and observations, respectively, and consider a dynamical system,
whose state x(-) is the solution of the following equation:

2 (t) = Az(t) + Bu(t), te€0,T),
CC(O) =g € H,

where u € L?(0,T;U) and A: D(A) C H — H generates a strongly continu-
ous group on H. We identify the elements of H’ with those of H so that the
linear operator (A*)*: H — D(A*)' is a linear extension of the linear opera-
tor A: D(A) — H. As in the previous chapter, the linear operator B is not
supposed to be bounded from U into H, but it belongs to £(U; D(A*)'), or
equivalently, B is of the form B = (A\g— A)E, where E € L(U; H) and )¢ is an
element in p(A). More precisely, following I. LASIECKA and R. TRIGGIANI [1,
2, 11], we shall assume that

(i) A generates a strongly continuous group e in H of type wo
and g is a real number in p(A) such that wy < Ao,
(HH)1 < (i) FEeL(U;H),

T
(iii) JK > 0 such that / |E* A*e* A z)? ds < K2|x|?, Yz e D(A¥).
0

If assumptions (HH): hold, then we can give a precise meaning to the state
equation. We have in fact the following result due to I. LASIECKA and
R. TRIGGIANI [1, 2, 11].

Proposition 1.1. Assume that (HH)1 is verified, and for each control func-
tion u € L?(0,T;U), define
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t
2(t) = / e =4 Bu(s)ds, tel0,T). (1.1)
0

Then z(t) € D(A) for all t € [0,T] and Az € C([0,T]; H). Moreover the
following inequality holds:

|[Az(t)] < Kllull 20,750y, T €[0,T]. (1.2)
Proof. We divide the proof into two steps.
Step 1.
2(t) € D(A) for all t € [0, T].
If x € D(A*) we have
t *
(2(t), A*z) :/ (u(s),E*A*e(tfs)A z) ds.
0

It follows that

t
(), A7) < oo / |B* A% e=A" o2 g
< K2||u||%2(O,T;U)|‘T|2'

If we identify elements of H’ with those of H, then this inequality implies
that the linear form z — (z(t),A*x) on H, is continuous, and hence that
z(t) € D(A) and that (1.2) holds.

Step 2.

Az € C([0,T); H).
Let {u,} be a sequence in W2(0,T;U) such that u, converges to u in
L2(0,T;U). Set
t
zn=/ e =4 By, (s) ds.
0

It follows that z, € C([0,T]; D(A)) (cf. Part II, Chapter 1, Proposition 3.3).
Now setting wy, (t) = Az, (t), w, € C([0,T]; H) and we have

w(t) — wa(B)* = [Az(t) — Azn(H)* < Klu = unll720 7,07 — 0

as n — oo uniformly in [0, 7]. The proof is complete. O
In the sequel we shall write the solution of the state equation as follows:

z(t) = e?xzo 4+ G(u)(t)

t 1.3
=ezg + (Mo — A)/ =94 Bu(s) ds. (13)
0
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By Proposition 1.1, G € L(L*(0,T;U); C([0,T]; H)).
We now consider the following optimal control problem: To minimize

() = /0 (IC2()? + ()} dt + (Pox(T), 2(T)), (1.4)

over all u € L?(0,T;U), subject to the state equation constraint (1.3). In
addition to the assumptions (HH);, we assume that (HH)2 C € L(H;Y),
Py € X (H).

In the sequel (HH) will mean that both assumptions (HH); and (HH)s are
verified. We shall also say that (A4, F,C, Py) fulfill (HH). From now on we
assume for simplicity that A\g = 0.

The definitions of optimal control, optimal state, and optimal pair are as
in the previous chapters.

We again study the optimization problem (1.3)—(1.4) by using Dynamic
Programming. However, in the current case, new technical difficulties arise.
Consider in fact the Riccati equation that we formally write as follows:

P' = A*P + PA — P(E*A*)*E*A*P + C*C, 15
P(0) = Pp. '

If the data C and P, are regular or more precisely if the linear operators

v/PyA and C' A admit bounded extensions, /Py A and C'A, then problem (1.5)
can be easily solved. In fact by setting R = A*PA it reduces to

R' = A*R+ RA— REE*R+ (CA)*CA,
R(0) = (VP A VP A,
which has a unique solution by Theorem 2.1 of Chapter 1.

However these conditions on C' and P, are not natural, so we prefer to
proceed in the following different way:

(i) We consider the approximating problem

{P;l = A*P, + Py A — Po(E*A%)*E*A* P, + C*C, 16)

P(0) = Py,
where A,, = nAR(n, A) are the Yosida approximations of A, and prove
the convergence in C; ([0,T]; X(H)) of the sequence {P,} to an element

P.
(ii) For any n € N we consider the control problem: To minimize

T
Jn(U)=/0 {ICza (O + [u(®)]*} dt + (Poxn(T),2a(T)),  (1.7)

over all u € L?(0,T;U), subject to the constraint
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{x;(t) = Az, (t) — A,Eu(t), te(0,T], 18

2 (0) = xo.

Denote by (u},x) the corresponding optimal pair given by Theorem 6.1 of
Chapter 1. Then we prove that (u},z}) converges to the optimal pair of
problem (1.4) with state equation (1.3).

Notice that we avoid the difficulty of giving a general definition of a solu-
tion of the Riccati equation (1.5); for us the solution will namely be the limit
of the sequence {P,}. The proof of the existence of this limit is given in §2,
whereas in §3 we shall see how to use this result to study the initial optimal
control problem.

For an existence and uniqueness result, under suitable regularity assump-
tions on C' and Py (weaker than the ones discussed before), see G. DA PRATO,
I. LASIECKA, and R. TRIGGIANI [1]. Finally we notice that in the previ-
ously quoted papers by I. LASIECKA and R. TRIGGIANI, explicit formulas
for the solutions to the Riccati equation and the optimal pair (even under
more general assumptions) are constructed by generalizing the representation
formula (2.22) of Chapter 1.

In §5 we shall consider, following V. BARBU and G. DA PRATO [1], the
case when e/ is a general semigroup, and a condition similar to (H#) holds.
In this case we are able to define a solution of the Riccati equation by using
the dual Riccati equation introduced in §7.3 of Chapter 1.

2 Riccati equation

We assume here that (HH) is verified and consider the Riccati equation (1.6),
whose mild solution is denoted by P,. For the sake of simplicity, we assume
that Py € L.(H), that is, that Py is invertible with a bounded inverse (cf.
Chapter 1, §5); at the end of this section, we shall explain how to handle the
general case.

Following F. FLANDOLI [2], we consider the Riccati equation

Q' = —AQ - QA* —QC*CQ + (E*A*)*E* A*, 2.1)
Q(0) = Po_l- |
and
Qb = —AQn — QuA™ = QuC*CQu + (E*A3)"E A3, (2.2)
Qn(0) = PO_17 |

where A,, = nAR(n, A) are the Yosida approximations of A. As the linear
operator E* A* fulfills the assumptions of Theorem 4.1 of Chapter 1, problem
(2.1) has a unique mild solution @ that belongs to C,([0,T]; X(H)) and we
have

lim Q, =Q in Cs([0,T]; 2(H)) (2.3)

n—oo
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and
Qu(t) =P (1), Vt=0. (2.4)

n

Theorem 2.1. Assume that (HH) is verified and that Py € L.(H). Let P,
be the solution to the Riccati equation (1.6). Then we have

lim P, =P inC([0,T]; 2(H)), (2.5)

where P(t) = Q7Y(t), t € [0,T] and Q is the mild solution of (2.1).

We shall call P the mild solution of (1.5).
Proof. Tt is sufficient to prove that there exists a constant C7 > 0 such that

|1P.(t)]| < C1, Vtel0,T], VneN. (2.6)
In fact, if (2.6) holds, then we have
1Q, (1) < C1, Vte[0,T], VneN.
Thus Q(t) € L-(H), Vt € [0,T]. Moreover from the identity
Q1) = Pu(t) = Pu(1)[Qu(t) — QIQ (1),

one can prove the existence of the limit (2.5). Finally to prove (2.6), it is
sufficient to observe that

t
P(t) < et PoetA + / et=9)A" o 0 e(t=9)A 4
0

The proof is complete. ad

Remark 2.1. Assume that (HH) is verified and that Py, Py € £,(H) with
Py < Fy. Let P and P be the corresponding mild solutions of (1.5). Then we
have P(t) < P(t), ¥t > 0. O

Remark 2.2. Assume that Py does not have a bounded inverse, and denote by
P. the mild solution of (1.5) with Py replaced by Py+el. Then by the previous
remark P, is decreasing and so the limit of P. exists in C;([0,T]; X(H)) as €
goes to zero. O

3 Dynamic programming

Here we assume that (HH) is verified. We denote by P and P, the mild
solutions of (1.5) and (1.6), and by (u*,z*) (resp. (u},z})) the optimal pair
for the control problem (1.3)—(1.4) (resp. (1.7)—(1.8)).

We first consider the case when Py € £, (H).
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Theorem 3.1. Assume that (HH) is verified and that Py € L.(H)N X+ (H).
Then we have

(i) limy, oo ul = u* in L2(0,T;U),
(i) limy,— 00 23 = 2* in C([0,T); H).

Proof. Let u € L%*(0,T;U) and let = be given by (1.3) and z,, by (1.8).
We remark that, as z,(t) = e"xg + n(nl — A)~'G(u), we have z, — =
in C([0,T); H). Now by formula (6.2) in Chapter 1, it follows that

T
(P (T)xo, zo) + /0 |u(s) + E* AL P, (T — s)xn(s)|* ds

:/O (C2a ()2 + [u()]?] ds + (Pon(T), 2a(T)).  (3.1)

Setting u =« in (3.1), we find

T
(ﬂ@%wwiéWM%W+M@W®+@%@Mﬂﬂ) (32)
Thus we have
(P(T)xo,20) < J(u), Vue L*(0,T;U). (3.3)

Moreover from identities (3.1) and (3.2) the sequence {u}} is bounded in
L*(0,T;U) and so there exists a subsequence {uj } that weakly converges
to an element u of L2(0,T;U). As

wy () = S()xg — npR(ng, A)G(u) )

Nk Nk
and
G(up,) = G(u) in L*(0,T;H),
we have
z;, — T in L*(0,T;H),
where

T = 5()zo — G(u),
and the symbol — denotes the weak convergence.
By letting n go to infinity in (3.2), we have

(P(T)ZIJ(), 1?0) Z JT(ﬂ),

* o~

which, along with (3.3), yields u = u*, = z* and
(P(T)xo,xo) = JT(U*)

Thus the sequence {u}} weakly converges to u* and it only remains to
prove that u} — u*. By (3.2) we have
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T e a0 + 195 B0 rn + 1V Po ()]
< J(u) = [l e, rwy + 1271 20 i) + M Poa™ ().
As
uf —u* in L?(0,T;U),
*—~z* in L*(0,T; H),
VPoxl (T) = \/Pox*(T) in H,

*
n

xT

as n — oo, it follows that the above convergences are strong. The proof is
complete. a

We now consider the case where Py € X1 (H) is not invertible. Define for
any € > 0, the cost

T
JE(U)—/O {ICz()]* + [u(t)*} dt + (Pox(T), x(T)) + ela(T) P,

and let (u}, z}) be an optimal pair for the corresponding control problem. Let
moreover P. be the mild solution of the Riccati equation (1.5) with Py replaced
by Py+el. As we know (see Remark 3.1), P is convergent in Cy ([0, T]; ¥(H))
to an element P € Cy([0,T]; ¥(H)), which has been defined as the mild
solution of (1.5).

Theorem 3.2. Assume that (HH) is verified and that Py € Xt(H). Then
there exists a unique optimal pair (u*, x*) for the control problem (1.4) subject
to the state equation (1.3). Moreover

(i) lime—ouf = w* in L?(0,T;U),
(ii) lime o ¥ = 2* in C([0,T); H).

Proof. We have
(P-(T)wo, o) < Je(u), Yu € L*(0,T;U), (34)

T
(P.(T)0, 10) = / (G + Jur (B}t
- (Poa(T), 2(T)) + el (T)[2.

We notice that the sequence {u?} is bounded in L?(0,7;U); we have in fact

(3.5)

T
| P ds < ) < 2.0,
0
where
T
J=(0) = / |CesAxo)|? ds + (PyCeTAxg, CeT4xy) 4 eleT ag |2
0

It follows that there exists a sequence {e;} | 0, and elements u € L?(0,T;U),
z € C([0,T); H) such that
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(i) we, — uin L2(0,T;U),
(ii) @, — 7 in L3(0,T; H),

(iil) 2., (T) — Z(T) in H.

Moreover
¢
E(t) = e ay — A/ eABU(s)ds, te[0,T).
0

Now from (3.4) it follows that
(PE(T)an (EO) S Ja(a)a

and by (3.5)
' (P=(T)xo, 0) > J- ().

The conclusion follows arguing as in the proof of Theorem 3.1.

a

Remark 3.1. We shall denote by Py the mild solution of the Riccati equation
corresponding to Py = 0. By Remark 2.1 it follows that Py, is the minimal

nonnegative solution of the Riccati equation.

4 Examples of controlled hyperbolic systems

a

Let A: D(A) C H — H be a linear operator, infinitesimal generator of a
strongly continuous group €' and let E: U — H be a linear bounded op-
erator. In this section we shall discuss several examples such that the key

condition (HH)—(iii) is fulfilled. We start with a very simple example.

Ezample 4.1 (first order problem).
Consider a system

ox Ox
ot (t,f) = o€ (tvé.)v le [OvT]v §€ [Oa2ﬂ-]a

$(0,§) = $0(§), §€ [Oa 277]5
x(t,2m) = x(t,0) + u(t), te€][0,T].

We choose here H = L?#(R), the set of all 27r-periodic functions that belong

to L2(0,2m;R), and U = R. We consider the linear operator A in H

{D(A) = W (R) = {z € L4 (R): 2’ € L4(R), x(0) = z(27)},

Az =12/, Yz e D(A).

As it is well known, A is the infinitesimal generator of the strongly continuous

group of translations

elx(€) =2t +€), teR, E€R
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We proceed here as in the Example 1.1 of Chapter 2. First we assume that u
is differentiable and introduce a new variable y by setting

y(tag) = Z’(t,f) - e2m _

so that state equation becomes

es
5( 5) 27r71(u(t)—u’(t)), te [OaT]a §€ [0,27T],

3
y(0.8) =20(§) = . ul0)=yo. &e[0,2],

y(t,27) = y(t,0), te€0,T].

(t §) =

Now we can write this equation in abstract form, namely

y(t,) = eyo +/ e %0 (u(s) — /(s)) ds,

0

where 2 is the element of L3, (R) defined by
o
Zo(f): o _ 1" ¢ e [0,27T].

e

By integration by parts we eventually find that the state equation can be
written in the required form

2'(t) = Az(t) + (1 — A)Eu(t), z(0) = zo,
where the linear operator E € L(U; H) is defined as
Fa=az, VaeU-=R.
Observe that the adjoint operator E* € L(H;U) is defined as
E*x = (v,72), Vxe€H.

We now check condition (HH)—(iii). Let ¢ € [0,27] and x € W;Q(R). If
s € [0, 27] we have

E*A*esA*x _ (A*CE7€SA20) , ,
1 mT—Ss T Con
e {7 et [ e ae)
e”’ — 0 2w —s
=x(21m —s) — (z, e ).

It follows that

/|E*A* sA” a:|2ds<2/|a:27r—s|2d8—|—2t/| 20)|? ds
< 2(1 + t2|20]?)|x|*.
Thus condition (HH)—(iii) is fulfilled. O



468 IV-3 Unbounded Control Operators in Hyperbolic Equations

Ezample 4.2 (Abstract wave equation,).

Let Z,U be Hilbert spaces, A: D(A) C Z — Z a linear self-adjoint strictly
positive operator, D a linear operator in £(U; Z), and A9 > 0. Here we are
dealing with the system

(4.1)

y'(t) + Ay(t) + (A3 + A)Du(t) =0, t>0,
y(0) =yo, ¥ (0) =yu1.

In order to write problem (4.1) in the form (1.3), we have to introduce the
space D(A~1/2) defined as the completion of Z with respect to the norm
]| p(a-1/2) = [|A7'/2z]|. Then we choose as space of states and observations

H =7 ® D(A~'/?), endowed with the inner product:

(B B = o

x T

and define the linear operator A on H

01| [2°
—A0]| |2t

D(A)=D(A?) @ Z.

AX = , VX e D(A),

A is the infinitesimal generator of a strongly continuous group of contractions,
given by the formula

oA [ cos(AV2t)  A=1/2sin(AV/?t)

—AY25in(AY2t)  cos(AV/?t) } , ek

Setting now

we can write (4.1) as

(4.2)

X'(t) = AX () + (Ao — A)Eult), >0,
X(0) = Xo,

where E: U — H is defined by
__| Dn
En=— |:)\OD77:| , nel
We remark that the adjoint of E, E*: H — U is given by
20
B* L‘l} = —D*(z" — oA Dz,

It follows that
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. 0
E*A*et4 [il] = —D*AY2sin(AY%)2° 4+ D* cos(AY %)t
+ XoD* A7 cos(AY2)a® + Ao D* AV 2 sin(AY/ 1)t

Now it follows easily that condition (HH)—(iii) is fulfilled if and only if there
exists K1 > 0 such that

t
/ |D*AY 2 sin(AY25)2|% ds < K, (t)|2]%, Vz € D(AY?),

0
(4.3)

t
/ |D*AY2 cos(AY2s)z|% ds < K1 (t)|z]4, Vz e D(AY?).
0

Ezample 4.3 (Wave equation,).
Let © be a bounded set in R™ with a regular boundary 9. Consider the
problem
Y (1, 6) = Aey(t,§), t>0, £€Q,
y(t, &) = u(t, &), t>0, &€ 00, (4.4)
y(0,8) = yo(§), Y:(0,€) = 51(8), €.

We set Z = L*(Q) and U = L?(99) and denote by —A the Laplace operator
with Dirichlet boundary conditions in 2. Then, setting y(t) = y(t,-) and
u(t) = u(t,-) and denoting by D the Dirichlet mapping defined in Example 1.1
of Chapter 2, we see that problem (4.4) is equivalent to problem (4.1) with
Ao =0.

We now prove (HH)—(iii); for this it is enough to show the first inequality
(4.3), because the second one can be proven similarly. Thus we fix z € D(A)
and set

w(t) = D*AY?sin(AY?t)z, w(t) = A7 sin(AY?1)z;

we remark that 5
v
t pu—
wit) = o' (1),

where v is the the outward normal to 9Q (because D*A coincides with the
linear operator 9/9v). Moreover v(t,-) = v(t) is the classical solution to the
following problem:

v (t,§) = Agv(t,§), t>0, £€Q,

U(ng) =0, Ut(oaé-) = $0(§), 5 € Q.

Fix T > 0, to prove the first inequality in (4.3), it suffices to prove that there
exists a constant C; > 0 such that
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[Fa-ofie

For this purpose, we follow the proof in I. LASIECKA, J. L. LIONS, and
R. TRIGGIANI [1]. We consider a regular vector field  in Q that extends the
outward normal v; then we multiply the first equation in (4.5) by (I'—t)h-Vev
and set

2
L2(09)

I:/(Tft)vtth-Vg)dtd{, J:/(Tft)(Agv)frngdtdE,
Q Q

where @ = [0,7] x Q and “ - ” denotes the scalar product in R".
Step 1. Estimate of 1.

‘We have

t=T

I= /Q[(T —t)(h- Vev)v] . d¢ + /Q(h -Vev)vg dt d§

— / (T— t)(h - ngt)vt dtdé =1 + I + Is.
Q

Clearly, I; = 0; moreover, by the usual energy estimates, there exists Cy > 0
such that

IQ < C2|x0|%2(9)- (47)
Concerning I3 we have
1 1
I=-, / (T — t) dive (hv?) dt d€ + ) / (T — t)v? dive hdt d¢
Q Q

1

1
= / (T —t)wih-vdtdo + / (T — t)v} dive hdt d€.
2 Jio,1)x00 2Jq

The first term is equal to 0 because v = 0 on 0€2; moreover the second one
can be estimated as I5. Thus, there exists a constant C3 > 0 such that

1] < CalaolF2(q- (4.8)
Step 2. Estimate of J.

Using Gauss—Green formulas for the term J, we obtain the boundary term in
(4.6) minus the term J; given by the expression

S = Z / (T' = t)0¢,v0¢, (hjOe,;v) dt d§
Q

ij=1

3 / (T — )0, 00, b0 v dtde + 3 / (T — t)h; 06,0 O, v dt d,
Q Q

i,j=1 4,j=1
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where O, denotes the partial derivative with respect to & and 9;; = 9;(9;).
Then

Jy = Z/ — 1)0¢, h;O¢, v, dt dE + Z/ T — t)h;0¢, (D¢, v)? dt d€

1,j=1 i,j=1
Jp = Z / —t)O¢, h; 65 v0g, v dt d€ + Z / 85 [hj]0e, U| | dtdg
4,j=1 4,J=1
Z / )¢, hj|0¢, v|? dt de
4,j=1

1
=K+ / (T — t)|Vev|? dt do
2 [0,T]x8Q

1 ov
— K+ / (T - t)‘
P 0,7] x99 ov

because v = 0 on 0f) and

2
dt do,

h-Ve = gz on 90
Now
[K1| < CalzolF2 0 (4.9)

for some constant C4 > 0. We have

1 2

ov
J=-K;+ / (T - t)' dtdo. (4.10)
2 Jo,1x00 v
Finally as I = J
T ov|?
/ (T—t)‘ dt =1+ K, (4.11)
0 ov L2(89)

so that the required estimate (4.6) follows from (4.9), (4.10), and (4.11). O

Remark 4.1. One can consider different situations such as the wave equa-
tions with Neumann Boundary conditions, or the plate equations with several
boundary conditions. As for the verification of the condition (HH)—(i), the
reader is referred to the review paper by I. LASIECKA and R. TRIGGIANT [11].

O

5 Some result for general semigroups

In this section we do not assume that A generates a strongly continuous group
but that a condition weaker than (HH); holds.
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(i) A generates a strongly continuous semigroup e** in H of
type wo and Ag is a real number in p(A) such that wy < Ag,
(MM (i) E e L(U;H),

T
(iii) 3K > 0 such that/ |E* A*esY 2| ds < K?|z|*, Vo € D(A%).
0

If we replace (HH); with (HH)} Proposition 1.1 still holds true as can easily
be seen and the state equation (1.3) is meaningful. We consider again the cost
function (1.4) and assume that (HH); is verified. We denote by (HH)’ the set
of all hypotheses (HH)} and (HH)2. Besides the Riccati equation (1.5) and
the approximating equation (1.6) we consider, as in V. BARBU and G. DA
PRrATO [1], the dual Riccati equation

Q' =AQ + QA* — QC*CQ + (E*A*)*E* A*, (5.1)
Q(0) =0, '
as well as the approximating problem
Q@ = AQn + QnA* — Q,C*CQ, + (E*AR)*E* A7, (5.2)
Qn(o) =0, '

where A, = nAR(n, A) are the Yosida approximations of A.

Proposition 5.1. Assume (HH)' and let P, € C([0,T]; 2(H)) be the mild
solution of (1.6). Then there is P € Cs([0,T); 2(H)) such that the following
limit exists:

lim P, =P, inCs([0,T]; 2(H)).

In the sequel we shall call P the mild solution of (1.5).

Proof. We first remark that the hypotheses of Theorem 4.1 in Chapter 1 are
verified, so that problems (5.1) and (5.2) have mild solutions, and moreover
the following limit exists:

lim Q, =Q in Cs([0,T]; 2(H)).

n—oo

Denote by C'r a positive constant such that
Fix now ¢ € [0,T]. Then by Theorem 7.4 in Chapter 1 we have

P,(t) =Ug, ,t,0)[I + PoQn(t)] "' PUE (t,0)

; ,t
+/ Ug, ,(t,s)C"CU¢, ,(t,s)ds, (5.4)
0

where
Gni(s) = A" = C*CQu(t—s), s€][0,t].

Therefore Ug,, , is the evolution operator with respect to G, ;.

n,t
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Step 1.
There exists C; > 0 such that
Uq, . (m,8)| <C1, V(s,t),0<s<7<t and VYneN (5.5)

In fact let © € H and set ¢,(7) = Ug,, (7, s)x. Then we have

ou(7) = eIy / T CCQu(t — 0)pulo) do.
Let My > 0 such that
le* [} < Mz, Vs € [0,T].

Then, recalling (5.3), we obtain

lon(r)] < M| + MrC / |on(0)| do,

and the conclusion follows from Gronwall’s lemma.
Step 2.
We have

lim Ug, ,(7,8)x = Ug,(1,8)x, VYee H, 0<s<71<Ht. (5.6)

n—oo

Let x € H and set ¢,(7) = Ug, ,(7,s)x and ¢(1) = Ug, (7, s)x. Setting
Cn(-) = @(-) — on(-); then ¢, is the mild solution of the following problem:

G(1) =AG(T) = C*CQn(t = T)Cn (1) +C*C(Qu(t — T)=Q(t = 7)) p(7),
Cn(o) =0,

that is to the integral equation
(1) = [ Vs, (r = 0)C"C(Qut = o) = Qlt - ) (o) do

Now (5.6) follows from (5.5).

Step 3.

Conclusion. It is sufficient to let n tend to infinity in (5.4). O
We can now proceed as in §3. Let (u*,2*) (resp. (u),z})) be the optimal

pair for the control problem (1.3)—(1.4) (resp. (1.7)—(1.8)).

Then the following result is proved as Theorem 3.1.

Theorem 5.1. Assume that (HH') is verified and that Py € X+ (H). Then
we have
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(i) limy, oo u = u* in L3(0,T;U),
(i) limy— 00 23 = 2* in C([0,T); H).

Ezample 5.1 (Age-dependent equations).
Consider a dynamical system describing the evolution of a certain popu-
lation (see for instance G. F. WEBB [5]), governed by the equations
pt(tv a’) + pa(ta a) + ,Lt(a)p(t, a’) = 07 ac [07 CL+], t> 07
p(0,a) = po(a), a€0,a], (57)

p(t,0) = /O " BO)p(t, by b+ u(t), > 0.

Here p(t, a) is the density of the population of age a at time ¢, 1 is the mortality
rate,  is the birth rate, a4 is the maximal age, and u is the control. We shall
assume that © >0, 3 >0, u, 8 € C*([0,a]) and

at ay B
/0 w(b) db = +o0, /0 B(b) exp {— /0 u(c)dc} db # 1. (5.8)

We want to minimize a quadratic cost function of the form

J(u) = /OT dt {/OM p*(t,a)da + u2(t)] , (5.9)

over all controls u € L?(0,T) subject to state equation (5.7).
As shown in G. DA PrRATO and M. IANNELLI [1], problem (5.7) can be
written on the abstract form

t
p(t) = etpo — ad / ct=ABy(s)ds, te0,T], (5.10)
0

where A is the infinitesimal generator of a Cy semigroup on H = L?(0,a.)
and D is a mapping from R into H. More precisely the operator A is given by

def

Ap = —¢' — pp,

ay (5.11)
D(A) = {so € H: ¢ +pp e Hand p(0) = / B(b)p(b) db} ,
0
and F is defined by
z— E(x)=m(x): R — H, (5.12)
where 7 is the element of H given by
m(a) = e o™ 4 (0, a,]. (5.13)

Moreover the semigroup generated by A is given by
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B, (t — if
etA - @(t a)ﬂ-(a) 1 ¢ [O’t[ 5 2 S L2(05 CL+), (514)
pla—t)w(t) ifaelt ayl
where B is the solution to the integral equation
B(a) = F,(a) +/ K(a—b)BMb)db, a€[0,as), (5.15)
0
and
“ m(a)
Fy(a) = o(b—a)K(b) 0 db, a€l0,ay] (5.16)
a 77

We now check hypotheses (HH)'. It is sufficient to show that (HH),—(iii)
holds. If ¢ € D(A*) we have in fact

a4 . a4 .
/0 5" A%et go|2dt:/0 (A" o o 2t

/aJr
0

2

b etAm| dt. (5.17)

dt <<IO56 7T>

Moreover, recalling (5.14), we have

jtw, i) = jt { /0 t 0(a) By (t — a)(a) da + /t " ola— Hr(t) da}

— o(t) B (0)m(b) + / (@) Bl (t — a)r(a) da
—play —t)m(t) +/O o(a)7'(t) da.

(5.18)
Now, by plugging (5.18) into (5.17) the conclusion follows. O
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Bounded Control Operators: Control Inside
the Domain

1 Introduction and setting of the problem

As in Chapter 1 (Part IV) we consider a dynamical system governed by the
following state equation:

(1.1)

2/ (t) = Az(t) + Bu(t), t>0,
I(O) =X € H,

and we use the notation introduced in §1 of that chapter. We assume that

(i) A generates a Cy semigroup et in H,
(H) ¢ (i) Be L(U;H),
(iii) C e L(H;Y).

Clearly, if the assumptions (H)o hold, then the assumptions (H) of §1 in
Chapter 1 (Part IV) are verified with Py = 0.
We want to minimize the cost function:

Joo(u) = /OOO{ICQ?(S)I2 +Ju(s)|*} ds, (1.2)

over all controls u € L2(0, 00; U) subject to the differential equation constraint
(1.1). We say that the control u € L%(0,00;U) is admissible if Ju(u) < oo.
An admissible control u* € L?(0,00;U) is called an optimal control if

Joo(u*) < Jso(u), Yu € L*(0,00;U).

In this case the corresponding solution of (1.1) is called an optimal state and
the pair (u*,z*) an optimal pair.

Simple examples in finite dimension show that admissible controls can
fail to exist. When, for any xy € H, an admissible control exists, we say
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that (A, B) is stabilizable with respect to the observation operator C, or, for
brevity, that (A, B) is C-stabilizable. In this case it is still possible to solve
problem (1.1)—(1.2) by using Dynamic Programming. In fact when there exists
an admissible control, one can show that the minimal solution Puyin(t) to the
Riccati equation (2.7) in §1 of Chapter 1 in Part IV, that is the solution

corresponding to the initial condition Py = 0, converges, as t — o0 to a
solution P2 of the algebraic Riccati equation:
A X+ XA—-XBB*X +C*C =0. (1.3)

Moreover (1.3) has a nonnegative solution if and only if (4, B) is C-stabilizable.
The minimal nonnegative solution of (1.3) PSS, is the main tool in solv-
ing problem (1.1)—(1.2). In fact one can show (see §3) that if (A, B) is C-
stabilizable, then the optimal control u* is given by

u*(t) = =B*P3S,x* (1), (1.4)

min

where z* is the solution to the closed loop equation:

{x’(t) = (A— BB*PX.)z(t), tel0,T], w5

CC(O) =x0 € H.

The operator
F=A-BB*PJ;, (1.6)

is called the feedback operator. It is important for the applications to know
whether F' is exponentially stable or not. A sufficient condition for this is that
(A, C) be detectable, i.e. that (A*, C*) be I-stabilizable. This condition is also
necessary if H is finite dimensional or in special situations (see §3). In §4 we
study some qualitative properties of the solutions of (1.3). In particular we
find that if F' is exponentially stable, then P23 is globally attractive (among
all nonnegative solutions of Riccati equations), and so it is the unique solution
of (1.3). We also study the existence of a maximal solution Pyy,, of (1.3). We
prove that a maximal solution Py, exists if (A, B) is I-stabilizable. In this
case one can show that the infimum of Jo(u) over all u € L?(0,00;U) such
that x € L%(0, 00; H), subject to the differential equation constraint (1.1), is
precisely (P2, o, %o)-

We end §4 by studying periodic solutions of Riccati equations. Finally §5
is devoted to examples and §6 to complements.

2 The algebraic Riccati equation

We assume here that (H)o is verified and consider the system (1.1).

Definition 2.1. (i) (A, B) is said to be stabilizable with respect to the
observation C, or C-stabilizable, if for any xy € H there exist u €
L?(0,00;U) such that Cz € L?(0,00;Y), where x is the corresponding
solution to (1.1).
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(ii) (A, B) is called feedback stabilizable with respect to the observation C,
if there exists K € L(H;U), N > 0, w > 0 such that

|CetA=BE)|| < Ne7«t vt >0. 0
We consider the Riccati equation
P'=A*P+ PA-PBB*P+C*C (2.1)
and the corresponding stationary equation
A X+ XA-XBB*X+C*C =0. (2.2)

In the sequel we shall consider only nonnegative solutions of (2.1) and (2.2).

Definition 2.2. (i) We say that X € X" (H) is a weak solution of (2.2) if
(Xz, Ay) + (Az, Xy) — (B* Xz, B*Xy) + (Cz,Cy) =0 (2.3)

for all z,y € D(A).
(i) X is called a strict solution of (2.2) if X € D(A) (the operator defined
by (3.3) in Chapter 1 (Part IV) and

A(X) = XBB*X +C*C = 0. (2.4)
O

We remark that if X is a strict solution of (2.2), then by Proposition 3.1
(Chapter 1, Part IV), we have

A*Xz+ XAz — XBB* X2+ C*Cz =0 (2.5)

for any « € D(A) (because if x € D(A) then Xz € D(A*)).
Finally we introduce the following definition.

Definition 2.3. We say that X € YT (H) is a stationary solution of (2.1) if it
coincides with the mild solution of (2.1) with initial condition P(0) = X. O

Proposition 2.1. Let X € YT (H), then the following statements are equiv-
alent:

(i) X is a weak solution of (2.2).
(i) X is a strict solution of (2.2).
(iil) X is a stationary solution of (2.1).

Proof. (i) = (ii). Assume that (2.3) holds for any x,y € D(A). Then we
have
(,OX(ZI;,y):(B*XI‘,B*Xy)—(Cﬂf,Cy), V$7y€D(A)7

where @x is the bilinear form defined by (3.1) in Chapter 1 of Part IV. Clearly
px is continuous in H x H so that X € D(A) and (2.4) holds.
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(ii) = (i). Let X € D(A) be a strict solution of (2.1) and let € D(A);
then Xz € D(A*) and (2.5) holds true. Now, if 2,y € D(A), (2.3) follows and
X is a weak solution.

(il) = (iii). If X is a strict solution of (2.2), then P(t) = X is a strict
solution. Therefore it is a stationary solution, of (2.1).

(iii) = (i). Let X be a stationary solution of (2.1), and set P(t) = X.
Then by Proposition 2.1 in Chapter 1 of Part IV, P is a weak solution of (2.1)
so that (2.3) holds and X is a weak solution of (2.2). O

Due to Proposition 2.1, all kinds of solutions are the same; in the sequel
we shall call a solution both a weak and a strict solution of (2.2).

We are going to study existence of a solution of the algebraic Riccati
equation. We follow here A. J. PRITCHARD and J. ZABCZYK [1]. It is useful
to consider the solution of the Riccati equation with initial condition 0,

(2.6)

P' = A*P + PA— PBB*P + C*C,
P(0) = 0.

Its solution will be denoted by Pyin(+).

Remark 2.1. Pyin(+) is the minimal nonnegative solution of the Riccati equa-
tion. In fact if Py € X+ (H) and P is the mild solution of (2.1) such that
P(0) = Py, then by Proposition 2.2 in Chapter 1 of Part IV, we have

Pain(t) < P(t), VYt > 0.
It follows that if X is a solution of (2.2), then
Poin(t) < X, Vt>0. O
We now prove the following properties.

Proposition 2.2. The following statements hold:

(i) for any x € H, (Pnin(-)z, x) is non decreasing,
(ii) assume that, for some R € X*(H), we have

Pain(t) <R, VYt >0.
Then for all x € H the limit

P2 x = lim Pyin(t)x, (2.7)

t—o0

exists, and PSS, is a solution of equation (2.2).

Proof. Let € > 0, t > 0 and let P be the solution of (2.1) such that P(0) =
Phin(€). By Proposition 2.2 in Chapter 1 of Part IV, we have

Pmin(t+ E) = P(t) > Pmin(t)
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and (i) is proved. Assume now Ppin(t) < R; as Pupin(t) is nondecreasing and
bounded we can set

v(x) = lim (Pyin(t)z,z), Va € H.

For x,y € H we have
2Re(Puin(t)z,y) = (Pmin (1) (2 +Y), 24+Y) — (Pmin (1), ) — (Prmin (1) Y, ¥),
2Im(Pin(t)x, y) =i Prin () (x+1y), 2+5y) — (Pmin(t)x, ) — (Pmin (¢) (1Y), 1y).

So the limit

I'(z,y) = hm (Pmin(t):zz,y), Vr,y € H,

exists and the following operator P2 € X1 (H) can be defined:

min

hm (Pmin(t),f,y) = (Prnm( )(E y) V.%',y € H

t—o0

It follows that

lim ([P35 — Pmin()]z,2) =0, =z € H,

min
t—o0

which is equivalent to

lim (P, — Puin(®))?2 =0, VzeH.

This implies that

tlim (P35 — Pain(t))z =0, Va € H,
so that (2.7) holds. It remains to show that P25, is a solution of (2.2). For
this we denote by P, the solution of (2.1) for which P,(0) = Puin(h), ie.
Ph (t) = Pmin(h + t). As
lim Pyin(h)z = PSSz, Vx € H,

min®
h—oo

by Theorem 2.2 in Chapter 1 of Part IV, we have
lim P,(-)z =P,z in C([0,T); H), Ve e H, VT > 0.

min?®
h—o0

Moreover P23, is a solution of (2.1) (hence stationary).

Remark 2.2. Assume that there exists a solution X 6 XY*(H) of (2.2). Then,
by Proposition 2.2 and Remark 2.1, the solution PSS, defined by (2.7) exists.
By the above proposition it follows that

m

P> < X,

min

for all solution X € X+ (H) of (2.2). Thus P23, is the minimal solution of the

min

algebraic Riccati equation (2.2). O
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We now prove that a nonnegative solution of the algebraic Riccati equation
exists if and only if (A, B) is C-stabilizable.

Proposition 2.3. Assume that (H)e is verified and that (A, B) is C-stabil-
izable. Then there exists a minimal solution PSS of (2.2).

min

Proof. We first recall that by (6.2) in Part IV, Chapter 1, we have
t
(Prmin (t)0, 20) + / |u(8) + B* Puin(t — 8)2(s)|? ds
0

_/0 (1Ca(s) + |u(s)[?} ds, (2.8)

for any zo € H and any u € L%(0, 00; U), where z is the solution of (1.1). Let
u be a control in L?(0,00; U) such that the corresponding solution z of (1.1)
is such that Cz belongs to L?(0,00;Y). By (2.8) it follows that

sup(Prin (t)z0, 20) < /OO{|C:1:(S)|2 + u(s)|?} ds < oo
t>0 0

for any z¢ € H. By the Uniform Boundedness Theorem it follows that P, (t)
is bounded, so that, by Proposition 2.2, there exists a solution of (2.2). O

In order to prove the converse result it is useful to introduce, for any ¢ > 0,
the following auxiliary optimal control problems over the finite time horizon
[0,¢]: To minimize

Ji(u) = / {1C2()? + [u(s)?} ds, (2.9)

over all controls u € L?(0,t¢; U) subject to the differential equation constraint
(1.1). By Theorem 6.1 in Part IV, Chapter 1, we know that there exists a
unique optimal pair (z;,u;) for problem (2.9), where x; is the mild solution
to the closed loop equation:

x,(8) = [A — BB*Pyin(t — s)]ae(s), 0<s<t,
z(0) = zo,

and u; is given by the feedback formula
ur(s) = =B Puin(t — s)z1(s), 0<s<t.

Moreover the optimal cost is given by

(Pain(£)20, 70) = /O {1Ce()|? + Jus(s)[2} ds. (2.10)
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Lemma 2.1. Assume that the minimal solution P23 of (2.2) exists. Denote

min

by xo the corresponding mild solution to the equation

a2l (s) =[A— BB*PX% |z (s), s2>0,
Zoo(0) = z0,
and set
Uoo(8) = —B*PS Too(s), s2>0. (2.11)
Then we have
tlim 21(s) = Zoo(s), s2>0, (2.12)
tlim ut(8) = uso(s), s2>0. (2.13)

Proof. Fix T' >t and set z; = x4y — Too; then for all 0 < s < T, z; is the mild
solution of the problem:

{zﬂs)—[A—BB*Pmm@—s>]zt<s>+BB*[Pmin@—S)—Pm Jraol®): g 1)

Denote by U(r, s) the evolution operator corresponding to A— BB* Py (t—-);
then for x € H

U(r,o)x ="z — / "= PABB* Puin(t — p)U (p, o) dp,
U(o,0) =1.
It follows that

1U(r, o) < Mel™=7 + MIIBHQIIPQ‘EHII/ "YU (p, o) dp.

By Gronwall’s Lemma we have
|U(r,0)|| < Me(r—v)[w+MllB|\2IIP,?SDII]’ 0<oc<r<T. (2.15)

We now return to problem (2.14), which we write in the form
zi(s) = / U(s,0)BB*[Pnin(t — 0) — P35, ]%e0(0) do.
0

By (2.15) and by the Dominated Convergence Theorem we obtain z:(s) — 0
as t — 00. So (2.12) and then (2.13) follow. O
We can now prove the following proposition.

Proposition 2.4. Assume that there exists a solution of (2.2). Then (A, B)
is C'-stabilizable.
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Proof. Let x; and u; be defined as in the lemma. By (2.10) we have for t > T

T
(PSS, o, o) > /0 {|Cxs(5))* + |us(s)]*} ds (2.16)

and, as t — o0,

T
(PinTo, Zo) 2/ {ICzo0(5)|* + [uco(s)]?} ds. (2.17)
0
But as T is arbitrary we find
(PrinTo, Zo) 2/ {|Czoc(8)” + |uss(s)|?} ds (2.18)
0

and thus us € L%(0,00;U) is an admissible control. O

3 Solution of the control problem

We now consider the control problem (1.1)—(1.2) and prove the central result.

Theorem 3.1. Assume that the conditions (H)eo are verified and that (A, B)
is C-stabilizable. Then there exists a unique optimal pair (u*,z*) for the op-
timal control problem (1.1)—(1.2). Moreover the following statements hold:

(i) z* € C([0,00[; H) is the mild solution to the closed loop equation (1.5).
(ii) u* € C([0,00[; U) is given by the feedback formula

ut(t) = —B*PXa*(t), tel0,T], (3.1)

min

where PSS represents the minimal solution of (2.2).

(iii) The optimal cost J(u*) is given by

Joo(u*) = (Painao, Zo)- (3.2)
Proof. Let u € L?(0,00;U) and let = be the corresponding solution of the
state equation (1.1). By the identity (2.8) we have

t
(Puin(t)z0,0) < [ {ICao)? +Ju(s)?}ds < Joc(u).
0
It follows that
Joo(u) > (P25 (t)x0,70), Yu € L*(0,00;U).

Let now us be defined by(2.11); by (2.18) we have

(Pri?n(t)xm CE()) 2 JOO(U’OO)v
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so that ue is optimal. Formula (3.1) with u* = s, 2% = 2 follows from
(2.12)—(2.13). It remains to show uniqueness. Let (4, &) be another optimal
pair; then Jo, (i) = (PSS, 20, %0). Fix T > 0. By applying (2.8) with ¢t > T we
obtain

/0 |6(8) + B* Poin(t — 8)2(8)|* ds < Joo (@) — (Punin(t)x0, 20)

([POO - Pmin(T)]«fCO,ZE()).

min

As t — oo we have
T
[ 166) + B Pusni(9) ds < (P, = Poin( Do, 0).
0

and letting T tend to oo, necessarily 4(s) = —B*P23 Z(s). Consequently & is

min
also a solution of the closed loop equation that necessarily coincides with z.

Then % = us and the proof is complete. a
We now give a regularity result for the optimal pair (u*,x*).

Proposition 3.1. Assume that the conditions of Theorem 3.1 are verified and
let (u*,2z*) be the optimal pair for the control problem (1.1)~(1.2). Then the
following statements hold:

(1) If zo € D(A), then x* is a strict solution of (1.5) and belongs to
C([0, 00 H) N C([0, 00; D(A)).
(ii) If et? is an analytic semigroup, then x* is a classical solution of (1.5).

Proof. (i) follows from Proposition 3.3 in Part II, Chapter 1, and (ii) from
Proposition 3.9 in Part II, Chapter 1. a

3.1 Feedback operator and detectability

We assume here that the conditions (H) are verified and that (A, B) is C-
stabilizable. We denote by P23, the minimal solution of the algebraic Riccati
equation (2.2). Under these hypotheses, by Theorem 3.1, there exists a unique
optimal pair (u*,z*), and

o*(t) = etf'zy, t>0,
Wt (t) = —B*P> 2*(t) = —B*P> tFag ¢ >0,

mln min

where
F=A—BB*P>

min

is called the closed loop operator. Moreover, by (3.2) we have

(P22 0. 20) = / (|CetF a0 + |B* P2 etF 2]} ds. (3.3)
0
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Remark 3.1. When C' = I (or if C~! € L(H)), by (3.3) and Datko’s Theorem,
it follows that F is exponentially stable. In particular, if (A4, B) is stabilizable
with respect to the identity I then it is feedback stabilizable. a

It is important for the applications to give conditions under which F is
stable (even when C is not invertible). A sufficient condition is given by the
detectability property. In order to define detectability we introduce the dual
system

y'(t) = Amy(t) + Co(t), =0,
y(0) = yo € H.

For this system the space of states, controls, and observations are H, Y, and
H, respectively.

Definition 3.1. We say that the pair (4, C) is detectable if the pair (A*, C*)
is I-stabilizable. O

Remark 3.2. By Remark 3.1 it follows that (A, C) is detectable if and only if
there exists K € L(Y; H) such that A — KC is exponentially stable. O

The next result is due to W. M. WONHAM [2] in the finite dimensional
case and to J. ZABCzYK [3] in the general case.

Proposition 3.2. Assume that (A, C) is detectable. Then F is exponentially
stable.

Proof. Let 29 € H, x(t) = e'f'zg; by Remark 3.2 there exists K € L(Y; H)
such that A — KC is exponentially stable. As
F=(A-KC)+ (KC—-BB*P%,),

min
we have that z is the mild solution to the problem

¥ =(A-KC)x+ z,
2(0) = xo,

where z = (KC — BB*P2 ). It follows that

min

¢
z(t) = A=Kz 4 / e=A-KO KO — BB*PX, Jx(s) ds.

0 min
By (3.3) we have that Cz and BB* PSS, z belong to L?(0,00; H); it follows
that € L?(0,00; H) because A — KC is exponentially stable. By Datko’s
Theorem this implies the conclusion. a

Remark 3.3. The assumption that (A, C) is detectable is not a necessary con-
dition that ' = A — BB* PSS, be exponentially stable, as Example 3.1 below
shows. Notice however that this condition is necessary and sufficient in some
special cases (see §3.2). O
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The following example was discussed in the reference of G. DA PRATO
and M. C. DELFOUR |1, 2].

Example 3.1. Let H = U = Y = (2, the Hilbert space of all the sequences
{z,} of complex numbers such that > > | |z,]* < co. We set

V22n +1
Ty -
n+1

n
n—i—lx"

Alz,} = , B=1, Clz,}=
(e} {

Then (2.2) reduces to
24X — X2+ C? =0,

and we have

PSSy = A+ A2+ C2 = A+1,
F=A-P%, =1

min

Thus F' is exponentially stable. We now show that (4, C) is not detectable. In
fact assume, by contradiction, that (A, C) is detectable. Then the algebraic

Riccati equation
24X - C*°X*+1=0

has a positive solution X and we have
X{an} ={(n+ Dan}.

However this is not a bounded operator in H. a

3.2 Stabilizability and stability of the closed loop
operator F' in the point spectrum case

We assume here (H)oo—(i)—(ii); we are interested in the stabilizability of the
system (1.1) under suitable conditions on the spectrum of A. We denote by
o~ (A), 07 (A), and 0°(A) those elements of the spectrum of A that have a
negative, positive, and zero real part, respectively. The elements of o (A) U
0%(A) are called unstable points of o(A). Obviously, if o7 (A)Uc®(A) is empty
and if A verifies the spectral determining condition (see Part II, Chapter 1,
§2.9 §2.9), then (A, B) is stabilizable. We now assume that

(i) the set 07 (A) Ua(A) consists of a finite set of

eigenvalues of finite algebraic multiplicity,
(P)q (ii) there exists e > 0, N4 > 0 such that

sup Rel < —¢, || I || < Nae™', Vt>0.
Aeo~ (A)

Here IT, represents the projector on o~ (A) defined by
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_ 1
I, = . R(\, A) dA
27 oy

and v~ is a simple Jordan curve around o~ (A). The projectors I} and IT9
are defined analogously. We set

Hy = I (H), HY=IT{(H), Hy=ITi(H).
Then H, HX, HY are invariant subspace for the semigroup etA.

Remark 3.4. Assume that A fulfills (P). Then by hypothesis (ii) H} is finite
dimensional and there exists n > 0 such that

ReA >1n, VA€ot (A). (3.4)

Moreover etAHX can be extended for ¢t < 0 by the formula
1
ATy = / e R\, A)d\, teR.
21 ~t

Finally, by (3.4) there exists N/ > 0 such that

AT < N, V<. 3.5
A A

Remark 3.5. Assumptions (P) are verified in each of the following cases:

(i) H is finite dimensional.
(ii) e/ is compact for any ¢ > 0. 0

3.3 Stabilizability

In this section we want to give a necessary and sufficient condition in order
that (A, B) be stabilizable with respect to the identity I. We first prove a
lemma on the existence of solutions of (1.1) in [0, +o0].

Lemma 3.1. Assume that conditions (H)eo—(i)—(ii) are verified and moreover
that A fulfills (P) with 0°(A) = @. Then the following statements are equiv-
alent:

(i) forallz € H, there existsu € L*([0, +oo[ ; U) such that x € L([0, +oo[ ; H),
x being the solution to (1.1) corresponding to w.
(ii) Range v D IT%(H), where v is defined by

U yu = / e *AIT} Bu(s)ds: L*([0, 400 ;U) — H,
0
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(iil) the mapping

.ASTAR

£y =DB"(II})"e” € H — L*([0,+o0[ ; U),

18 one-to-one,

(iv) for all X € ot (A*), Ker(B*)NKer(A — A*) = {0}.

Proof. Let u € L?([0,4oc[ ;U), and let = be the solution to (1.1). Then we
have

t
2(t) = Mg + / e DABy(s)ds = z_(t) + 24 (1),
0

where

t —+o0
x_(t) = e I a0 + / AT Bu(s) ds — / DAY Bu(s) ds,
0 t

+oo
zy(t) = et {Hj":co + / e *AIT} Bu(s) ds} .
0

Remark that z_ € L?(0, 00; H) by (P)—(ii) and (3.5), whereas x € L2(0, c0; H)
if and only if

+oo
iz + / e *AIT{ Bu(s)ds = 0.
0

It follows that (i) <= (ii). Moreover as the space IT;(H) is finite dimen-
sional, (ii) <= (iii) by the Alternative Principle. Thus it remains to show
that (iii) <= (iv). Assume (iii) and, by contradiction, that (iv) does not
hold. Then there exist A € o7 (A*) and & € (1T} (H))* different from 0 such
that B*¢ = 0, \é = A*¢€ = 0. Then e %4 ¢ = e ¢ and we have

Bre A (IT1)*¢ =0, s>0, (3.6)

which is a contradiction.

(iv) = (iii). Assume (iv) and, by contradiction, that (iii) does not hold.
Then there exists £ € (HX(H))* different from 0 such that (3.6) holds. By
differentiating (3.6) several times with respect to s and by setting s = 0 we
see that

p(A)E =0
for all polynomials p. Choose p as the minimal degree polynomial such that
p(A*)E = 0. Let \g be a root of p; then clearly \g € o (A4*). Set

P(A .
a0 = PN and v = g4
— Ao
then by (3.6) it follows that ¢ € Ker(B*) N Ker(AI — A*), which is a contra-
diction. 0

The following result is a straightforward generalization of a result due to
M. L. J. Hautus [2].
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Proposition 3.3. Assume that conditions (H)eo—(1)—(ii) and (P) are verified.
Then the following statements are equivalent:

(i) (A, B) is stabilizable with respect to I,
(ii) Ker(A — A*) N Ker(B*) = {0}, VA€ d’(A)Uot(A).

Proof. We can clearly choose € > 0 such that, setting A, = A + I, then
0%(A.) is empty, so that we can apply Lemma 3.1. Setting v(t) = etu(t),

et

z(t) = efz(t), problem (1.1) becomes
2'(t) = Acz(t) + Bo(t), z(0) = z.

Now assume that (ii) holds. By Lemma 3.1, for all g € H, there exists
v € L2([0,00[; U) such that z € L%(0, 00; H); thus (4, B) is I-stabilizable and
(i) holds.

It remains to prove that (i) = (ii). In fact assume (i) and that, by
contradiction, (ii) does not hold. Then there exists A € 0°(A*) U o (A*) and
& € D(A*) different from 0 such that

B*€ =0, X\ —A*€=0. (3.7)
Choose now z € H such that (x¢,£) = 1; by the hypothesis (i) there exists
u € L*(0,00;U) such that x € L?(0,00; H). As
t

(20,€) = (w0, €A €) + / (u(s), B*eA" €) ds,

0

by (3.7) it follows that (z;,&) = (z0, et €) = e, which is a contradiction,
because Re A > 0. The proof is complete. a

3.4 Exponential stability of F

We assume here that (A4, B) is C-stabilizable and denote by F' = A—BB* P2,
the closed loop operator. We prove the following result.

Proposition 3.4. Assume that (A, B) is C-stabilizable and that A and F
fulfill (P). Then the following statements are equivalent:

(i) F is exponentially stable,
(i) for any A € o7 (A) U c°(A), we have
Ker(A — M) NKer(C) = {0}. (3.8)

Proof. (i) = (ii). Assume that F is exponentially stable and, by contradic-
tion, that (ii) does not hold. Then there exists xg # 0 and A\g € o+ (A) such
that

Re )\0 2 0, A.’KQ = )\Oxo, C{,CO =0. (39)

It follows that
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d *
0 (Pmin(t)l'Oa 1'0) = 2Re )\O(Pmin(t)l'o,xo) - |B Pmin(t)$0|2
S 2 Re )\O(Pmin(t)IvaO)’

where Py is the minimal nonnegative solution of (2.1). As Ppin(0) = 0 by
(3.9), it follows that Ppin(t)zo = 0 and then P23 29 = 0. Thus

min

F.CCO :AIEO — BB*P% o = AIO = AIE(),

min

which contradicts the fact that F' be exponentially stable.
(ii) = (i) Assume now that (3.8) holds and, by contradiction, that F' is
not exponentially stable. Then there exists A\g € C and xg # 0 in H such that

F,TO = )\01‘0, Re )\0 Z 0.

Because, as easily checked, P>  verifies

min

F*PX, + P F + P, BB*PS, + C*C =0,

m min min min

we have
2Re \o (PSS, w0, 7o) + | B* P 20|? + |Cxg|* = 0,
which implies B* PS5, z0 = 0, Azg = Aoz, and Cxy = 0, and this fact contra-
dicts (ii). O
We now give a characterization for the stability of F'.

Proposition 3.5. Assume that the conditions of Proposition 3.4 are verified.
Then the following statements are equivalent:

(i) F is exponentially stable,

(i) (A, Q) is detectable.
Proof. (i) = (ii). If F' is exponentially stable, then, by Proposition 3.4, (3.8)
holds. But this implies that (A*,C*) is stabilizable with respect to I (by
Proposition 3.3). Thus (ii) is proved. The implication (i) = (ii) was proved
in Proposition 3.4. a

4 Qualitative properties of the solutions of the Riccati
equation

In this section we assume that conditions (H) are verified and that (A, B)
is stabilizable with respect to C'. We again consider the equations

P' = A*P+ PA— PBB*P + C*C, (4.1)
A*X + XA - XBB*X +C*C =0, (4.2)

and denote by P, and PSS, the minimal solutions of (4.1) and (4.2), respec-

min

tively. We say that a solution X € X (H) of (4.2) is mazimal if
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V solution Y € ¥ (H) of (42) = Y < X.

If a maximal solution exists, it is clearly unique; however a maximal solution
does not exist in general (see Remark 4.2 below). The existence of a maximal
solution under suitable assumptions will be proved in §4.3.

4.1 Local stability results

We study here the exponential stability of any positive solution X of (4.2).
This property of X is naturally related to the exponential stability of the
linear operator A — BB*X.

Proposition 4.1. Let X € X T(H) be a solution of (4.2). Assume that A —
BB*X = K is exponentially stable, that is, that there exist a > 0, N > 0 such
that

e < Nem @, t>0. (4.3)

Then there exist r > 0 and a > 0 such that, if Py € XY (H) and ||Py — X|| <
1/2r N2, we have
[P(t) = X[ <re™®, t=0,

where P is the mild solution to (4.1) such that P(0) = Py.
Proof. Set Y (t) = P(t) — X; then Y is the mild solution to the problem

Y' = K*Y +YK — YBB*Y, Y(0)=Py— X =Y, (4.4)
which is equivalent to the equation v(Y) =Y, where v is defined by

t
F(Y)(t)x = e Ve K e — / =Ky (5)et=9K g ds, (4.5)
0

for any x € H. For any a > 0 we introduce the Banach space

Ca([0. 00+ Z(H)) = {Y € Cu([0. 00 s 2(H) : sup Y (1)] < o0},

and, for any r > 0 we set
B, ={Y € Co([0,00[; X(H)): [[Y]la <7}
We now want to solve (4.4) by proving that + has a fixed point in B,., for a
suitable r. If Y, Z € B, we have, taking into account (4.3),
N27‘2
a

I (Y)lla < N?[|Yol| + 1B]*

rN2
YY) = v(2)lla < N?||Yol| + 2 ca IBIZ(IY — Z]|

Now choose r such that

1 N2p2 1
B|? <

;o IBIP <

and then Yy such that ||Yp|| < p/2N2. Then v is a contraction on B, and the
conclusion holds. O

N2
2" IB|? <
ea



4 Qualitative properties of the solutions of the Riccati equation 495
4.2 Attractivity properties of a stationary solution

We first show that the minimal solution PSS, is globally attractive from below.

Proposition 4.2. Let Py € Y (H) such that Py < P23, and let P be the
mild solution of (4.1) with P(0) = Py. Then we have

lim P(t)x = P25, x, VYa € H.

min*»
t—o0

Proof. By Proposition 2.2 we have

Pain(t) < P(t) < P

min»

so that
0 < (PX,x— Pt)x,z) < (Po5ux — Pain(t)z,z), x € H,
and by (2.7)
tlirgo(Pri?nx — P(t)z,z) =0, x€H,
which implies the conclusion. a

We now consider a general positive solution X of (4.2) and set K = A —
BB*X. We first show that if K is exponentially stable, then X is globally
attractive from above.

Proposition 4.3. Let X € YT (H) be a solution of (4.2), and assume that
K = A — BB*X is exponentially stable and that (4.3) holds. Then for any
Py > X we have

IP(t) = X[l < N?e7**|| P = X, ¢ >0, (4.6)
where P is the solution to (4.1) such that P(0) = Fy.

Proof. Set Y = P(t) — X; as Py > X, we have, by Proposition 2.2 in Part IV,
Chapter 1, Y'(t) > 0. Moreover Y is the mild solution to problem (4.4). For
any « € D(A) we have (using the fact that Y is a strict solution of (4.4))

d
ds(

so that (because D(A) is dense in H)

Y (t—s)e*Ba,eFa) = |BY(t — s)e*Fx)?, Vo e D(A)

t
(Y(t)z, ) —l—/ |BY (t — s)e* a2 ds = (Y(0)e* Xz, eK2), Va e H.
0
It follows that
(P(t)x — Xz,z) < (Y(0)e Kz, e*B2), VaecH,

which yields (4.6). O
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The following result shows that if X is a positive solution of (4.2) such
that K = A — BB*X is exponentially stable, then X is mazimal.

Proposition 4.4. Let X, Y € X7 (H) be solutions of (4.2). Assume that K =
A — BB*X is exponentially stable. Then X >Y .

Proof. Set Z =X —Y; by (4.4) it follows that
(Zz,Kz)+ (ZKx,x)+ (ZBB*Zz,x) =0, Vx e D(A),

which implies that

d

dt(Z€SK$,€SK$) = —|BSTAR 75K g2 Vo € D(A).

As D(A) is dense in H, by integrating this between 0 and ¢, we obtain

¢
(Zz,x) = (Ze'Bx, e 1) +/ |B* ZesE |2 ds
0
> (ZeEx, etBz), Vae H.
As t — oo we have (Zx,x) > 0, Vo € H so that X > Y. |

Corollary 4.1. Fquation (4.2) has at most one positive solution X such that
A — BB*X is exponentially stable.

Proof. Let X,Y € X7 (H) be two solutions of (4.2) such that A— BB*X and

A — BB*Y are exponentially stable. By Proposition 4.4 it follows that X > Y

and Y > X sothat X =Y . O
Concerning the minimal solution P2 we have a uniqueness result.

Corollary 4.2. If A — BB*PZ3, is exponentially stable, then P25, is the

unique positive solution of (4.2).

Proof. It is sufficient to observe that PSS, is both the maximal and the mini-
mal solution of (4.2). O

We show now that if F' = A— BB* P23, is exponentially stable, then PSS, is
globally attractive among all the positive solutions of (4.2). In finite dimension

this result is well known; see W. M. WONHAM [2].

Proposition 4.5. If ' = A — BB*P2;, is exponentially stable, then for any
Py € YT (H) we have

lim P(t)x = Py, x, Ya € H, (4.7)

min
t—o00

where P is the mild solution of (4.1) such that P(0) = Fy.



4 Qualitative properties of the solutions of the Riccati equation 497

Proof. Choose n € N such that Py < nl, P35, < nl. Then by Proposition 2.2
in Part IV, Chapter 1, we have

Phoin(t) < P(t) < Q(t), (4.8)

where @ is the mild solution of (4.1) such that Q(0) = nlI. Now, as t — oo,
Poin(t)xr — PSS« and, by (4.6), Q(t)x — PSS, x; this, along with (4.8),
implies (4.7). O
Remark 4.1. By Proposition 3.5 we know that if (A4, C) is detectable, then the
feedback operator F' is exponentially stable. Thus, by Corollary 4.2, P23 is
the unique nonnegative solution to (4.2). However, detectability of (A, C) is

not necessary for the uniqueness, as the following example shows. Let H =
U=Y =R?,

01

as easily seen X = 0 is the unique solution of (4.2), but the feedback operator
F = A is not stable and (4, C) is not detectable.

When H is finite dimensional, M. SORINE [2] has shown that the following
conditions are sufficient for the uniqueness of the solution:

(i) (A4, B) is C-stabilizable,
(ii) (A*,C™) is B*-stabilizable,
(iii) no eigenvalue of the closed loop operator F' lies on the imaginary axis.

This result can be easily generalized to any Hilbert space H provided that A
and F fulfill assumptions (P) of §3.2. O

4.3 Maximal solutions

We assume here, beside (H)~, that (A, B) is I-stabilizable (which, obvi-
ously, is stronger than assuming that (A, B) is C-stabilizable). We follow here
A. BENSOUSSAN [1].

For any € > 0, we consider the problem: To minimize

Je(u) = /OOO{|C;1:(5)|2 +elr(s)* + [uls)*} ds, (4.9)

over all controls u € L?(0, 00; U) subject to the differential equation constraint
(1.1). Consider the observation D. = /C*C + I (the observation space being
H). Clearly (4, B) is D.-stabilizable, so that, by Theorem 3.1, there exists a
unique optimal pair (ue, x.) and a solution P; of the algebraic Riccati equation

A*X + XA— XBB*X + C*C +¢I =0, (4.10)

such that
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2. = (A—- BB*P.)x,
ze(0) = wo, (4.11)
u, = —B*P.x..

Moreover (A, D.) is detectable (because D is invertible and D! € L(H)).
Thus by Corollary 4.2, P. is the unique solution in X+ (H) of (4.10). Moreover,
by Proposition 4.5, given Q € X7 (H) we have

tlim Py(t) = P.x, VxeH, (4.12)
where Py is the mild solution of the Riccati equation
P'=A*P+ PA—-PBB*P+C*C +¢l, P(0)=Q;

that is, P: is globally attractive.

Proposition 4.6. Assume that conditions (H)eo are verified and that (A, B)
is I-stabilizable. Then (4.2) has a mazimal solution Pgy,... Moreover

lim P.x = Py, Vo€ H. (4.13)

e—0

Proof. We first remark that, as {P.} is nonincreasing (by Proposition 2.2 in
Part II, Chapter 1) and bounded below by 0, the limit

lin(l) P.x = Py.x, Y€ H, (4.14)
e—

exists. We have to show that Pyf, . is the required maximal solution.
Step 1.

P is a solution to(4.2).
In fact for all z,y € D(A), we have

(P.Az,y) + (P.xz, Ay) — (B*P.z, B*P.x) + (Cz,Cy) + e(x,y) = 0;
letting & tend to 0 and using (4.14) we see that Py, is a solution of (4.2).
Step 2.

Pyt is maximal.

Let @ be any solution of (4.2); then, by Proposition 2.2 in Part II, Chapter 1,

we have Pg(t) > @ (where Py is the solution to (4.9)). Thus, by (4.12) and

(4.14) it follows that Pyy,. > @, so that Pgy. is maximal. O
We will now give the variational interpretation of the maximal solution.
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Theorem 4.1. Assume (H)oo and that (A, B) is I-stabilizable. Let PgY. . be
the mazimal solution of (4.2) and let xg € H. Then

(P 0, 20) = inf{Joo(u): u € L*(0,00;U),z € L*(0,00; H)}, (4.15)
where (x,u) are subject to the differential equation constraint (1.1). Moreover
(P¥fax0, T0) > Joo (1), (4.16)
where 4 = lime_,o us and u, is defined by (4.11).
Proof. Set
Uaa = inf{Joo(u): u € L?(0,00;U),z € L*(0,00; H)},

where z is the solution of (1.1).
We first remark that, recalling (4.13) and arguing as we did in the proof
of Lemma 2.1, we can show that the following limits:

&(t) = lim z-(¢), a(t) = lim ue(¢), t>0 (4.17)

e—0 e—0

exist and are uniform on the bounded subsets of [0, oo[. Let now u € Ugyq. By
identity (6.2) in Chapter 1 of Part IV, we have

(PgEito 7o) + / {lu(s) + B*Pga(s)?} ds
- / (1C2()? + u(s)?} ds + (P (t), a(t)).

As x € L?(0,00; H), there exists a sequence t, /' oo such that x(t,) — 0.
Therefore

t
(Pytax®o, o) + / lu(s) + B* P x(s)]? ds = Joo(u), (4.18)
0

which implies that
(Pyfaxc0,%0) < Joo(w), Vu € Uggq.
Letting € tend to zero in the equality
(Pexo,0) = Joo(ue) + 8Hx5|‘%2(07oo;H)’
one obtains (4.16); also, as u. € Ugq, the conclusion follows. O

Proposition 4.7. Under the conditions of Theorem 4.1, the following state-
ments are equivalent.

(i) The operator Fpy = A — BB*Pyy.. is exponentially stable.
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(ii) (PS80, o) = min{Ju(u): u € L*(0,00;U),z € L?(0,00; H)}, where x
is given by (1.1).

Proof. (i) = (ii). Let Z(¢) and @(t) be defined by (4.17). If Fys is exponen-
tially stable, we have & € L?(0, 00; H) so that @& € Uaq and (ii) holds.

(ii) => (i). Let u* € L?(0,00;U) such that the corresponding solution z*
of (1.1) belongs to L%(0, 00; H). Setting u = u* in (4.18), we obtain

/ [u*(s) + B* P ()2 ds = 0
0

which implies that
z*(t) = ey, ur(t) = —B*PE, e ™M,
and the conclusion follows from Datko’s Theorem. O

Corollary 4.3. Assume that the conditions (H)e are verified and that (A, B)
is I-stabilizable. Let P25, and Pyp,, be the minimal and maximal solutions of
the algebraic Riccati equation. Then

(i) POO < Pf/[OaX7

(ii) PSS, is globally attractive from below,

(iii) PSR, is globally attractive from above.
Proof. (i) is clear, (ii) follows from Proposition 4.2, and (iii) follows from
Theorem 4.1 and Proposition 4.3. a

Remark 4.2.

(i) The maximal solution does not exist in general. Let in fact

01

— 7 =V —R2 —
H=U=Y =R A_[_lo

] , B=0, C=0.

Then (4.2) reduces to A*X + XA =0 and X = A is a solution for all
A>0.

(ii) In (4.15) the infimum is not a minimum in general. In fact, let A = 0,
U=H, B=1, and C = 0. Then the algebraic Riccati equation reduces
to P? = 0 and one has P2, = Pt = 0. Thus the infimum in (4.15) is
0; however the control © = 0 does not belong to U,q if zg # 0. Remark
also that Fis is not exponentially stable. a

Remark 4.3. For the existence of the maximal solution it is not necessary that
(A, B) be I-stabilizable. It is sufficient to assume that there exists D > C*C
such that

(i) (A, B) is D'/?-stabilizable.

(ii) (A, DY?) is detectable.
In fact, under these assumptions, one can easily repeat the previous argu-
ments. O
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4.4 Continuous dependence of stationary solutions with respect to
the data

We consider here a sequence of Riccati equations

P,; = AZPI@ + P, A — PkBkB,:Pk + C;:Ck,

. N N . - (4.19)
Aka—l—XkAk XkBkBka—l—Cka =0.

Assume that hypotheses (2.18) in Chapter 1 of Part IV are verified and set
T = [ GG + lu(e) s, we L20,06:0),
0

where xj, is the mild solution of the system
:17;C = Az + Bru, x (O) = Tko- (420)

We say that (Ag, By) is stabilizable with respect to Cy, uniformly in k, if for
any zo € H, there exists u € L?(0, 00; U) such that

J¥ (u) < 00, VkEN. (4.21)

If this assumption is verified, then, according to Theorem 3.1, the minimal
solution of (2.2) exists. We denote it by Pin- Finally we set

F, = Ak - BkB]:P]cofmin'
We now prove the following theorem (see also J. S. GIBSON [1]).

Theorem 4.2. Assume that assumptions (2.18) in Chapter 1 of Part IV are
verified and that (Ay, By) is stabilizable with respect to Cy, uniformly in k. If,
in addition, there exist N > 0 and a > 0 such that

et < Ne7@, t >0, (4.22)

then we have
lim PpS e = Poinz, Vo€ H.

min
k—oo

Proof. We have

(Piimin®0, o) < /OOO{Il“k(S)I2 +Ju(s)[*} ds,

where xy is the solution of (4.20). Choose u such that (4.21) holds; then, by
using the Uniform Boundedness Theorem, it is easy to show that there exists
¢ > 0 such that

Pin <, VkeN. (4.23)
Now set Vi, = Qx — P (resp. V = Q — P2°) where Q (resp. @) is the
solution of (4.19) (resp. (4.1)) such that Qx(0) = cI (resp. Q(0) = ¢I). Then
Vi is the mild solution of the problem
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Vi = FiVi + Vi Fyy = Vi BpBi Vi, Vi(0) = eI — PSin-
Remark that V4(0) > 0 in virtue of (4.23). By (4.22) it follows that
[Vi(t)|| < N2e72, ¢t >0.

Moreover

< 2eN2e*|z] +1Q(t)z — Qr(t)z],

and the result follows from Theorem 2.2 of Chapter 1 (Part IV). O

4.5 Periodic solutions of the Riccati equation

In this section we study periodic solutions of Riccati equations. For the finite
dimensional case, see M. A. SHAYMAN [1]. Here we follow G. DA PRATO [2,3].

Let T > 0 be fixed. We say that P € C,(R; X (H)) is a T-periodic solution
of the Riccati equation

P' = A*P+ PA— PBB*P + C*C, (4.24)
if
(i) P(t+T)=P(t), ¥t € R.

(ii) P is a mild solution of (4.24); that is, for any ¢,s € R with ¢t < s we
have

P(t)x = =54 P(s)et =) + / et=IA CrCet = Ay dr
t
—/ e'=DA p(r)BB* P(r)e!' "D A zdr.
t

If, in addition, P is not constant we say that P is a nontrivial periodic solution
of (4.24).

Proposition 4.8. Assume that (H)so is verified, then the following state-
ments are equivalent:

(i) (A, B) is C-stabilizable,
(ii) there exists a positive T-periodic solution (possibly trivial) of (4.24).

Proof. (i) = (ii) follows from Proposition 2.3 because any stationary solution
is also periodic.

(ii) = (i). Assume, by contradiction, that there exists a T-periodic solu-
tion of (4.24) whereas (i) does not hold. Then, by Proposition 2.2, there exists
xo € H such that (Puin(t)z0,z0) — 00 as t — 00, where Ppin(+) is the mini-
mal positive solution of (4.24). As P(t) > Punin(t) we have (P(t)xo,zg) — 00
as t — oo, which is a contradiction because P is periodic. a
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Lemma 4.1. Assume that (A, B) is C-stabilizable and let P be a positive T -
periodic solution of (4.24). Then we have P(t) > P23, where P25, is the

minimal solution of (2.2). If, in addition, (A, B) is I-stabilizable we have
P(t) < B

Proof. For the first statement, it is sufficient to let n tend to infinity in the
inequality
P(t)=P(t+nT) > Ppnin(t +nT),

whereas the second one follows from Corollary 4.3. O
Let now P be a positive T-periodic solution of (4.24) and set Q@ = P— P23,
and F = A — BB*P2;, . By Lemma 4.1 we have ) > 0; moreover, as easily

checked, @ is the mild solution of (4.24) such that Q(0) = P(0) — P23, = Qo;
that is

{QH;WQ+QF_QBEQ7 (4.25)

Q(0) = P(0) = B, = Qo

Problem (4.25) can be explicitly solved; we could use formula (2.22) in Part IV,
Chapter 1, but we prefer to give a simpler proof in the following lemma.

Lemma 4.2. The solution of problem (4.25) is given by the formula
Q1) = e Qo(I + Q1)Qo) e, (4.26)

where
t *
Q(t)z = / BB e xds, xe H.
0
Proof. First of all we remark that formula (4.26) is meaningful because Q(t) €

Y(H) so that the inverse of I + Q(¢)Qo belongs to L(H) (see Proposition 1.1
in Appendix A). Now let @,, be the solution to the approximating problem

Q; :F:{Qn‘FQnFn_QnBB*an Qn(o) =Qo+ :le

where F), are the Yosida approximation of F. Setting V,, = Q,, !, this problem
reduces to the following linear one:

-1
1
V! = —F,V, — V,F' + BB* m@:<%+ng .

Thus we have

1N e [ .
Vo(t) = e ' <Q0 + nf) et +/ et=)Fn ppret=9)Fy gg
0

t -1
* ]. ]. *
_ eftFn {I+/ eanBB*ean ds QO 4 I} (QO 4 I> eftF?17
0 n n
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which implies that

-1

. 1 ¢ . 1
Qn(t) = et <Q0+ I) {I+ / e BB*e*t dsQq + I} el
n 0 n

Now the conclusion follows from Theorem 2.1 of Chapter 1 in Part IV. O
From Lemma 4.1 we have the following result.

Proposition 4.9. Assume that the conditions (H)s are verified and that
(A, B) is stabilizable with respect to C. Let Py > PSS, and let P be the so-
lution of (4.24) such that P(0) = Py. Then P is T-periodic if and only if

X = Py — P33, verifies the equation
XTI+ UT)X) e = X, (4.27)
where
T *
QT)x = / e'BB*e* xds, xcH,
0
and

F=A-BB*P2

We will now study a special case of (4.27). We remark that it is also

important to decide whether a given solution of (4.27) is a nontrivial periodic
solution. Assume that

(i) A=D+;‘I, C=0, a>0,

(ii) D+D*=0, P =1 |eP|<1,
(iii)  there exists 6 > 0 such that (4.28)

27
/ e esPBB*esP" ds > 6.
0

Then (4.27) is equivalent to
e X (I+0x)™t

X, (4.29)
where o
Q=027 = / e**e*P BB*e*P" ds
and the Riccati equation (4.24) be(?omes
P'=D*P+ PD+ aP — PBB*P. (4.30)

Proposition 4.10. Assume that the hypotheses of Proposition 4.9 hold and
that, in addition, the conditions (4.28) are wverified. Then all solutions of
(4.29) are given by the formula

X — (6271-04 _ 1)9—1/259—1/2’

where = is any hermitian projector operator in X (H).
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Proof. Equation (4.29) is equivalent to (e*™® — 1)X = XQX and setting
Y = QY2XQY2 to (e?™ —1)Y = Y?; thus the conclusion follows. O

Let X be a solution of (4.29) and let P be the solution of (4.30) such
that P(0) = X; P is 2m-periodic. We now want to see if P is nontrivial. Let
us consider the special case when B = I. In this case we have X = o= and
moreover

P(t) = ae®te!P" Z[1 + (e 27 tetP.

—1)
As = is a projector we have =Z(I +bZ)~! = (1+b)~1Z for any b > 0, so that
P(t) = ae'P" ZetP.

Thus, if = = 0 or I, P(t) is constant, whereas if = is different from 0 or I,
P(t) is not trivial. O

Remark 4.4 (Unbounded observation operator). Assume here that (Hoo)—(1)—
(ii) and (Heo)—(v) are verified and consider the optimal control (1.1)—(1.2).
Obviously, in the definition of the cost functional J,, Cx must be defined as
in §6 of Chapter 1 of Part IV. The definitions of optimal pair, stabilizability,
and weak and stationary solutions (but not strict solutions) of the Riccati
equation are now the same as before. However several of the previous results
can be generalized, with the exception of strict solutions of the algebraic
Riccati equation and of the detectability, because it is related to the dual
system, which has an unbounded control operator. O

5 Some generalizations and complements

5.1 Nonhomogeneous state equation

We consider, as in §7 of Chapter 1 in Part IV, a system governed by a non-
homogeneous state equation and the following infinite horizon problem: To
minimize -
T = [ (CH)P +u(s)P) ds, 6.1)
0
over all controls u € L?(0, 00; U) subject to the differential equation constraint
2/ (t) = Ax(t) + f(t) + Bu(t), t>0, 2(0) = zo. (5.2)
We assume that
(i) feL*0,00H),
(ii) hypotheses (H) hold,
(iii) (A, B) is C-stabilizable,
) F=A— BB*PY, is exponentially stable.

min

(5.3)
(vi

Under conditions (5.3) it is easy to check that the following problem:
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r'(t) + Frr(t) + Painf(t) =0, t>0,  r(c0) =0

has a unique mild solution given by

)= [ PR p ) ds.

We can now prove the following result.

Lemma 5.1. Assume (5.3) and let o € H and u € L*(0,00;U); then we
have

Joo (1) = (P3SnTo, o) + 2(r(0), z0) / {2 ) _ |B*T(S)|2} ds

/0 [u(s) + B*r(s) + B* PSS, a(s) [ ds.

Proof. Tt is sufficient to set P = Ppin (the minimal solution of the Riccati
equation) in (7.4) in Chapter 1 of Part IV, and to let T tend to infinity. O
Now the following result is easily proved.

Theorem 5.1. Assume (5.3) and let xo € H. Then there exists a unique op-
timal pair (u*,z*) for problem (5.1)—(5.2). Moreover the following statements
hold.

(i) z* is the mild solution to the closed loop equation

?'(t) = [A= BB*P,Ja(t) = BB r(t) + f(t), =0,

(i) w* is given by the feedback formula
u*(t) = =B [Peia” (t) + r(1)]-
(iii) The optimal cost is given by

Joo (1) = (P22, 50, 20) + 2(r(0), o) / (2(r(s), £(5)) — |B*r(s)?) ds.

Remark 5.1.1f f ¢ L?(0,00; H) it can happen that no admissible control
exists. Consider in fact the following example. Let H =U =Y =C, A =0,
B=C=1,and f =1. It is readily seen that

Jw(u):Aw{‘t+Atu(s)d8

In this case the following cost function seems more appropriate (see G. DA
PrATO and A. ICHIKAWA [4]):

2
+ |u(t)|2} dt = 0o

T
Joo(u) = limsup ; /o {|Cx(s)* + |u(s)[*} ds. O

T—o0
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5.2 Time-dependent state equation and cost function

We consider here the system

{:c’(t) = A(t)z(t) + B)u(t), t >0,

#(0) = 20 (5.4)

where A(t): D(A(t)) C H— H,t>0and B(t) € L(U; H), t > 0, are linear
operators. We assume that condition (7.8) in Chapter 1 of Part IV is verified.
We want to minimize the cost function

Tt = [ TP + u(s)?) ds

over all controls u € L?(0, 00; U) subject to the differential equation constraint
(5.4).

The definitions of admissible controls and optimal pair are the same as
before. Also when, for any o € H, an admissible control exists, we say that
(A, B) is C-stabilizable (cf. Definition 2.1). In the autonomous case this prob-
lem was studied with the tool of the minimal positive solution of the algebraic
Riccati equation. Now the same role is played by the minimal positive bounded
solution of the Riccati equation

Q +A*Q+QA—-QBB*Q+C*C=0 (5.5)
in [0, +o0[. In the remaining of this subsection we follow G. DA PRATO and
A. TCHIKAWA [4].

Definition 5.1. We say that Q € C,([0,+oc[ ; X (H)) is a (mild) solution
o (5.5), if for any a > 0, t € [0,a] and x € H, we have

a

Qt)x =U"(a,t)Q(a)U(a,t)x —|—/ U*(s,t)C*(s)C(s)U(s,t)xds

—/ta U*(s,t)Q(s)B(s)B*(s)Q(s)U(s,t)xds. O

Theorem 5.2. Assume that conditions (7.8) and (7.9) in Chapter 1 of
Part IV are verified, and that (A, B) is C-stabilizable. Then (5.5) has a non-
negative bounded solution Q. This solution is minimal among all nonnegative
bounded solutions of (5.5).

Proof. For any A > 0 and n > 0 sufficiently large, we introduce the Riccati
equations

dQA * A A A * M)A * Y

gt + A QN+ QA -Q'BB*QM + C*C =0, (5.6)
Q N =0, te[0,),

in\Lﬁ—A*Q)\-FQ)\A _ ABB*Q)\—FC*C:O

dt nYn n*n n n (57)

Qn(A) =0, tel0A],
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where A, are the Yosida approximations of A. By Theorem 7.2 of Chap-
ter 1 of Part IV, problems (5.6) and (5.7) have unique solutions Q* and Q7,
respectively, and moreover for any x € H

lim Qe = Q (), (58)
uniformly in ¢ € [0, A]. Also, by Proposition 7.1 of Chapter 1 of Part IV,
Qn(t) <Qu), te[0,A] ifpu>A (5.9)
We now prove that there exists C; > 0 such that
[QMH)| < C1, VA >0, V€0, (5.10)
For this it is sufficient to prove that
QA < C1, YA>0, VEt€[0,)], Vn > 0. (5.11)

Let z € H and let u € L%*(0,00; U) such that Ju (u) < +00o. Let moreover z,,
be the solution of the initial value problem:

x, = Apxy + Bu, x,(0) = z.
Then we have
Z(Qﬁ(t)zn(t),xn(t)) = |u(t) + B*(1)Qn ()zn (t)” — [C(O)za ()]* — Ju(t)[.

Integrating this from ¢ and A, we find

A
(@n(t)z,z) < /t {IC(s)an(s)|* + |u(s)[*} ds < Const |z,

and the inequalities (5.10) and (5.11) follow.
From the estimates (5.9) and (5.10) the following limit exists:

Qoo(t)x = )\lim Q)t)x, Vxe H.

By letting A tend to infinity in the equality
QMNt)x = U*(a,t)Q(a)U(a, t)x + / U*(s,t)C*(s)C(s)U(s, t)x ds

- /ta U*(s,6)Q*(s)B(s)B*(s)Q*(s)U (s, t)x ds,

we see that Qo is a bounded solution of (5.5). It remains to prove minimality.
Let R be a bounded nonnegative solution of (5.5). Then by Proposition 7.1
of Chapter 1 in Part IV and the fact that Q*(\) = 0,

R(t) > QMt), Vte[0,)]

and so R > Q. O
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Corollary 5.1. Assume that the conditions of Theorem 5.2 are verified and
that, in addition, A, B, and C are T-periodic functions for some T > 0. Then
(5.5) has a nonnegative T-periodic solution Q. This solution is minimal among
all nonnegative T-periodic solutions of (5.5).

Proof. Let QQ+ be the minimal nonnegative bounded solution of the Riccati
equation. Then we have

QMt+T1)=Q (), Vte[0,\—T];
as A — 0o, we find that ., is T-periodic. O

Remark 5.2. This result was proved in G. DA PRATO and A. ICHIKAWA [3].
If A, B,C are almost periodic and H is a finite dimensional space, then @,
is almost periodic (see T. MOROZAN [1]). O

5.3 Periodic control problems

Consider a dynamical system governed by a linear equation
' (t) = At)z(t) + f(t) + B(t)u(?) (5.12)

with periodic coefficients f(-), A(-), B(:) of period 2.
Then it is natural to consider 2m-periodic controls u. For any Banach space
FE we denote by Li (E) the space of all 2m-periodic functions u: R — E that
belong to L?(0,27; E).
We assume that
(i) Conditions (7.8) and (7.9) in Chapter 1 of Part IV
hold.
(i) A, B,C are 27 periodic.
(i) f e L3 (H).

(5.13)

Obviously (5.12) does not necessarily have a 2w-periodic solution for any con-
trol v € Li&(U ). This happens when no Floquet exponent of A is equal to
1. In such a case we say that A is nonresonant. As it is well known, this is
equivalent to require that 1 belongs to the resolvent set of U4 (27,0), where
Ua(t, s) is the evolution operator relative to A. In this case (5.12) has a unique
mild solution given by the formula

2m

z(t) = Ua(t,0)[1 — UA(27T,O)]_1/O Ua(2m, s)[Bu(s) + f(s)]ds

+/0 U(t, s)[Bu(s) + f(s)] ds.
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We are interested in the general case, that is, when A is possibly resonant.
For any u € L3 (U) we set

A(u) = {y € L} (H): y fulfills (5.12)}. (5.14)

The control u is said to be admissible if A(u) # &. The set of all admissible
controls will be denoted by U,q.
We want to minimize the cost function

2m
J(u,y) = ; {IC@Oy ) + lu(t)]?} dt (5.15)

over all u € Uyq and y € A(u).
If there exist u* € Uyq and z* € A(u*) such that

Jw*, ) < J(u,x), Yu € Uug, Y2 € A(u)

the function u* is called an optimal control and the associated state z* is
called the optimal state. The pair (u*,x*) is called an optimal pair.

We will study this minimization problem by using again the Dynamic
Programming approach and by proceeding in the following steps.

(i) We consider a periodic solution to the Riccati equation

Q +A*Q+QA—-QBB*Q+C*C =0. (5.16)
(ii) We look for a periodic solution to the dual equation
r'(t)+ (A—BB*Q)*r(t) + Qf(t) =0 (5.17)
and to the closed loop equation
2'(t) = (A — BB*Q)x(t) — BB*r(t) + f(t). (5.18)
Then, we show that x is an optimal state and that u, given by

u(t) = —B*(Qz(t) + (1)), (5.19)

is an optimal control.

Concerning the point (i), the existence of a nonnegative periodic solution of
(5.16) was proved in Corollary 5.1 when (A, B) is C-stabilizable. The approach
described below was introduced in G. DA PRATO and A. ICHIKAWA [3] where
the existence of an optimal pair was proved with the additional condition
that (A4, C) be detectable. In fact in this case one can show that the Floquet
exponents of the closed loop operator F' = A — BB*(@Q have all modulus
less than 1 and then F' is nonresonant and (5.17) and (5.18) have periodic
solutions.

Here we do not assume detectability, but we give, following G. DA
PRrATO [3], a characterization of the Floquet exponents of F with modulus
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greater than or equal to one. In the following theorem Up represents the evo-
lution operator associated with F' (U is well defined because F is a bounded
perturbation of A) and @ is the minimal nonnegative periodic solution of
the Riccati equation (5.16).

Theorem 5.3. Assume that condition (5.13) is verified and that (A, B) is C-
stabilizable. Let Qo be the minimal nonnegative 2m-periodic solution of Riccati
equation (5.16) and FF = A — BB*Qoo. Let p € C such that |u| > 1 and let
xg € H be different from 0. Then the following statements are equivalent.

(i) Up(2m,0)z9 = puxo.
(i1) Ua(2m,0)xg = pxo and C(t)Ua(t,0)xo =0, for allt > 0.

Moreover if either (i) or (ii) holds true, we have
Up(t,0)xg = Ua(t,0)xg, Vt>0. (5.20)
Proof. (i) = (ii). Let xp € H and let z be the mild solution of the problem
¥ =Fz, t>0, z(0)=mx,

then the following identity holds:

(Qw(t)x(t)7x(t)) Q0(0)z0,70)
{l

—(
+ / B (5)Quo(8)2(s)[2 + |C(s)2(s)2] ds} = 0. (5.21)

If 9 € D(A) this follows easily by integrating the identity

Z(Qoo(t)x(t)vx(t)) = —|B*(1)Qe (x()* — |C(t)x(t)|?

between 0 and ¢. For general xg, (5.21) follows by density.
Let now z¢p € H be such that Up(27,0)zo = x(27) = pxo with |u] > 1.
Then, setting ¢t = 27 in (5.21) we find

2
(|1l = 1)(Qoo(0)x0, z0) + ; {|B*Qoo|* +|Ca?| ds} = 0,

which yields
B*(t)Quo(t)z(t) = 0,C(t)z(t) =0, Vt>0.
Consequently ' = Az, and
x(t) =Up(t,0)xg = Ua(t,0)z9, t>0,

which implies (ii).
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(ii) = (i). Given z¢ € H, let y be the mild solution of the system ¢y’ = Ay,
y(0) = wg. Moreover let Q* be the mild solution of the Riccati equation

Q +AQ+QA—-QBB*Q+C*C =0, Q(27)\) =0.

Then the following identity holds:

(@ ©an,a0) + [ 7B ()@ )a(s)]? ds = / U lC(s)a(s? ds. (5.22)

In fact if g € D(A) this result readily follows by integrating the identity

jt(QA(t)y(t), y(t) = BNy () — 1C(Hy (1)

between 0 and 27 \. For general xq, (5.22) follows by density.
Let now xg be such that

y(2m) = Ua(2m,0)zg = pxo, Ct)y(t) =0, t>0.

Then, by letting A tend to infinity in (5.22) we find

(Quo (00, 0) + / 1B () Qe (t)x(t)P di = 0,

which implies B*(t)Qoo(t) = 0, t > 0, so that y' = Fy and Ua(¢t,0)z¢ =
Ur(t,0)xo and (i) holds. O

Remark 5.3. Assume that the spectra of Uy (27, 0) and Up (27, 0) consist only
of eigenvalues (this is for instance the case for parabolic state equations in
bounded domains; see Example 6.1 below). By the above theorem it follows
that F' is nonresonant if one of the following conditions holds

(i) A is nonresonant.
(ii) A is resonant but the following implication holds:

xo € H, x9 7é 0, UA(27T, O)$0 =2y — C(to)UA(to, 0)$0 7é 0,

for at least one tg > 0.

For a case where the eigenvalues of Ua(27,0) and Up(27,0) have limit
points, see G. DA PRATO [7]. O

We can prove now the result.

Theorem 5.4. Assume that condition (5.13) is verified, that A, B is C-
stabilizable, and that FF = A — BB*Qs is nonresonant, where Qo 1is the
minimal nonnegative 2w-periodic solution of the Riccati equation (5.16). Then
there exists a unique optimal pair (u*,x*) for problem (5.12)—(5.15) and the
following conditions are satisfied:
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i) o* is the unique periodic solution to the closed loop equation (5.18),
i) z* is th ) jodi lution to the closed 1 ti 5.18
(ii) u* is given by the feedback formula

w (t) = —B*[Qoo ()™ (t) + r*(t)], (5.23)

where r is the unique periodic solution of (5.17),
(iil) the optimal cost J(u*,x*) is given by

2
J(u* z*) = | {(r@), £(&)) = |B*(t)r(t)]* } dt. (5.24)

Proof. Let u € Uyq and y € A(u). By computing

C{(Quetu0), (1)) +2(r (1), 7))}

and by integrating between 0 and 27, we find the identity

J(u,y) =J* +/0 ! | R(t)||?dt, (5.25)

where
27

o= [ {(r@®), f(t) = |B*()r(t)]*} dt

0

and
R(t) = B*(t)[Qoo ()y(t + r(1)] + u(t).

We remark that the computation can be made rigorous by approximating A(t)
by their Yosida approximations. It follows that

Jw*y*) > J*, Yu € Uga, Yy € Au).
Now, let 2* be the solution of (5.18) and let u* be given by (5.23). Setting in
(5.25), u = w* and y = y* we obtain J(u*,y*) = J* so that the pair u*, y* is
optimal. Finally uniqueness of the optimal pair is proved as in Theorem 6.1

of Chapter 1 in Part IV. O

Remark 5.4. It is also possible to study almost periodic control problems (see
G. DA PrATO and A. ICHIKAWA [2]). O

6 Examples of controlled systems

6.1 Parabolic equations

We shall continue here the example of §8.1 in Chapter 1 of Part IV. Moreover
we denote by {¢r} a complete set of eigenvectors of A and by {A;} the
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corresponding sequence of eigenvalues. We assume that {\} is nonincreasing.
We consider the infinite horizon control problem: To minimize

Joo(u) = /OOO /S2 {[(Ca(t, ) (©) + [u(t, &)} dt de, (6.1)

over all u € L%([0, oo] x ) subject to condition (1.48) of Chapter 1 in Part IL.
We have to discuss the existence of admissible controls. We consider two
cases.

First case. A\ < 0.

In this case A is exponentially stable so that (A, B) is C-stabilizable. Thus
by Theorem 3.1 and Corollary 4.2, the algebraic Riccati equation

AP+ PA—PBB*P+C*C =0, (6.2)
has a unique solution PS5, = Py, and the feedback operator F' = A —
BB* PS5, is exponentially stable.

Second case. A1 > 0, Ay < 0.

In this case we have o7 (A*)Uc®(A*) = {\1}; thus, by Proposition 3.3, (A, B)
is I-stabilizable if and only if B*¢1 # 0. Under this assumption (6.2) has a
minimal and a maximal nonnegative solution. Moreover by Proposition 3.4,
F is exponentially stable if and only if C'y; is not identically zero. It is easy
to generalize the previous discussion when A,, > 0 and A\,,+1 < 0 for some
m € N.

6.2 Wave equation

We continue here the example of §8.2 in Chapter 1 of Part IV. Consider the
infinite horizon problem: To minimize

= [ [{iveato)r+|;wo

over all u € L?([0,00] x Q) subject to (8.2) in Chapter 1 of Part IV. In this
case the algebraic Riccati equation reads as follows:

s e o

2
+|u(t,§)||2}dtd§, (6.3)

We prove now that (A, B) is I-stabilizable; for this it is sufficient to show that
A — 2aBB* is exponentially stable if 0 < a? < )\g where )¢ is the principal
eigenvalue of the Laplace operator in €2, with Dirichlet boundary conditions.
By a direct computation we find



6 Examples of controlled systems 515

1
cos(Et) + g sin(Et) 5 sin(EY)

2 E2 )
ot sin(Et) —; sin(Et) + cos(Et)

et(A72aBB ) — e—at

where E = /A — a?I. As (A,C) = (A, I) is detectable, the Riccati equation
has a unique nonnegative solution

o _ poo _ |P11 Pr2
min_PMax_ |:1:)21 P22:|'

Then, by Theorem 3.1, there exists a unique optimal pair (u*,z*) with

w08 =~ (Pus*(t.)©) - (P, ) 0906,

Remark 6.1. Similar consideration apply to the wave equation with Neumann
boundary conditions. See Remark 8.1 in Chapter 1 of Part IV. O

Remark 6.2. For a situation in which there exist periodic nontrivial solutions
(see G. DA PrATO [6]). O

6.3 Strongly damped wave equation

Let © be an open bounded set of R"™ with regular boundary 9. Consider the
equation

0% . A A ox "

+(Bu(t,)(€) n]o,T] xQ, (6.4)
z(t,§) =0 on]0,7T] x 99,

ox

IE(O,g) = Q?Q(g), ot (075) = 131(5) in Qa

where v is the outward normal to 99 and p is a given positive number.

As in §8.2 of Chapter 1 of Part IV, we choose the spaces H, Y, U as
in (8.3), the scalar product in H as in (8.4), and consider the positive self-
adjoint operator A defined by (8.5). As 2 is bounded there exists a complete
orthonormal system in L?(Q2), {ex}, and a sequence of real numbers

0<pr<p2<pp<--—+00

such that
Aep = pger, k=1,2,....

Define the linear operator A; on H
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0 1 20
—A —pA| |2t

D(Ay) = H*(Q) N Hy(Q) & Hg ().

AlX = ) VX € D(Al)v

(6.5)

It is an easy exercise to prove that the spectrum of A; is given by

o(Ar) = {=1/ppU{ = Yom 0P = ) k= L2,
and the resolvent by

A+pA 1

R(\ Ay) = [ 0

} N2+ pAXN+ A7 YA€ o(4y).

From the above formula, it is not difficult to prove that A; is the infinitesimal
generator of an analytic semigroup in H.
Now set

Bu—[o}, ue U
u

Condition (ii) of Proposition 3.3 (Hautus condition) is fulfilled because A; only
has a spectrum with strictly negative real parts, so that (A;, B) is stabilizable
with respect to the observation I.

We can now consider the cost functional (6.3) and solve the corresponding
minimization problem.

Remark 6.3. The strongly damped wave equation with time-dependent peri-
odic coefficients has been studied in G. DA PRATO and A. LUNARDI [1]. O
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Unbounded Control Operators: Parabolic
Equations With Control on the Boundary

1 Introduction and setting of the problem

As in Chapter 2 of Part IV we consider a dynamical system governed by the
following equation:

2'(t) = Az(t) + (Mo — A)Du(t), ¢>0,
z(0) = xo,

or equivalently

t
z(t) = e?azo + (Mo — A)/ Du(s)ds, (1.1)
0
where 7o € H and u € L?(0, 00; U). We assume that

(i) A generates an analytic semigroup e’ of type wp
and )¢ is a real number in p(A) such that wy < Ao,
(i) 3o €]0,1] such that D € L(U; D([xo — A]%)),
(i) C e L(H;Y).

(HP)oo

Clearly, if hypotheses (HP) hold, then the hypotheses (HP) of Chapter 2
of Part IV are fulfilled with Py = 0. If o < 1/2, we will choose once and for
all a number f belonging to |1 — /2,1 — a/2[. We want to minimize the cost
function:

st = [ T {CR() + fu(s) ) ds (1.2)

over all controls u € L2(0, 00; U) subject to the differential equation constraint
(1.1). We say that the control v € L?(0,00;U) is admissible if Jo(u) < oo.
The definitions of optimal control, optimal state, and optimal pair are the
same as in Chapter 1. When, for any x¢ € H, an admissible control exists, we
say that (A4, AD) is C-stabilizable.
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In this chapter, we want to generalize the results of Chapter 1. Several
of these generalizations are straightforward and the corresponding proofs will
only be sketched. We will start by proving the existence of a minimal solution
P2 of the algebraic Riccati equation

A X+ XA-Y*EE'Y +C*C =0,

Y =[N — A1 7OX, (1.3)

where E = (Ao — A)*D, under the hypothesis that (A, AD) is C-stabilizable.
We remark that in order that (1.3) be meaningful, we need a regularity prop-
erty of X, namely

X e XT(H)NL(H; D([Ao — A*]' 7).

We shall set V.5, = [\g — A*]'=*P%S . The above requirement will make the
proof of existence much more involved than in Chapter 1 (see §2 below). Once
the existence is proved, one can show, quite easily (see §3), that the optimal
control u* exists and is given by the feedback formula

u*(t) = —E*Vo2 2% (1),

min

where x* is the solution to the closed loop equation

min

t
z(t) = et +/ Ao — A]' et DAEE V2 1(s) ds. (1.4)
0

Another new difficulty arises in the study of the closed loop operator F
(see §3), formally defined by

F=A-EE'V

min*

In §3 we prove a characterization of F' that enables us to generalize all results
concerning detectability and Hautus conditions of Chapter 1. Also we leave
the reader to extend all results on the qualitative behavior of the solutions of
Riccati equations proved in Chapter 1 .

2 The algebraic Riccati equation

We assume here that the assumptions (HP) are verified and consider system
(1.1) and the Riccati equation

P'= A*P+ PA—V*EE*V + C*C, (2.1)

along with the algebraic equation (1.3). We say that

pe | Caall0.00; 57 (1), ifa>1/2
Cs,0,6([0,00[; ZF(H)), ifa<1/2
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is a mild solution of (2.1), if

t
P(t)z = ¢ P(0)e s + / St=5)A (e rplt=9) A g
0

t
+/ VYV OEEV (s)e )z ds. (2.2)
0

Moreover, X is said to be a solution of (1.3) if
(i) X € XT(H)NL(H; D([Ao — A*]'™)),
for all z,y € D(A), where Y = [A\g — A*]' 7 X.
As in the previous chapter, we shall denote by Py, the minimal nonnega-
tive solution of Riccati equation (2.1); that is, the solution of (2.1) such that

P(0) = 0 (see Propositions 2.3 and 2.4 of Chapter 2 of Part IV).
We start by proving existence in the easier case a > 1/2.

Proposition 2.1. Assume (HP)s with o > 1/2 and that (A, AD) is C-
stabilizable. Then there exists

Py, € XT(H)NL(H; D([Ao — A*]'%))

such that

(i) for each x € H the following limit exists:

tlim Poin(t)x = PSS, 2, (2.3)
(ii) PS5, € XT(H) N L(H; D([Ao — A*]' %)),
(iii) P, is a solution of (1.3).

Proof. As (A, AD) is C-stabilizable, we can prove, by repeating the proof of
Proposition 1.2.3, that there exists K > 0 such that

[Pain(8)[| < K, 2 0. (2.4)

Now, arguing as we did in the proof of Proposition 2.2 in Chapter 1, we see
that there exists P25 such that (2.3) holds true. Let Q and @, n=0,1,...,

be the mild solutions (granted by Theorem 2.1 in Chapter 2 of Part IV of the
Riccati equations

Q' = A"Q + QA — VEEE*Vg + C*C, 2.5)

Q(0) = P, '
and

Q,=A*Q, + QnA— V§77LEE*VQ,n + C*C, (2.6)

Qn (0) = Pmin (n)7 '
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where Vg = [\g — A*]'72Q and Vg ,, = [\o — A*]'72Q.,. We clearly have
Qn(t) = Puin(t +n), t>0.

Moreover, by Proposition 2.2 in Chapter 2 of Part IV, because

Qn(0)z — Q(0)x, Ve H,
we have

Q(t)x = lim Qn(t)x = hm Puin(t+n)z = Pos x, Vt>0, z € H.

mm
n—oo

Thus Q(t) is constant and coincides with PSS, . As, by Theorem 2.1 in Chap-
ter 2 of Part IV, Q € Cso([0,00[ ; T (H)), we see that (ii) holds true.
Finally, (iii) follows from Proposition 2.1 in Chapter 2 of Part IV, because if

z,y € D(A), we have

d

The proof is complete. g

Next, we consider the case a < ; We first recall that, by Theorem 2.2 in
Chapter 2 of Part IV, for any 2 € D([\g — A}?) we have Puin(t)[Ao — A]Px €
D([\o — A*]%), and the linear operator [Ag — A*]® Pyin(t)[Ao — A)? is closable.
We denote by (Puin(t)) 5 its closure.

Proposition 2.2. Assume (HP)s with o < J and that (A, AD) is C-
stabilizable. Then there exists

Poin € X (H) N L(H; D([Ao — A*'7%))

such that for all x € H
(i) the limits

mm

tligolo (Pmin(t)) r=R>X x

lim Pow(t)r = P,z Vz € H, (2.7)
Vo € H, (2.8)

mm

exist, where R, = (PSS,)s and

min

(Prin

) = closure of [\g — A*]° PSS

min

Ao — A*)7,

min

(iii) P, is a solution of (1.3).

min

(i) P, € Z+( )ﬁE(H;D([/\Q _A*]l—a));

Proof. By proceeding as in the proof of Proposition 2.1, we can prove (2.7)
and that there exists a constant L such that
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| (Puin(®)) 4| < L1, t>0. (2.9)

We follows here an argument of F. FLANDOLI [7]; as the proof of (2.9) is easier
for Ao < 0, we introduce a shifting L = A — Aol of A. Clearly L is of negative
type and, as easily checked, P(t) = Ppuin(t) is the solution to Riccati equation

P' = L*P+ PL+ A> — V*EE*V.
{ HELE ’ (2.10)

P(0) =0,

where

A?=C*C + (2M0 + 2)P.
Now, if # € D([\o — A)®) = D([I — L]?), we have

(P(H)(o = )%, (Ao — A)?2) = (P(t)(I — L)%, (I - L)’x)

t
g/ |A(I — L)Pet =)Ly |2ds
0

oo

< L[| CJ + 2K (Ao + 1] / 205528 g |2,
0

which implies (2.9). As the family { (Punin(t)) B} is bounded and nondecreasing
in 3, (2.8) follows.

We now prove (ii). Let @ and @, be the mild solutions (established in
Theorem 2.2 in Chapter 2 of Part IV of the Riccati equations (2.5) and (2.6)).
We clearly have

Qn(t) = Puin(t +n), t>0.

Moreover, by Proposition 2.2 in Chapter 2 of Part IV, because @, (0)x —
Q(0)x, Vo € H, we have
Q(t) = lim Qn(t)x
= lim Puin(t+n)x = P,x, Vt>0, v € H.

min

Thus Q(¢) is constant and coincides with PSS, . As, by Theorem 2.2, in Chap-
ter 2 of Part IV, Q € Cj4,5([0,00[ ; X (H)), we see that (ii) holds true.
Finally, the proof of (iii) is similar to that of the previous proposition. So it

will be omitted. The proof is complete. a
3 Dynamic programming

3.1 Existence and uniqueness of the optimal control

In this section, we consider the control problem (1.1)—(1.2). We assume (HP) oo
and that (A, AD) is C-stabilizable, and denote by
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Pos. € XT(H) N L(H; D([Ao — A*]'™9))

min

the minimal solution of the algebraic equation (1.3) and we set V.55, = [A\g —
A*]l apoo

min-’

We first recall that, in virtue of (3.1) in Chapter 1, we have
t
(Prin (t)0, 0) + / [u(s) + E*Vinin(t — s)x(s)|* ds
0

- / (1C2() + [u(s)P} ds, (3.1)

for any x¢g € H and any u € L?(0,00; U), where z is the solution of (1.1). Now
we study the closed loop equation (1.4) which is meaningful because P53, €
DH(H) N L(H; D([Ao — A1) and [|[Ag — A} =@t A20) | < L(t — s)2~ 1,

Proposition 3.1. There exists a unique solution x € C([0,00[; H) of (1.4).
Proof. For any x € C([0,00[; H) we set

(Aw)) (1) = / Do — A=A BEV 1 (s) ds,

for all ¢ € [0, T]. Then we have
@)@ < L2 mm||/ (t =) ds [yl c(o,n:mm)

L2
< 20 — 1||me||t HyHC([O,t];H)u

so that A € £(C([0,t]; H)) for any ¢ € ]0,T] and

L2 oo «
A zeeo,:0)) < 9%, ”Vmin”t'

Thus, if ¢ is small, A is a contraction and (1.4) has a unique solution in

C([0,t]; H). Now this argument can be repeated in the interval [t, 2t] and so

on, giving the conclusion. a
We prove now the main result of this section.

Theorem 3.1. Assume that assumption (HP)eo is verified and that (A, B) is
C-stabilizable. Then there exists a unique optimal pair (u*,x*) for the optimal
control problem (1.1)—(1.2). Moreover the following statements hold:

)
(i) z* € C([0,00[ ; H) is the mild solution to the closed loop equation (1.4).
(il) uw* € C([0,00[ ; U) is given by the feedback formula
u*(t) = =BV, (1), (3.2)

mm

where PSS, represents the minimal solution of the algebraic Riccati equa-

tion (1.3).
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(iil) the optimal cost J(u*) is given by
Joo (u) = (Piao, Zo)- (3.3)

Proof. In view of Proposition 3.1, the proof is similar to that of Theorem 3.1
in Chapter 1. So it will be omitted. a

3.2 Feedback operator and detectability

Assume that the hypotheses of Theorem 3.1 hold and let (u*,z*) be the
optimal pair for problem (1.1)—(1.2). We want here to construct, following
G. DA PrRATO and A. ICHIKAWA [1], a closed loop operator F for the system
(3.1); that is a linear operator, infinitesimal generator of a strongly continuous
semigroup e'*’, such that

z*(t) = efmg, t>0. (3.4)

Proposition 3.2. Assume (HPw) and that (A, B) is C-stabilizable. For any
xg € H set
S(t)x = z*(t),

where x*(t) is the optimal state corresponding to xo. Then S(-) is an analytic
semigroup in H and its infinitesimal generator F is given by
Fz =X\ — A)(AR(\g, A)x + DE*V X ),

D(F) = {z € H: AR(\, A)z + DE*V 3 2 € D(A)}.

min

(3.5)

Finally, if the resolvent of A is compact, so is the resolvent of F.

Proof. We first remark that for any xg € H, z(t) = S(t)zp is precisely
the solution of the closed loop equation (1.4). Thus, x is continuous, by
Proposition 3.1, and S(¢) is a strongly continuous semigroup in H. Let
F: D(F) C H — H be its infinitesimal generator; we want to prove that
F is given by (3.5). To this aim, let xg € D(F), z(t) = S(t)xo. We have

min

t
R(Xo, A)z(t) = e R(\o, A)zo + / e ADE*V a(s) ds.
0

As z(t) is continuously differentiable, we have

R(Xo, A2/ (t) = AR(Xo, A)x(t) + DE* VS, a(t).

min
Setting t = 0, it follows that

R(Xo, A)Fzg = AR(Ao, A)zo + DE*V, X x0, (3.6)

min

so AR(Mg, A)xo + DE*VS 20 € D(A) and

min
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Fzo = (Ao — A)(AR(Xo, A)zo + DE*V, %, x0). (3.7)

min

Conversely assume that

AR(Ao, A)$0 + DE*VIE?DI'O S D(A) (38)
Then, by (3.6) and the density of D(F), the linear operator R(A\g, A)F is
closable and its closure N = R(\g, A)F is bounded. Now, if (3.8) holds, we
have Nxg € D(A) and it is not difficult to show that this implies xg € D(F)
and ()\0 - A)NJEO = FIZ?().

It remains to show that et”" is an analytic semigroup. Let

Swoo ={N€C: |arg(A —w)| < by}
be a sector contained in the resolvent set p(A) and assume that

M)

RM\A)| <
1RO A < 0

A E Sw,go, (39)
for some constants w and M (0) = M (—0) (see §2.7 of Chapter 1 of Part II).
Let A € S, .0,, n € H; consider the equation A\{ — F§ = n, which is equivalent
to

A = [Ao — A{AR(Xo, A)§ + DE*V &} = . (3.10)
Multiplying (3.10) by R()\, A), gives
€~ Do — AT RO, AVEE*V5,€] = RO\, Ay, (3.11)

As [XAo — A]*D is bounded and |[[Ag — AJ'7*R()\, A)|| < const. |A|7%, there
exists p > 0 such that, for any A € {u € S, 0,: || > p}, (3.11) has a unique
solution £ = R(\, F)n, where
RO\ F) ={I—[Xo—A'""“R(\, A)([\o — A]*D)DE*VZ,} ' R(\, A). (3.12)
From (3.9) and (3.12) it follows that the semigroup generated by F' is analytic
and that if R(\, A) is compact so is R(A, F). O
The operator F is said to be the closed loop operator for the optimal
control problem (1.1)—(1.2). Remark that, by (3.3), we know that the function
Cx*(t) = Ce!f'zy belongs to L?(0,00; H). Thus, when C = I (or if C~! €
L(H)), by Datko’s Theorem, it follows that F' is exponentially stable. Thus,
in this case, (A, B) is feedback stabilizable.
We give now a generalization of Proposition 3.4 of Chapter 1.

Proposition 3.3. Assume that (A, C) is detectable. Then F is exponentially
stable.

Proof. Let xg € H, and let (u*,2*) be the optimal pair corresponding to xg.
By Remark 3.2 in Chapter 1, there exists K € L(Y; H) such that A — KC'is
exponentially stable. Now it is easy to check that
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t
2*(t) = A=Ky, +/ (Ao — A)et=A=E) Dy (5) ds
0
t
+/ e(t_s)(A_KC)KC’:c(s) ds.
0

As Cx*, u* € L?(0,00;U) and A — KC is exponentially stable it follows that
x* € L?(0,00; H). Datko’s Theorem yields the conclusion. O

3.3 Stabilizability and stability of F' in the point spectrum case

We consider here the system (1.1) under hypothesis (HPo,) and we assume
that A verifies the point spectrum hypotheses (P) (see §3.2 in Chapter 1). We
want to give a necessary and sufficient condition in order that (A4, AD) be
stabilizable with respect to the identity I. We need a lemma whose proof is
similar to that of Lemma 3.1 (Chapter 1).

Lemma 3.1. Assume (HPw) and (P) with c°(A) = @. Then the following

statements are equivalent:

(i) For all x € H, there exists u € L?(0,00;U) such that the solution x of
(1.1) belongs to L?(0,00; H).
(ii) The mapping

ur—yu= (Ao — A)/ e "I} Du(s)ds: L*(0,00;U) — H
0
15 onto.
(iii) The mapping
v*: H — L*(0,00;U),
(7*€)(s) = D*[ho — ATJ(IT) e ¢, EeH
18 one-to-one.
(iv) Ker (D*(A — A*)) NKer(A — A*) = {0}, for all X € o (A4%).

Proof. 1t is completely similar to the proof of Lemma 3.1 in Chapter 1. O
We now generalize Propositions 3.3, 3.4, and 3.5 of Chapter 1.

Proposition 3.4. Assume (HP)oo and (P). Then the following statements
are equivalent:

(i) (A, AD) is stabilizable with respect to I.
(ii) For any A € oY (A*) U o™ (A*),

Ker (D*(A — A%) NKer(A — 4%)) = {0}.

Proposition 3.5. Assume that (A, AD) is C-stabilizable and that A and F
fulfill (P). Then the following statements are equivalent:
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(i) F is exponentially stable.
(ii) For any X\ € ot (A) Uo®(A), we have
Ker(A — \) NKer(C) = {0}. (3.13)
Proposition 3.6. Assume that the hypotheses of Proposition 3.5 hold. Then
the following statements are equivalent:

(i) F is exponentially stable.
(ii) (A, C) is detectable.

Exzample 3.1. Let € be an open bounded set of R" with regular boundary 9€.
Consider the state equation
ox .
ot (t,€) = (Ae + )z(t,§) in]0,T[x €,
x(t,§) = u(t,§) on0,T[x 09,
2(0,8) = z0(§) in Q,

where ¢ > 0, 79 € L?(Q2), and v € L?(99Q). We choose H =Y = L*(Q) as
space of states and observations and U = L?(92) as space of controls. We
denote by A the linear self-adjoint operator in H:

(3.14)

Ax = Agx + cx, Vx € D(A),
D(A) = H?(Q) N H ().

We consider the following problem: To minimize

J(u)z/ooo/9|x(t,§)|2dtd§+/ooo /89 lu(t, €)|* dt d¢.

Let D: L?(09Q) — L*(Q) the Dirichlet mapping introduced in Example 1.1 of
Chapter 2 in Part IV; then problem (3.14) can be written as

t
z(t) = g + (el — A)/ =4 Du(s) ds,
0
and hypotheses (HP ) hold with Ao = ¢. We denote by {¢r} a complete set
of eigenvectors of A and by {—\;} the corresponding sequence of eigenvalues.
We assume that {\;} is a nondecreasing sequence and that

O<M<e M>c, k=2,3,...,

and we prove that (A, AD) is stabilizable. Recalling Proposition 3.4 it is
enough to observe that

D1

ov

is not identically zero; this in fact is a consequence of a result that can be
found in E. J. P. G. SCHMIDT and N. WECK [1]. O

D*(A" —c)p1 =
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Remark 3.1. Stabilizability for parabolic boundary control problems was stud-
ied by several authors, see T. NANBU [1], I. LASIECKA and R. TRIGGIANI [4,
5], and H. AMANN [1].

These results have been generalized by A. LUNARDI [2, 4] for non-
autonomous state equations with periodic coefficients (see also P. K. MED-
INA [1]). O
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Unbounded Control Operators: Hyperbolic
Equations With Control on the Boundary

1 Introduction and setting of the problem

We use here the notation of Chapter 3 in Part IV. We assume that

(i) A generates a strongly continuous group e in H
of type wp and Ag is a real number in p(A) such
that wy < Ao,

(i) E e L(U;H),

(HH)oo § ...
(iii) VT > 0, 3K > 0 such that

t
/ |E* A*esY x| ds < K2|z|?, Vx e D(A*), t >0,
0

(iv) CeL(H;Y).

Clearly, if (HH)c hold, then the hypotheses (HH) of Chapter 3 in Part IV
are fulfilled with Py = 0. We want to minimize the cost function:

Joo(t) = / TUIC(s)P + Ju(s)Pyds, (L1)

over all controls u € L?(0,00; U) subject to the equation constraint

z(t) = e"xo + G(u)(s),

t 1.2
Glu)(s) = (Ao — A) /0 =4 By (s) ds. (12)

Moreover, 1o € H and u € L?(0, 00; U). We recall that by Proposition 3.1 in
Chapter 1 in Part II, x € C([0,T]; H) for all € L?(0,T;U); more precisely

G € L(L*(0,T;U);C([0,T); H)), VT > 0.

We say that the control u € L?(0,00;U) is admissible if Joo(u) < 0o. The
definitions of optimal control, optimal state, and optimal pair are the same
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as in Chapters 1 and 2. When, for any zo € H, an admissible control exists,
we say that (A, AE) is C-stabilizable.

In order to solve the control problem (1.1)—(1.2), we consider the opti-
mization problems: to minimize

Jt(U):/O {ICa(s)]* + |u(s)[*} ds, (1.3)

over all controls u € L?(0,t; U) subject to the equation constraint (1.1), and
denote by (u},x}) the corresponding optimal pair, then we prove the conver-
gence of (uf,x}) to an optimal pair for the problem (1.1)—(1.2).

For a different approach to the study of the algebraic Riccati equation and
more results, see the paper by F. FLANDOLI, I. LASIECKA, and R. TRIG-
GIANI [1], and the Lecture Notes by I. LASIECKA and R. TRIGGIANI [11].
The situation where assumption (HH)oo—(iii) is not fulfilled is considered in
I. LasieEckA and R. TRIGGIANI [12], where specific examples are provided.

2 Main results

The main result of this chapter is as follows.

Theorem 2.1. Assume (HH)so and that (A, AE) is C-stabilizable. Let (u}, x})
be the optimal pair corresponding to problem (1.2)—(1.3); then there exist
u* € L?(0,00;U) and x* € L*(0,00; H) such that

(i) limy— 0o uf = u* in L?(0,T;U), for all T > 0.
(ii) lim¢— 00 27 = 2* in L*(0,T; H), for all T > 0.
(iil) (u*,x*) is an optimal pair for the problem (1.1)—(1.2).

Proof. Denote by Pin(+) the mild solution to (1.5) of Part IV, Chapter 3,
with Py = 0. Let 29 € H, u € L?(0,00;U) and let = be the corresponding
solution to (1.1); we have

(Prin (t)20, T0) < /Ot{ICfIT(S)I2 +lu(s)[*} ds
< Joo(u), Yu € L*(0,00;U). (2.1)
As (A, AE) is C-stabilizable, there exists M (zg) > 0 such that
(Prin ()0, x0) < M(x9), Vit > 0.

By the Uniform Boundedness Theorem, it follows that there exists M > 0
such that
[ Puain(t)]] < M, Vt >0. (22)

Then there exists the limit
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P> xog = thm Pmin(ﬁ)l’o, Vxo € H.

From (2.1) it follows that

(P33,20,20) < Joo(u), Yu € L2(0,00;U). (2.3)

min

On the other hand we have
t
(Prmin (t) 0, 20) = / {|CzF(s)|* + |uj (s)|*} ds, Vt >0, (2.4)
0
and taking into account (2.2), we see easily that the set {@;}>0, where

in(s) = {uj(s), if s € 0,1,

0, if s > ¢,
is bounded in L?(0, o0; U). Thus there exists a sequence t,, T oo and a function
@ € L*(0,00; U) such that

Gy, — 0, in L*(0,00;U) as n — ooc. (2.5)

n

Set
i(t) = eao + Gu)(t).

Fix now T > 0. Obviously

*

uj =4, in L*(0,T;U) as n — oo,
and consequently,
z; — &, in L*(0,T;U) as n — oo.

From (2.4) it follows that

T
(ngnxo,xo)z/ (3()2 + |a(s)2}ds, Vit > 0.
0

As T is arbitrary we can conclude that C# € L?(0, 00; H) and

(Pl?;i)nzoa ZEO) Z Joo(ﬂ)y (26)
which, along with (2.3), implies that the pair (@, ) is optimal. It remains to
prove (i) and (ii). We first remark that, by the Lebesgue dominated conver-
gence theorem

Cxf — 1, in L*(0,T;00) as n — oo.

Letting n tend to infinity in the equality

T’Vl
{IC%, (5)” + [u,, (5)[*} ds = (Puin(T0) 0, 0),
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we find -

lim [ {|Ca7, () + |up(s)]*} ds = (Paiazo, x0)-
0

This implies that the convergences of {u%(s)} to @ and of {Cx%.(s)} to C#
are strong. As the optimal pair is unique, by the strict convexity of the cost
Jso, (i) and (ii) follows. O

Ezample 2.1. We consider here the system described in Example 4.3 of Chap-
ter 3 of Part IV, but with 7' = +oc0. In order to apply Theorem 2.1 it is enough
to check that (A, AE) is exactly controllable. As remarked at the end of §2 in
Chapter 2 of Part II, the relevant estimate to prove is that, for T sufficiently
large, there exists a constant C(T') > 0 such that

i

where v is the solution to the problem

2

ov

o dt > C(T)E(0), (2.7)

L2(8Q)

v (t,€) = Aev(t,§), t>0, €,
v(t,§) =0, t>0, &€,

v(0,€) = v € Hy (),

u(0,§) = v1 € L*(),

and )
B0 =, [ V0t 0P + ot O dg v
To prove (2.7) we follows J. L. LioNs [4]. We introduce the following notation:
X(t) = (’Utaf ' V’U), Y(t) = (Ut,'U),
where (-,-) denotes the scalar product and | - | the norm in L?(2). We first
prove the identity
Y (T) - Y(0) :/ [v2 — |Vv|?] d€ dt. (2.9)
Qx[0,T]

In fact, multiplying both sides of the first equation in (2.8) by v and taking
into account that
(’UQ)tt = 2’(),52 + 2U’Utt,

we find
1 2 2
VUt = 2(11 )tt — vy = vAw.

Integrating on

;/ﬂ(vz)ttdg—/ﬂvfdfz/ﬂvAvdﬁz—/Q|Vv|2d§,
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gy |0 = [ [ =90,
which implies (2.9).

Now we multiply both sides of the first equation in (2.8) by & - Vv and
integrate in Q x [0, T]. We find

and so

I=1J,

where

I= / (& - Vv)oy dE dt
Qx[0,7)

and

J= / (& - Vv)Av d¢ dt.
Qx[0,T]
We proceed now in three steps.
Step 1. Estimate of I.

By integrating by parts successively in ¢ and in &, we find

I:X(T)—X(O)—/Q [OT](g-Vvt)vtdgdt

1
=X =X~ [ e v
— X(T) —X(O)JFZ/Q - v? de dt.

Step 2. Estimate of J.

By integrating by parts in £, we find

n

ov 0%v
J = / ¢ de dt
,;1 axior) . O€n 087
- ov Ov -
- 13%% do dt — / (S ) dg dt
h,kZ:1 /aszx[o,:r] "R ey, 06, hkzl ax(0,7] 98k "og ) o6
|’ 1 o |ov|
= &V do dt — / & d€ dt
/emx[o:f]( ) ov 2 Z Qx[0,T] "o, | oe,

hk=1

—/ |Vo|? d dt.
Qx[0,T]

We observe now that, as v = 0 on 052, we have Vv = gl“/u. It follows that



534 V-3 Unbounded Control Operators in Hyperbolic Equations

J = -V
/BQX[O,T] (5 U)

0
—[ ol
o0x[0,T]

1
2

- / |Vol? de dt
Qx[0,T]

2
do dt + (” - 1) / Vo[? dé dt.
2 Qx[0,7]

ov

2
do dt —
ov 7

/ €-V(|Vv|?) dzdt
Qx[0,T]

v
Step 3. Conclusion.

As I = J, we find

[ e
o0 x[0,T]

= X(T) - X(0) + ”/ 2 de dt — (" - 1)/ V|2 du dt
2 Jax(o,1) 2 Qx[0,7]

= X(T)— X(0) + "/ [v? — |Vv]?] d§dt+/ |Vo|? d€ dt.
2 Jax(o,1) Qx[0,7]

2

ov o

ov

In conclusion

/ (€ )
o0x1[0,T)

Now, let R > 0 such that € is included in the ball B(0, R) and let op > 0
such that |v] < ag|Vu|; then

1Yr + TE(0).
0

ov

2
n—
dodt =X
ov 7 { +

2

|X| < R|v| [Vv| < RE(0)

and
Y] <ol o] < aolve] [Vo] < agE(0),
and so )
ov
(&-v) dodt > E(0)[T — 2R — 3y,
80 [0,T] ov
and the required estimate (2.7) holds for T large. O

3 Some result for general semigroups

In this section we do not assume that A generates a strongly continuous group
but
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(i) A generates a strongly continuous semigroup e

in H of type < Ag, for some real number Ag,
(i) FEeL(U;H),
(HH), § (iii) VT >0, 3K7 > 0 such that

t
/ |E*A*esA 2| ds < K2|z)?, Va e D(A*),t>0,
0

(iv) CeL(H;Y).

By the results of §5 in Chapter 3 of Part IV, we are able to show the existence
of an optimal pair (u}, z}) of the control problem (1.2)—(1.3) under hypotheses
(HH)’.,. Then the following theorem is proved as Theorem 2.1.

Theorem 3.1. Assume (HH)., andthat (A, AE) isC-stabilizable. Let (u}, z})
be the optimal pair corresponding to problem (1.2)—(1.3). Then there exist
u* € L?(0,00;U) and x* € L*(0,00; H) such that

(i) imy— oo uf = u* in L2(0,T;U), for all T > 0.
(ii) limy— o f = 2* in L*(0,T; H), for all T > 0.
(iil) (u*,x*) is an optimal pair for the problem (1.1)—(1.2).

Ezample 3.1 (Age-dependent equations). We continue here Example 5.1 of
Chapter 3 of Part IV, but taking T' = +oc. In order to apply Theorem 2.2 we
have only to check stabilizability. Set

o1(A) ={A€d(4): ReX <0},
o2(A) ={A € c(A): ReX > 0},

and denote by @)1 and @2 the spectral projectors on o1(A) and o2(A), re-
spectively. As is well known @5 is a finite dimensional projector; moreover,
because the semigroup S(-) is differentiable for ¢ > a4 the spectral determin-
ing condition holds true, and there exist M > 0 and r > 0 such that

[S(HQ1] < Me™™, t>0. (3.1)

We set pi(t) = Qip(t), t > 0 and p2(t) = Qa2p(t), t > 0 and denote by
Ay and A the restrictions of A to @Q1(H) and Q2(H), respectively. By (3.1)
it follows easily that p; € L?(0,00; H) for any v € L?(0,00). So, we have
only to check that, for any po € H there exists u € L?(0,00) such that
p2 € L?(0,00; Q2(H)). Now py is the solution of the finite dimensional Cauchy
problem

ph(t) = Aapa(t) — aAz2 Du(t), (3.2)
p2(0) = Q2po-

By a well-known result due to Hautus (see Part I, Chapter 1, §2.6), the system

(3.2) is stabilizable if and only if
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Ker(A — Ay) NKer(D*A3) = {0}, V€ 02(A). (3.3)

Now we can easily check that the spectrum o(A) of consists of simple
eigenvalues \ that are exactly all the solutions to the equation

ay
1= / e MK (b) db. (3.4)
0
If A is an eigenvalue of A, then a corresponding eigenvector is given by
@) = e n(a), a e [0,a4]. (3.5)

Moreover the adjoint A* of A is given by

{D(A*) = {y € H'(0,a4): $(T) =0}, 56)

A% =" — pp + B(0).

Finally o(A*) = 0(A), and if A € o0(A*), then a corresponding eigenvector is
given by
1

m(a

Yala) =

Let now A € o3(A) and ¢ € Ker(D*A3); then we have

" eMa—b) a a
| / K(b)db, ac0,as]. (3.7)

_ o e*)\b
- /O K (b) db, (3.8)

and a corresponding eigenvector to A is given by

1
7(a)

It follows, recalling hypotheses (5.8) of Part II, Chapter 3,

Ya(a) = / " MK () db, a€[0,aq]. (3.9)

D™ A5 = (¢, m) = i [/OM e N K(b)db—1| #0.

Thus (A, AFE) is I-stabilizable. O
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An Isomorphism Result

We present two proofs of an isomorphism result that plays a key role in the
solution of the linear quadratic optimal control problem. Proposition 1.1 gives
a direct proof, whereas Proposition 1.2 gives a proof based on the variational
characterization of the minimum of a linear quadratic cost function under a
linear state equation constraint. This second proof also yields a general result
on the invertibility of a 2 x 2 matrix of operators, which corresponds to the
usual optimality system obtained from the coupled system in the state and
adjoint state variables. In this appendix X represents a Hilbert space, with
inner product (-,-) and norm |- | and 7" and S linear bounded operators in X.

Proposition 1.1. Assume that T and S are symmetric and nonnegative; then
I+ TS is one-to-one and onto. Moreover

IS(+T8)~ < |IS]

and
IT+TS)"H <1+ T 1S]-

Proof. Step 1. I + TS is one-to-one. Let xg € X such that zg + T'Szg = 0.
Then we have Szqg + ST Sz = 0, and so

(S(E(), {E()) + (TSCL‘Q, S{E()) =0,

which implies (Szg,x0) = 0, and consequently Szg = 0 and finally 0 =
xo + TSxo = 0.

Step 2.
R:= (I +TS5)(X) is dense in X. Let yo € X be such that
(I +TS)z,y0) =0, VzeX.

Then
(z, T4+ ST)yo) =0, Vze X,

which implies yo = 0 by Step 1 (exchanging T" and 5).
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Step 3.

0<(SUI+TS) 'z,z) < (Sz,z),Vz € R.Let x € Rand let z = (I +TS) 'z
We have, recalling that "> 0, S > 0,

(Sz,xz) = (ST +T8S)z,(I+T5)z)

= (Sz,2)+ (Sz,TSz)+ (STSz,2) + (STSz,TSz)
> (Sz,2)+ (Sz,TSz) = (Sz, I +T95)z)

=

S(I+T8S) z,x)>0.
Step 4.

(S(UI +T9) tz,y) = (z,SU +TS) 'y), Vor,y € R. Let 2,y € R and let
2= +TS) o, w=(I+TS) 'y. We have

(ST+T8) 'z,y) = (Sz,w+ TSw) = (I +T8)z, Sw)
= (z,S(IT+TS) 'y).
Step 5.

Conclusion. By steps 2, 3, and 4 the symmetric operator S(I +7S)~! has a
unique extension to a symmetric bounded operator that we denote again by
S(I+TS)~!. Now for any = € R we have

(I+TS) ‘e =0 —-TSIT+TS) 'a;

thus, by Step 3
(I +T8) x| < x|+ ||T| |S|.

This implies that R is closed; because it is dense by Step 2, it is onto. a
The above result was first proved in an early version of this book via an
optimal control argument. We give it below because this type of result is useful
in many contexts.
Consider the real Hilbert spaces U and H, the continuous linear operators

BeL(U;H), Qe€L(H;H)
and assume that

Yz € H, (Qz,z) >0,
Ve, ye H, (Qz,y) = (Qy,x).

Define the following optimal control problem: To find u € U such that

vV

inf
)

where
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J(u) = é(Qw—i— 2q, ) + é|u|2

and
r=DBu+ f

for some given pair (f,g) € H x H.
This problem has a unique solution u € U that is completely characterized
by the following optimality condition:

dJ(u;v) =0, Yvel,

where
dJ(u;v) = (Qr + ¢q,y) + (u,v)

and
r=DBu+ f, y= Bv.

Introduce the adjoint variable p € H
p=Qr+q
and rewrite the optimality condition
(p, Bv) + (u,v) =0, YveU = u+ B*p=0.

Using this characterization we can now write the coupled system in the form

Eaaliy

-Q I ||p qj

We conclude that for any given pair (f, q), there exists a pair (z,p) for which
the above identity is verified. Moreover when f =g = 0,

2+ BB*p=0 = (z,p) +|B"p|* =0,
“QRr+p=0 = —(Qz,z)+ (p,x) =0
and x = p = 0. Therefore the matrix of operators is invertible.
Finally set ¢ = 0 and eliminate p in the first equation of the coupled

system. Then
x4+ BB*Qr=f = [[+ BB*Q|x = f.

Again for any f in H, there exists an = in H for which the above identity is
verified. For f =0

r+ BB*Qx =0 = (Qz,z) +|B*Qz|* =0
— Q%1 =0 = z=0.

Hence I + BB*(Q is invertible.
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Proposition 1.2. Given two real Hilbert spaces U and H and two linear
bounded operators

BeL(U/H) and Q€ L(HH)
such that
Vo € H, (Qz,z) >0,
vz, y€ H, (Qz,y)=(Qy, ),
then the operators

I BB*
—Q I

] and [I+ BB*Q]

are (algebraic and topological) isomorphisms.

This last proposition was also proved by M. SORINE [1].
Proposition 1.1 is now obtained with X = H =U, S = Q, and B = T"/2.
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