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Abstract

This survey is an introduction to well-posed linear time-invartiant (LTT) systems for non-specialists. We recall the more general
concept of a system node, classical and generalized solutions of system equations, criteria for well-posedness, the subclass of
regular linear systems, some of the available linear feedback theory. Motivated by physical examples, we recall the concepts
of impedance passive and scattering passive systems, conservative systems and systems with a special structure that belong
to these classes. We illustrate this theory by examples of systems governed by heat and wave equations. We develop local and
global well-posedness results for LTI systems with nonlinear (in particular, bilinear) feedback, by extracting the abstract idea
behind various proofs in the literature. We apply these abstract results to derive well-posedness results for the Burgers and
Navier-Stokes equations.
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scattering passive system, scattering conservative system, wave equation, non-linear feedback, Burgers equation, local

well-posedness, Navier-Stokes equations.

1 Overview

This is a survey about well-posed systems, intended for
newcomers to the field. Thus, no prior background on
well-posed systems is assumed and we intend to guide the
reader through the many concepts and available results,
explaining their origin and significance as best as we can.
We assume that the reader has a basic understanding of
functional analysis and operator semigroups.

Informally speaking, a system is well-posed if on any time
interval [7,¢t], for any initial state z( in the state space
and any input function u in a specified space of func-
tions, it has a unique state trajectory x and a unique out-
put function y, both defined on [r,t]. Moreover, y must
belong to a specified space of functions, and both x(t)
and y must depend continuously on z(7) and on u. This
concept is general and can be made precise for many
classes of non-linear and/or time-varying systems. How-
ever, most attention in the literature has been devoted
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to the simplest particular case, namely, linear and time-
invariant (LTI) systems, because here we have strong
tools to develop the theory. In the LTI context, if the
state space is finite-dimensional, then well-posedness is
not an issue and is usually not even mentioned. The the-
ory focuses on systems with an infinite-dimensional state
space, usually a Hilbert space. This is motivated by a va-
riety of systems described by partial differential or delay
equations, that can be shown to fit into this framework.
Establishing well-posedness is usually not a goal in it-
self but opens the way for dealing with control and/or
estimation problems by trying to mimic the rich finite-
dimensional control theory using “operators in place of
matrices” at the conceptual level. It is not easy and it
does not always work, but we keep trying.

There are now two books available on well-posed linear
systems: the monograph of Olof Staffans [65] and the re-
cent graduate lectures of Birgit Jacob and Hans Zwart
[38] (actually on a different but closely related topic). It
is not easy to write a survey “in the shadow” of these
two excellent books. We hope that our emphasis on ex-
tensions, as well as our somewhat different point of view
will be deemed a useful addition to the literature.

The authors together with Olof Staffans have published
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the survey [83] with a similar topic in 2000. So what can
justify this new survey? We hope that the following will
count: (1) In the 14 years that passed, there have been
many new results and developments, shifts in emphasis,
and we have learned a few new tricks. (2) In the survey
[83], the emphasis was on conservative linear systems,
which was an exciting new topic at that time. The sur-
vey was strictly about LTT systems only, and the same
is true about the books [65] and [38] mentioned earlier.
Here, we go beyond this framework by exporing well-
posedness results for well-posed linear systems with non-
linear feedback. Most results will be given without proof
(with citations) but we also include several new results,
and for those of course we give the proof.

This survey does not cover the following topics: exact
controllability and exact observability, stability and
stabilization, optimal control and optimal estimation.
Indeed, these topics are not directly related to well-
posedness (even though they use results about it). To
our regret, because of length constraints, we also have
to leave out topics that would have been very well suited
in this paper. One such topic is the Lax-Phillips semi-
group associated to a well-posed system (the connection
between well-posed systems theory and scattering the-
ory), for which we refer to [7,9,59,65,67,68]. Another
topic that we are compelled to leave out are the time-
varying well-posed linear systems, for which we refer to
[12,33,58,59] (an incomplete list).

It will be easier to follow the more abstract develop-
ments in the later sections of this paper if we first
introduce the main concepts (system equations, lin-
earity, time-invariance, well-posedness, impedance and
scattering passivity) and some of the results in the
finite-dimensional context. This is our aim in Section 2.

In Section 3 we give a brief overview of the main facts
known about well-posed linear time-invartiant systems
in the Hilbert space context. We give the motivation
and introduce the concept, after which we discuss the
representation of such systems via a semigroup generator
A, a control operator B, an observation operator C' and a
transfer function G. We recall the admissibility concepts
for B and C.

In Section 4 we introduce the larger class of LTT systems
known as system nodes. This is a simple and very use-
ful concept when we model physical systems, or when
we introduce special classes of systems, as there are al-
most no well-posedness assumptions involved, and well-
posedness can be checked at a later stage. We introduce
the concepts of classical and generalized solution of the
system equations, and discuss their properties, in par-
ticular in the well-posed case.

In Section 5 we introduce regular linear systems, a sub-
class of the well-posed ones for which there is a well-
defined feedthrough operator, that expresses the instan-

taneous effect of the input signal on the output signal.
The feedthrough operator (if it exists) is the strong limit
of the transfer function at +o0o. We recall different equiv-
alent ways to express regularity, and a simpler way to
to write the system equations. We give several examples
of regular systems from the literature, including a wave
and a plate equation. We also recall the basic facts of the
linear feedback theory developed for well-posed (and in
particular, for regular) linear systems.

In Section 6 we introduce impedance passive system
nodes, scattering passive (hence well-posed) linear sys-
tems and scattering conservative systems. We explain
how systems with certain special structures (encoun-
tered in mathematical physics) belong to these special
classes. We give examples of systems with these special
structures involving the heat and wave equations.

In Section 7 we consider well-posed linear systems with
static nonlinear output feedback. These results are of
small gain type, and they guarantee the well-posedness
of the closed-loop system for certain Lipschitz constants
of the nonlinearity, or the local well-posedness for bilin-
ear feedbacks satisfying a certain estimate.

Sections 8 and 9 are devoted to examples. Using the
nonlinear feedback theory from Section 7 we prove the
global well-posedness of a system described by the Burg-
ers equation and the local well-posedness of the Navier-
Stokes equations on a bounded domain.

Acknowledgments. This work was supported mainly
by the Lorraine Region via a grant “Chercheur
d’excellence”. We also acknowledge the support of the
French National Research Agency (ANR) via the grant
11-BS03-0002 HAMECMOPSYS.

2 Well-posedness in finite dimensions

Finite-dimensional linear control theory is mainly con-
cerned with systems X described by equations of the

form { #(t)= Axz(t) + Bu(t)
y(t)= Cz(t) + Du(t) 7

where u is the input signal, z is the state trajectory, y
is the output signal and A, B,C, D are matrices of ap-
propriate dimensions, dictated by the dimensions of the
vectors u(t), z(t) and y(¢). We denote by U, X and Y the
(finite dimensional) input space, state space and output
space of the system X, i.e., the spaces where u(t),z(t)
and y(t) are. Usually such systems are considered to
evolve over the time interval Ry = [0,00), so that we
have an initial state (0) and an input function u, while
the functions x and y are uniquely determined by them.
Applying the Laplace transformation (assuming that u
has one), we obtain

4(s) = C(sI — A)~1z(0) + G(s)u(s), (2.2)

(2.1)



where G(s) = C(sI — A)~! B+ D is the transfer function
of the system. This is an L(U,Y)-valued analytic func-
tion defined everywhere except on o(A), the spectrum
of A. The matrix-valued function G is rational, mean-
ing that each entry is a fraction of polynomials, and it
is proper, meaning that it has a finite limit at infinity
(which is D). We assume that this class of systems is
familiar to the reader.

We have a lot of freedom in choosing the space of func-
tions where u and y in (2.1) are. We could choose, for
example, continuous functions, differentiable functions,
various Sobolev spaces, functions of class LP (where 1 <
p < 00). However, in this survey, we mostly stick to the
choice
we L (R;U),  yelLi (RY).

For any interval J, we denote by P ; the operator of
truncation of a vector-valued function v defined on a
larger set than J, to J. The truncated function P jv will
sometimes (whenever this is convenient) be regarded as
being defined on all R, and having the value 0 ouside of
J. An important feature of the system ¥ that we want to
emphasize is that on any finite time interval [7,¢] C R,
if the initial state x(7) and the corresponding segment
of the input signal, P, ;ju are given, then we can solve
(2.1) on [r,t] (with a unique solution). We then have

a(t) a(7)

, (2.3)
Py P u

= 3(t, 1)

where X(¢,7) is a bounded linear operator from X X
L3([7,t];U) to X x L?([r,t];Y), which can be naturally
partinioned into four components. (It is an easy exercise
to write these components explicitly.) If we restrict our
solution (the functions wu,x,y) to a subinterval of [r,¢],
then (2.3) will hold also on this subinterval. This forces
the components of 3(t, 7) to obey certain algebraic rules,
that we shall encounter later when discussing the ab-
stract definition of a well-posed linear system.

In the sequel, we denote by S, the bilateral right shift
by h (where h € R) on L{ (R, V), for any Banach space
V. Thus, for h > 0, Spu is the signal u delayed by the
amount h, while for h < 0 it is u anticipated (brought
earlier) by the amount |h|. The system X is called linear
because the operators (¢, 7) are linear. The system ¥ is
called well-posed because the operators (¢, T) are con-
tinuous (in the linear case discussed here, this is equiv-
alent to them being bounded). The system ¥ is called
time-invariant because the operators (¢, 7) have the
following property:

a(t)
SfrP[t,'r]y

(1)

=X(t—7,0)
Sf-,-P[t;,.]u

) (2'4)

which combined with (2.3) shows that essentially, X (¢, 7)
depends only on the time difference t — 7. ¥ should

be called a finite-dimensional linear time-invariant well-
posed system although you could not find this terminol-
ogy in the systems and control literature, and for a good
reason: all finite dimensional LTI systems are automat-
ically well-posed, as it is easy to see from the solution
formulas (that we did not write down). Thus, such sys-
tems are just called finite-dimensional LTI systems.

Now we turn our attention to finite-dimensional non-
linear time-invariant systems described by

a(t) = f(z(t),ult)), (2.5)
y(t) = g(x(t), u(t)), (2.6)
but for the moment we ignore (2.6) and just ask when
can we solve the differential equation (2.5). It simplifies
matters a lot if we still assume that u(t) € U and z(t) €
X, where U and X are finite-dimensional normed spaces.

Definition 2.1 Let f € C(X x U,X), 6 > 0 and let
u:[0,0) = U be measurable. A solution of (2.5) on [0, 9)
is an absolutely continuous function x : [0,0) — X such
that

z(t) —x(0) = /o f(z(o),u(c))de Vt € |0,9).

The following theorem is a consequence of Theorem 36
(in Appendix C) in Sontag [61]. In the sequel, for any
¢ >0 wedenote B, = {x € X | ||z]| < c}.

Theorem 2.2 Assume that u : Ry — U is measurable,
f e C(X xU; X) and the following two conditions hold
for everya € X:

(S1) There exists a constant ¢ > 0 and a locally inte-
grable function o : Ry — R such that

1/ (2, u(®)) = fy, u(@®)]| < a@®)]z -yl

for almost every t € Ry and for all z,y € a + B..
(S2) There exists a locally integrable function 8 : Ry —
R, such that

I|f(a,u(®)| < B(t), for almost every t € Ry .

Then for every xg € X there exists > 0 and a unique
solution of (2.5) on [0,0) satisfying x(0) = xo. (The
theorem remains valid if X is a Banach space.)

Thus, the existence of solutions can, in general, only
be guaranteed locally, i.e., on some possibly short time
interval. When the solution of (2.5) is not global, then
it necessarily “blows up” in finite time, as the following
corollary shows.

Corollary 2.3 Suppose that w and f are as in Theorem
2.2 and for some xg € X and § > 0, [0,0) is the maximal
interval of existence of the solution of (2.5) with x(0) =
xo. Then for every ¢ > 0 there exists T € [0, ) such that
z(T) ¢ Be.



For the proof see, for instance, Jayawardhana et al [40].

If § < oo is as in Corollary 2.3, then it is called the fi-
nite escape time of the state trajectory x starting from
2. Non-linear systems theory is plagued by finite escape
times, and one possible technique that can help is to in-
troduce an energy function that, for some reason, must
stay bounded and thus prevents the “blow up” of the so-
lutions. Energy considerations are useful in many other
respects (stability analysis, control design). This is the
next topic that we discuss.

Driven by physical examples, there has been much inter-
est in systems that are passive, which means that they
satisfy some sort of energy balance inequality. To define
this concept we need a function H € C'(X;R,) called
the Hamiltonian or storage function. This is often the
physical energy stored in the system, but it does not have
to be. We also need a real-valued function S called the
supply rate defined on U x Y that is usually assumed to
be continuous. The system is called passive with respect
to the storage function H and the supply rate S if for any
functions u, z and y that solve (2.5) and (2.6), we have

d
S H(a() < S(u(t). y(0). (2.1
H is called properif H(x) — oo when ||z|] — oo or equiva-
lently, for any constant ¢ > 0 theset {x € X | H(z) < ¢}
is compact. There is a huge literature on passive sys-
tems, of which we cite Willems [87] (who started it all)
and van der Schaft [74].

Now we look at the linear time-invariant case. Let us
assume that U =Y and X are finite-dimensional inner
product spaces. The time-invariant system ¥ from (2.1)
is called impedance passive if along solutions of (2.1),

el < Meult)ye).  (28)

This corresponds to taking in (2.7) H(z) = %||z||? and

S(u,y) = Re (u,y). It is easy to see that this is equivalent
to the fact that, for every z¢p € X and ug € U, we have

Re (Axg + Bug,zo) < Re(ug, Cxg + Duyg).

There is a very neat characterization of such systems
due to Staffans [63,64], who did his investigations in the
infinite-dimensional context.

Theorem 2.4 The system % from (2.1) is impedance
passive in the sense of (2.8) if and only if the matriz

A B
—-C -D

T =

is dissipative (i.e., T +T* <0).

It is now obvious that if ¥ is impedance-passive, then A
is dissipative. This is equivalent to the fact that e* is a
contraction for every ¢t > 0. When D + D~ is invertible,
then impedance passivity is equivalent to D + D* > 0
and

A+ A*+(C* -~ B)(D+D*)"Y(C—-B*) <0.

In the case that D = 0, impedance passivity is equivalent
to C' = B* and A being dissipative. It is not difficult to
check that if G is the transfer function of an impedance
passive system, then G is positive, meaning that

G(s)+G(s)* 20 Vs e Cy, (2.9)

where we have used the notation

Co = {s€C|Res>a}.

It is easy to derive versions of the above statements that
involve weighting operators on the spaces U and Y - we
shall not waste time on this.

Now let us drop the assumption that U = Y. The time-
invariant system X from (2.1) is called scattering passive
if along solutions of (2.1),

%Hﬂf(t)ll2 < a1 = lly@)11*. (2.10)

This corresponds to taking in (2.7) H(z) = i||z|? and
S(u,y) = 3|lull* = Fllyll>. It is easy to see that this is

equivalent to the fact that, for xg € X and ug € U,
2Re <Al‘0 + BUO,.T0> < ||U()||2 — ||C.130 + DUOHZ.

It is also easy to see that ¥ is scattering passive if and
only if the operators ¥(¢, 7) from (2.3) are contractions.

Theorem 2.5 The system ¥ from (2.1) is scattering
passive in the sense of (2.10) if and only if

A+ A* B C*
B* —-ID*| <0.
C D —I

This result has been obtained by adapting a related re-
sult from Apkarian, Gahinet and Becker, [6], who have
worked in the finite-dimensional parameter-varying con-
text. The last theorem can also be derived from Theorem
2.4, by applying it to the system 3 with inputs uq, us
and outputs y1, yo defined by

z(t) = Az(t) + Buy(t),

yi(t)= Fua(t),
Y2 ()= —Cx(t) — Dui(t) + 2us(t).



It is not difficult to check that if ¥ is scattering passive,
then the matrix A is dissipative (so that Cy C p(A)) and
the transfer function G of the system is a Schur function,
i.e., it satisfies |G (s)|| < 1 for all s € Cy.

It is useful to note that most scattering passive systems
can be obtained from impedance scattering ones via the
external Cayley transformation (sometimes called the di-
agonal transformation), which redefines the input and
the output as follows: If ¢ and f are the input and out-
put signals of an impedance passive system Yinp, then
the input and output signals of the corresponding scat-
tering passive system X, are

u=le+f), y=dl-p. (1)

The inverse transformation is given by the same formu-
las, only with the places of u,y and e, f reversed, as
is easy to see. This transformation has been employed
in many works, see for example Staffans [63,64,69], and
Weiss [80]. The external Cayley transformation can be
understood also as an output feedback transformation
(combined with a feed-forward term and a rescaling), as
Figure 1 (approximately reproduced from [80]) shows. It
is easy to see from this figure that the relation between
the transfer functions of ¥y, and Mg, is

Gsca = (I - Gimp)(I+ Gimp)_l'

Hﬁ;ﬁ_ € S imp f_l;

Fig. 1. The system Ygcs with input v and output y, as ob-
tained from the system Xiyp (with input e and output f)
via the external Cayley transformation (2.11).

S
i

In [63,64] the precise relationship between ¥in;, and gca
has been determined (in the infinite-dimensional con-
text), as stated in the following proposition.

Proposition 2.6 Suppose that Aimp, Bimp; Cimp, Dimp
determine via (2.1) an impedance passive system Zimp.
Then the matrix

10 1 0
Einp = ) ] (2.12)
0 ﬁ Cimp I+ Dimp

is invertible. Define the system Ygen via its matrices
Ascaa BSC&? CSCB,? Dsca by

Asca Bsca _ O O
0 -1

Csca DSCH.

Aimp Bimp
0 2I

E_L. (2.13)

-1
imp-*

Then Ysca S a scattering passive system. We have
E-' = E.., where

imp

I 0 I 0
Fyo := ; , (2.14)
0 ﬁ Cvsca I + Dsca
and Ximp can be recovered from Ygca via
Aim Bim 00 Asca Bsca
R ELL. (2.15)
Cimp Dimp 0 -1 0 V21

Notice that X, is obtained from Yy, by the same
formulas by which X, is obtained from ¥g.,. However,
there is a hidden asymmetry here: the external Cayley
transformation will not yield every possible scattering
passive system. It follows from the above proposition
that the range of the external Cayley transformation
is the set of those scattering passive systems for which
I + Dy, is invertible.

3 Well-posed LTI systems on Hilbert spaces

For infinite-dimensional LTI systems, we think that it is
not a good idea to start from equations of the type (2.1),
or any other types of differential and algebraic equa-
tions that describe the system locally in time (i.e., at
one instant). This is because we encounter differential,
trace and other unbounded operators, and it is difficult
to build a general and clear definition for a well-posed
system using these. Indeed, we would get bogged down
endlessly in choosing the right domains and trying to
define what we mean by solutions of certain equations.
Starting with the work of Salamon [56,57] the accepted
approach is to start from the global (or “integral”) op-
erators X(t, 7) that appear in (2.3), which are bounded.
This is similar to the theory of operator semigroups (we
use this name for what is also known as strongly con-
tinuous semigroups, or Cy semigroups, and we assume
that the reader is familiar with them). Indeed, in the
theory of operator semigroups, the definition concerns
the family of (global) operators in the semigroup, which
are bounded, and the (usually unbounded) generator ap-
pears later in the theory. Similarly, we start with the
family of bounded operators (¢, 7) and the (usually un-
bounded) operators in (2.1) will appear later. There are
many competing and equivalent definitions for a well-
posed LTT system, see for instance Salamon [56], Weiss
[77,79], Staffans [67,68,65]. We shall use the definition
from [79] (which is often employed).

The idea of the definition is that the system is fully
described by the operators X(t —7,0) appearing in (2.4).
For convenience we denote X, = X(7,0). We partition
these operators as follows:



V7 >0. (3.1)

The definition will list the requirements that have to be
imposed on each of the four component operator fami-
lies, so that the concept corresponds to what we expect
based on our intuition and experience. Of course, finite-
dimensional LTT systems (as discussed in the first sec-
tion) must be a particular case of well-posed LTI sys-
tem in the Hilbert space context, as defined below. Well-
posed LTI systems are most often called well-posed lin-
ear systems.

Notation. Let W be a Hilbert space. For any interval
J, we regard L2 (J;W) as a subspace of L _(R;W)
(by extending functions defined on J with the value 0
outside J). Recall the truncation operators P ; and the
bilateral right shift operators S, introduced in Section
2. For any u,v € L2 ([0,00); W) and any 7 > 0, the
T-concatenation of u and v is the function defined by

udv = Pl qu+ Srv.

Thus, (u?v)(t) = u(t) for t € [0, 7), while (u?v)(t) =

v(t —7) for t > 7. If T is an operator semigroup, we
denote its growth bound by w(T).

Definition 3.1 Let U, X and Y be Hilbert spaces. A
well-posed linear system is a family of operators ¥ =
(X¢)i>0 partitioned as in (3.1), where

(i) T = (Ty)t>0 is an operator semigroup on X,

(ii) @ = (®y)i>0 is a family of bounded linear operators
from L2([0,00); U) to X such that

q)‘r+t (U O ’U) = th)TU + q)tU, (32)

for every u, v € L?([0,00); U) and all T,t > 0,
(i) ¥ = (V)0 is a family of bounded linear operators
from X to L*([0,00);Y) such that

\I}‘r+t o = \IJ-,— i) <> \I/t’]TT"EO, (33)

for everyxzg € X and all 7,t > 0, and ¥y =0,
(iv) F = (F¢)e>o0 is a family of bounded linear operators
from L%(]0,00); U) to L?([0,0);Y) such that

Frit(udv) = Fru (0D, u + Fro), (3.4)

for every u, v € L?([0,00); U) and all T,t > 0, and
Fo = 0.

We call U the input space, X the state space and Y the
output space of X. The operators ®, are called input
maps, the operators W, are called output maps, and the
operators .. are called input-output maps.

It is often convenient to denote ¥ = (T, ®, ¥, F) in place
of arranging these families in a 2 x 2 matrix as in (3.1).

It follows from (3.2) with t = 0 and v = 0 that ® is
causal, the state does not depend on the future input:
¢, P, =&, forall 7 > 0, in particular &5 = 0. It follows
from this and the definitions that for all 7,¢ > 0,

(I)‘r+t P[O,T] = TP, P[O,r]‘I’rth =V,

P FriPror) = P Fre = Fry

and hence P(o .1 F- P, ;14 = 0. The last identity says
that F is causal (i.e., the past output does not depend
on the future input).

Example 3.2 We give an extremely simple but impor-
tant example of an infinite-dimensional well-posed sys-
tem, borrowed from [79]. We model a delay line as a well-
posed linear system. Let X = L?[—h, 0], where h > 0,
and let T be the left shift semigroup on X with zero en-
tering from the right, i.e., for any 7 > 0 and ¢ € [—h, 0],

_ Jx(C+T), for (+7<0,
(Tra)(¢) = {0, for ¢(+7>0.

Let U = C and for any 7 > 0 and ¢ € [—h, 0] define

_ u(<+7—)a for (+720,
(®ru)(C) = {O, for (+7<0.

Let Y = C and for any 7 > 0 and t € [0, 7) define

~ Jax(t—=h), for t—h <0,
(Frzo)(t) = {0, for t—h>0.
For ¢ > 7 we put (¥, z)(t) = 0. Finally, let forany 7 > 0
and t € [0,7)

u(t — h), for t—h >0,
F. =
(Fru)(t) {0, for t—h<0.
For ¢t > 7 we put (F,u)(t) = 0. Then ¥ = (T, ®,¥,F)
is a well-posed linear system. It is clear from the formula
of IF that this is indeed a delay line of size h.

For the remainder of this section we use the assumptions
of Definition 3.1. We denote the generator of T by A.
The space X; is defined as D(A) with the norm ||z||; =
[(BI—A)z||, where 8 € p(A), and X_; is the completion
of X with respect to the norm ||z||_; = ||(B] — A)~z||.
The choice of g is not important, since different choices
lead to equivalent norms on X; and on X_;. In fact,
the norm || - ||; is equivalent to the graph norm on D(A)
and X_; may be regarded as the dual of D(A*) (with its
graph norm) with respect to the pivot space X. Thus,

X1 CX C X4 (35)



densely and with continuous embeddings. The semi-
group T can be extended to X_1, and then its generator
is an extension of A, whose domain is X. We use the
same notation for all these extensions as for the original
operators. The extended semigroup is isomorphic to the
original one via the isomorphism (81 — A) € L(X, X _4).

We denote the corresponding spaces that we get by re-
placing A with A* by X{ and X?,, i.e., X{ is D(A*%)
with the norm ||z||¢ = ||(BI — A*)z||, and X¢; is the
completion of X with respect to the norm |z|%, =
|(BI — A*)~1z||. The scalar product of X has continu-
ous extensions to X; x X%, and to X{ x X_1, so that
X4, (respectively X_1) may be regarded as the dual of
X (respectively of X{) with respect to the pivot space
X. More details about these spaces and other related

ones, such as X_, can be found in Engel and Nagel [23],
Staffans [65] and [73].

For the remainder of this section we recall some less
immediate consequences of Definition 3.1, following
[67,68,73,79], mostly without proof.

A nontrivial consequence of assumptions (i) and

(ii) in the definition is that there exists a unique

B € L(U,X_1), called the control operator of 3, such

that t

du = / T, sBu(c)de Vt=>=0. (3.6)
0

Notice that in the above formula, T acts on X_; and the
integration is carried out in X_1. ®;u depends continu-
ously on t. The operator B can be found by

1
Bv = lim =®_(x-v) Vvel, (3.7
T=0T

where x denotes the characteristic function of [0, co).

Remark 3.3 Let U, X be Hilbert spaces and let T be an
operator semigroup on X . An operator B € L(U, X_1) is
called an admissible control operator for T if for some t >
0, the integral in (3.6) is in X, for any u € L?([0, 00); U).
If this is the case, then ®; € L£(L?([0,00);U), X) for all
t > 0.If B e L(U,X), then obviously it is admissible.
Such control operators are called bounded, and the others
are called unbounded. Clearly, if B is the control operator
of a well-posed system, then it is an admissible control
operator for the operator semigroup of the system.

We do not want to spend much space in this survey on
the concept of an admissible control operator, and for
more details we refer to the excellent survey by Jacob and
Partington [35], as well as to Jacob, Partington and Pott
[36], Staffans [65], Tucsnak and Weiss [73] and Weiss
[75]. We mention here only three important results:

(1) Suppose that T is exponentially stable, i.e., wo(T) <
0. Then B is an admissible control operator for T if and

only if the equation

Allz +11A*z2 = — BB*z Vze DAY
(called a Lyapunov equation) has a solution IT € £(X)
with II > 0. (This solution is then unique, and is called
the controllability Gramian of A and B.)

(2) Suppose that T is left-invertible. Then B is an ad-
missible control operator for T if and only if, for some
w > wo(T),

sup [[(sI — A)7'Bllcw.x) < .

Re s=w

(3) If B is an admissible control operator for T then for
every w > wo(T),

sup (Re s)H(sIfA)*lBH%(um < 00. (3.8)

Res>w

This is the easy part. The strong result is that the con-
verse holds under additional assumptions: Suppose that
U is finite-dimensional and T is a contraction semigroup,
or it is normal. Then (3.8) (for one w € R) implies that
B is admissible for T. For related results and extensions
see, e.g., Haak and Kunstmann [30], and the counterex-
amples in Jacob and Zwart [37] and Zwart, Jacob and
Staffans [90].

Now we turn our attention to the output maps of the
well-posed system ¥ from Definition 3.1. It follows from
the identity Py ) Wr1s = W, (for 7,¢ > 0) that there
exists a unique operator ¥o, : X — L% ([0,00);Y") such

that P[OJ]\IIOO = U, for all 7 > 0. ¥, is called the
extended output map of ¥, and it satisfies

\I/OOIEO = \IIOOZL'O <> \IJOOTTLC(), (39)

for every xg € X and all 7 > 0. It can be shown (using
assumptions (i) and (iii) in the definition) that there
exists a unique C' € L(X;,Y), called the observation
operator of ¥, such that for every zp € D(A) and all
t>0,

(\Iloo xo)(t) = CTtLL'().

This determines ¥, since D(A) is dense in X.

(3.10)

Remark 3.4 An operator C' € £(X1,Y) is called an
admissible observation operator for T if the estimate

[Tzl at < bao?
0

holds for some (hence, for every) 7 > 0 and for every
xo € D(A). The constant £ > 0 may depend on 7. If
C € L(X,Y) then obviously it is admissible. Such ob-
servation operators are called bounded, while the others



are called unbounded. Tt is clear that if C' is the obser-
vation operator of a well-posed linear system X, then C'
is admissible for the semigroup T of . For further de-
tails about admissible observation operators we refer to
Weiss [76] as well as all the references in Remark 3.3.
The connection with admissible control operators is the
following duality: C € L(X1,Y) is an admissible obser-
vation operator for T if and only if C* € L(Y,X%,) is
an admissible control operator for T*. In particular, the
dual version of the estimate (3.8) is the following: if C' is
an admissible observation operator for T then for every
w > wo(T),

sup (Res)||C(s] — A)_1H2£(X’Y) < 00.

Res>w

(3.11)

Now we turn our attention to the input-output maps
of the well-posed system 3. It follows from the identity
Po,7)F74¢ = F; that there exists a unique linear oper-

ator Foo @ LE ([0,00);U) — L2 _([0,00);Y) such that

Pjo,Fe = F; for all 7 > 0. This Fo, is called the ex-
tended input-output map of X. We have

Fo(uQOv) = Foou O (Voo @ru+ Foov), (3.12)

for every u,v € L2 _([0,00);U) and all 7 > 0. Taking

loc

u=01n (3.12) we get that

FooSr = S, Foo, (3.13)
for every 7 > 0. This property means that F, is shift-
invartant or time-invariant.

Notation. For any Hilbert space W, any interval J and
any w € R we put

LE(T; W) = e, LA(J; W),

where (e, v)(t) = e“'v(t), with the norm [e v 2 =
[lv|lL2. We denote by C,, = {s € C | Res > w}.

It can be shown that for every w > wo(T), ¥ is bounded
from X to L2([0,00);Y). For each zy € X, the Laplace
integral of U, 2o converges absolutely for Re s > wy(T),
and for such values of s the Laplace transform is given
by

(Uooz0)(s) = C(sI — A)ay. (3.14)
We denote by r the infimum of those w € R for which
F. is bounded from L2([0,00);U) to L2([0,00);Y).
This number g € [—00, 00) is called the growth bound
of Fs. It can be shown that v¢ < wo(T). We can rep-
resent Fo, via the transfer function G of X, which is
a bounded analytic £(U,Y")-valued function on C,, for
every w > qp. If u € L2(]0,00);U) with w > 4 then
the Laplace integral of F.,u converges absolutely for
Res > yr and

o —

(Feou)(s) = G(s)u(s), Res > wp. (3.15)

The transfer function G satisfies
G(s) ~ G(8) = (8 — 5)C(BI — A)~\(sI — A)"'B

=C|[(sI-A)~"'—(BI-A)7"] B, (3.16)
for all 5,8 € C,, (1) (equivalently, G'(s) = —C/(sI —

A)72B). This shows that G is determined by A, B and
C up to an additive constant operator.

The growth bound g is the infimum of all those w € R
for which G has a bounded analytic extension to C,.
It follows from (3.15) and the Paley-Wiener theorem
that for w > g, the norm of F, from L2 to L2 is the
supremum of ||G(s)]|| over all s € C,,. By the maximum
modulus theorem, denoting ||Fu |l = [[Fooll£(z2),

[Foollw = (3.17)

sup [|G(s)]-
Re s=w

An analytic function defined on a domain that contains
some right half-plane is called proper if it is bounded on
some right half-plane (such as G above). This concept is
the natural generalization of the well-known concept of
properness for rational functions, that has been recalled
in the text after (2.2).

There are transformations which lead from one well-
posed system to another: duality, time-inversion, flow-
inversion and time-flow inversion. Here we briefly recall
duality, and we refer to [50,65,68] for the other (more
challenging) transformations.

Notation. Let W be a Hilbert space. For every
u € L2 _([0,00); W) and all 7 > 0, we define the time-

loc
inversion operator on [0, 7] as follows:

st = {7 "

for t €0,7],
for t > 7.

Theorem 3.5 Let ¥ = (T, ®, U, F) be a well-posed lin-
ear system with input space U, state space X and output

space Y. Define ¢ (for allT > 0) by
I 0
. (3.18
o) 69

T4 ad]

v
Then ¥4 = (T4, &, ¥ F?) is a well-posed linear system
with input space Y, state space X and output space U. If
A, B and C are the semigroup generator, control opera-
tor and observation operator of 3, then the correspond-
ing operators for ©¢ are A*, C* and B*. The transfer
functions are related by

G(s) = G*(3),

10
0 A,

T* W*
o F*

Ed

T

Re s > wo(T).

Both types of growth bounds are equal: wo(T) = wo(T?)
and Yp = “Ypd.-



The system X¢ introduced above is called the dual system
corresponding to X. Tt is easy to verify (from (3.18)) that
applying the duality transformation twice, we get back
the original system: (X9)¢ = 3.

4 System nodes and solutions of system equa-
tions

Well-posed linear systems have various generalizations
within the LTI context. One obvious one is to replace
Hilbert spaces with Banach spaces and L? with L? - this
is one of the issues that we shall ignore in this paper,
but we refer to relevant parts of [10,12,30,32,65,75,76,79]
(this is an incomplete list).

A more interesting generalization is the concept of a
resolvent linear system, due to Mark Opmeer [54,55],
where the relations between input, state and output are
formulated entirely in a sort of Laplace transformed do-
main. This allows “much less well-posed” systems to be
included. The system is determined by four operator
families, like well-posed systems, but these are analytic
operator-valued functions which, in the case of a well-
posed linear system and using the notation of Section 3,
would have the interpretation of (sI—A)~!, (sI—A) "1 B,
C(sI — A)~! and G(s). The integrated resolvent lin-
ear systems, also introduced in [54], are a subclass that
comes closer to (and still contains) well-posed systems.
Other classes of systems that contain the well-posed ones
(and are contained in resolvent linear systems) are the
systems with n-admissible control and observation oper-
ators discussed in Latushkin et al [44], the systems that
are strictly proper with an integrator, introduced in Weiss
and Zhao [85], and the system nodes, presented below.

For the study of well-posed linear systems, the most use-
ful generalization of the concept seems to be the con-
cept of a system node. The reason for this is that sys-
tem nodes look very much like well-posed systems de-
cribed by equations local in time, but with most of the
well-posedness assumptions deleted. Thus, when given
a system of differential and algebraic equations that we
“suspect” to be well-posed, we can, as a first step, ver-
ify that it is a system node after introducing the correct
spaces and operators, and often this is relatively easy.
After this is done, we know that the equations of the
system have classical solutions for a significant space of
initial conditions and input functions. Now, if we want
to check the well-posedness of the system, sometimes we
can do this quickly by using various theorems formulated
in the abstract language of system nodes. For example,
if we somehow know that the system node is scattering
passive, then its well-posedness follows.

The idea of system nodes goes back to Y.L. Smuljan
in 1986, using a different terminology. The concept as
used today was formulated while writing Malinen et al

[51] and we refer to that paper for the relation with ear-
lier concepts such as operator colligations. System nodes
have been used in many works, starting with Staffans
[62], and good introductions are in Staffans [65] and
Staffans and Weiss [69]. The definition given below is
less elegant, but very short and easy to understand. Re-
garding classical and generalized solutions, our exposi-
tion follows [69].

Definition 4.1 Suppose that A is the generator of a
strongly continuous semigroup T on the Hilbert space X .
In the sequel we use the spaces X1 and X_1 and the ex-
tensions of A and T, as introduced around (3.5).

Let U and Y be Hilbert spaces, B € L(U,X_1) and C €
L(X1,Y). Let the function G : Cy,, (1) — L(U,Y) be such
that, for every s, 8 € Cy (1),

G(s) = G(B) = Cl(sI — A~ = (81 — A)~]B. (4.1)

Then Ypode = (A, B,C,G) is called a system node on
(U, X,Y). We callU, X, Y the input space, state space
and output space of Yipoqe Tespectively. A is the semi-
group generator of Ypode, B is its control operator, C' is
its observation operator, G is its transfer function and
(A, B, C) is its generating triple.

Notice that G is analytic and it satisfies

G'(s) = —C(sI - A)*B Vs €Cyyry. (4.2)
For any triple (A, B, () as above we can find infinitely
many functions G satisfying (4.1) (or, equivalently,
(4.2)) and any two such functions differ by a constant.

The combined observation/feedthrough operator of ¥, 04
is defined by

x

c&D || = Clx— (B — A)~'Bu] + G(B)u, (4.3)

u

with domain

D(C&D) = { lx

]EXXU‘AQH—BUEX}.
u

Note that the operator C& D is independent of the choice
of B € Cyy (1 -this can be verified using (4.1). We have
the following relation between C& D and G:

sI —A)™'B

I Vsée (Cwo(']l‘)~

G(s) = C&D [(

(4.4)

It may be that G has analytic extensions to half-planes
C,, with w < w(T). We do not distinguish between an
analytic function defined on a right half-plane and an



analytic extension to a larger right half-plane. This con-
vention is important since (when p(A) is not connected)
we may get points s € p(A) where (4.4) is not true, see
Curtain and Zwart [22, Example 4.3.8]. Thus, to avoid
mistakes, when we are at a point s to the left of wy(T), we
define G(s) by analytically extending G, starting from
the domain C,,,(y (if such an extension exists).

The natural norm on D(C&D) is
2
x
u

With this norm, D(C&D) is a Hilbert space and
C&D € L(D(C&D),Y).

= |lz% + lullZy + [[Az + Bu|% . (4.5)
D(C&D)

(4.6)

The system node ;04 = (4, B,C, G) can also be de-
termined by its system operator

A B

c&D i)

= D(C&D), (4.7)

which is a densely defined and closed operator from X x
U to X x Y. In several papers, such as [69], S is taken
as the starting point when defining a system node, and
the operators A, B,C and the transfer function G are
derived from S.

Define the space

Z = D(A) + (BI — A)~'BU, (4.8)

which is independent of 5 € p(A) and is a Hilbert space
with the norm

|I2]% = inf {Ilwlf + lvl|?

reX,velU
+(BI—A)"'Bv |

Note that if [] € D(S), then ¢ € Z and we have
llzllz < m| [3] lpceny, for some m > 0 independent of
z and v. The system node is called compatible if C' has
a continuous extension to an operator C' € L(Z,Y). In
this case, we may define the operator D € L(U,Y) by
D = G(B) — C(BI — A)~'B and it follows from (4.1)
that D is independent of 8 € p(A). Then C&D and S
can be split to take their form which is familiar from
finite-dimensional systems theory:

— A B
C&D[?] = Cax+Dv, S= |_ (4.9)
C D
and we have
G(s) =C(sI-A)'B+D Vsep(A). (4.10)

A system node X,,,4¢ is usually associated with the equa-
tion

10

Vit>0, (4.11)

where S is the system operator of 3,,4.. Equivalently,

#(t) = Ax(t) + Bu(t), y(t) = C&D[zg)] (4.12)

for every t > 0.

Definition 4.2 Let S be a closed linear operator from
X x U to X xY, with domain D(S) (but S need not
originate from a system node).

A triple (x,u,y) is called a classical solution of (4.11) on
[0,00) if:

a) z € C1([0,00); X),

b) u € C([0,00);U), y € C([0,00);Y),

(
(
(0 [1] e
(d) (4.11) holds.

D(S) forallt >0,

A triple (x,u,y) is called a generalized solution of (4.11)
on [0, 00) if

(e) x € C([0,00); X),
(f) u € L ([0,00); U), y € L, .([0,00);Y),

(g) there exists a sequence (xy,uk,yr) of classical solu-
tions of (4. 11) such that x, — x in C([O,oo);X),
ue — win L, ([0,00); U), yr, — y in L, ([0,00); V).

loc

Here, by vy — wu in LIOC([07OO);U) we mean that
P[O’T]uk — P, u in L*([0,7]; U) for every 7 > 0, and
of course similarly for yr — y.

(d)

We remark that it follows easily from conditions (a)—
[0,00)

above that every classical solution of (4.11) on
also satisfies

(h) [%] € C([0,00); D(5)),

where the continuity is with respect to the graph norm
of S on D(S). In the case when S is a system node, this
graph norm is equivalent to the norm in (4.5).

The following proposition guarantees that for a system
node, we have plenty of classical solutions of the system
equation (4.11), or equivalently (4.12).

Proposition 4.3 Let ¥, .4 be a system mnode on
(U,X,Y). If u € C%([0,00); U) and [ )] € D(C&D),
then the equations (4.12) have a unique classical solution
(x,u,y) satisfying x©(0) = xzg. Moreover, this classical
solution satisfies

x € C*([0,00); X_1).

If u has compact support, then y has a Laplace transform
and (2.2) holds on Cy (1)



For the proof we refer to Lemma 4.7.8 in [65] or Propo-
sition 4.2.11 in [73] (various versions of (parts of) this
proposition can be found in the literature). Actually, the
last sentence of the proposition is not in the cited refer-
ences, but it is easy to prove.

Let us denote by D the space of all the pairs (zg, u) € X x
L?([0,00); U) which satisfy the assumptions of Proposi-
tion 4.3. Notice that D is dense in X x L2([0,00);U).
Hence, the corresponding space D, of pairs (2o, Pjo -ju)
is dense in X x L%([0,7]; U). The last proposition allows
us to define the operators 3, from D, to X x L2([0,7],Y)
such that for any solution of (4.12) and for any 7 > 0,

(1)
Pry

z(0)
P,u

=3, (4.13)

Definition 4.4 The system node Y,04c 1S called well-
posed if for some (hence, for every) T > 0, the operator
3, from (4.13) has a continuous extension

2, € L(X x L*([0,7],U), X x L*([0,7],Y)).

It is easy to see that X4 is well-posed iff for some
(hence, for every) 7 > 0 there is a ¢; > 0 such that for
all classical solutions of (4.12),

le @I + 113 0. v)
< & (IO + lul?2qor0)) -

It is easy to verify that if 3,,,4¢ is well-posed, then the
family ¥ = (X;);>0 is a well-posed linear system as
defined in Section 3. Moreover, the operators A, B,C
and the transfer function as defined in Section 3 are then
the same as defined in this section. Conversely, every
well-posed linear system determines a unique well-posed
system node, and hence it makes sense to talk about
the combined observation/feedthrough operator or about
the system operator of a well-posed linear system (as in
(4.3) and (4.7)). If ¥ is a well-posed linear system with
system operator S, then the dual system (as introduced
in Theorem 3.5) has the system operator S*. (This is not
a trivial statement, it is contained in [68, Theorem 3.5].)

Proposition 4.5 Fvery well-posed system node is com-
patible (as defined before (4.9)).

For the proof see [67, Theorem 3.4]. Thus, for well-posed
systems we can always find an extension of the observa-
tion operator C' such that C' € £(Z,Y) and hence, with
a suitable operator D € L(U,Y), the formulas (4.9) and
(4.10) hold. However, C' (and hence also D) may not be
unique. (The operator C&D is unique.)

For well-posed system nodes Proposition 4.3 can be
strengthened. We shall use the following notation:

11

HL . ((0,00); U) is the space of those functions on (0, o0)
whose restriction to (0,n) is in H((0,n); U), for every
n € N.

Proposition 4.6 Let X, 4. be a well-posed system node
on (U,X,Y). Assume that u € HL .((0,00);U) and
[uaz%)] € D(C&D). Then the equations (4.12) have a
unique classical solution (x,u,y) satisfying ©(0) = xq.
Moreover, we have

:

Using the notation ®¢, ¥, and F from Section 3, the
functions x,u,y satisfy

€ C([0,00); D(C&D)), y € Hipe((0,00);Y).

x(t) = Tewo + Peu, y = Voo + Foou.  (4.14)

For the proof see [65, Theorem 4.6.11] or [67, Theorem
3.1]. For inputs of class L? we have generalized solutions
for (4.12) with additional properties:

Proposition 4.7 Let ¥, ,4e be a well-posed system node
on (U, X,Y). If u € L} ([0,00);U) and zog € X, then
the equations in (4.12) have a unique generalized solu-
tion (z,u,y) satisfying x(0) = xo. Again the functions
x,u,y satisfy (4.14). Moreover, x is the unique fuction
in C([0,00); X) with the property

(1) = 0 +/0 [Az(o) + Bu(e)ldo  Vt>0,

the integral being computed in X_1. (This implies that
2 € Hjoe((0,00); X1).)

If there exists v > wo(T) such that u € L2([0,00);U),
then y € L?,([O7 0);Y) and the Laplace transforms of u
and y satisfy (2.2) for Res > 7.

Conversely, with u and xo as above, if x and y are given
by (4.14) then (x,u,y) is a generalized solution of (4.12).

This proposition can be derived with ease from the one
before it, combined with the material in [73, Section 4.2]
and the material around (3.17).

Let us denote by X the well-posed system corresponding
to the well-posed system node X4 (as in Definition
4.4). With the notation of the last proposition, z and y
are called the state trajectory and the output function of
Y node (or of ) corresponding to the initial state z¢ and
the input function wu.

Definition 4.8 Let U, X and Y be Hilbert spaces.
A triple of operators (A, B,C) is called well-posed on
(U, X,Y) if there exists a well-posed linear system ¥ on
(U, X,Y) whose generating triple is (A, B, C).



This definition is taken from Curtain and Weiss [19].
Clearly, if (A, B, () is the generating triple of a system
node ¥ and (A, B, C) is well-posed, then ¥ is well-posed.
It is useful to have a list of conditions that A, B and C'
have to satisfy in order to constitute a well-posed triple.
The following result was proven in [19].

Proposition 4.9 A triple of operators (A, B, C) is well-
posed on (U, X,Y) if and only if the following conditions
are satisfied:

(1) A is the generator of an operator semigroup T on X,

(2) B € L(U,X_4) is an admissible control operator for
the semigroup T,

(3) C € L(X4,Y) is an admissible observation operator
for the semigroup T,

(4) some (hence every) transfer function G associated
with (A, B, C) (i.e., satisfying (4.1) ) is proper (as de-
fined after (3.17)).

In particular, it follows that if A, B satisfy the con-
ditions (1) and (2) above and C is bounded (i.e.,
C € L(X,Y)), then (A, B, C) is well-posed (the proper-
ness of G(s) = C(sI — A)~'B follows from (3.8)).
The dual result is that if A,C satisfy (1) and (3)
above and B is bounded, then again (A, B,C) is well-
posed (this follows from (3.11)). In both of these cases,
limy o0 SUPRe s> ||C (ST — A)_lBHE(U}y) =0.

Proposition 4.10 In Proposition 4.9 we may replace
the condition (4) with:

(5) some (hence every) transfer function G associated
with (A, B, C) (i.e., satisfying (4.1) ) is bounded on a
vertical line {s € C | Res = a}, where a > wy(T).

Proof. Let A, B, C be operators satisfying the conditions
(1), (2) and (3) from Proposition 4.9, as well as condi-
tion (5) above. We have to prove that this implies that
condition (4) holds. (It is obvious that (4) implies (5).)

Take s = a + ib € C, and denote z = a + ib. By inte-
grating on the horizontal segment [z, s| we have, using
(12)

1G(s) = G(2)[| < /a |G (2 + ib)||d

= /a |C((z + ib)I — A)2B||dz.

Choose w € (wo(T), ). We know from (3.8) and (3.11)
that for some mq,my > 0,

mi

C(sI —A)~" < ——,
1(C(s )" ey VRes —w
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I—A)'B <"
||((S ) ||£(U,X) \/m

hold for all s € C,,. Combining these with the previous
estimate, we get

Y mimeo a—w

1G(s) = G(2)]| <

dx = mimes log .
o T—Ww a—w

From this and the boundedness of G on the line where
Rez = «, it follows that for a suitable M > 0 the fol-

lowing (much weaker) estimate holds:

IG(s)]| < MeV'sl Vs€Cq.
Applying the Phragmen-Lindel6f principle (for a half-
plane), see for instance Titchmarsh [71, p. 177], we con-
clude that G is bounded on C,. [

5 Regular linear systems and linear feedback
theory

So far, the only formulas to express the output function
of a well-posed system (as defined in (4.14)) in terms of
A, B,C and G are (4.12) (in the time domain) or (2.2)
(in the frequency domain), and this is not satisfactory,
because (4.12) is valid only for classical solutions (see
Proposition 4.6), and even then, the operator C&D is
too complicated. We would like to have something sim-
ple, like the second equation in (2.1), and we would like
it to hold for any input of class L2, and for almost every
time. This cannot be accomplished for every well-posed
system, but it works out well for a subclass called reg-
ular linear systems. These are systems whose transfer
function has a strong limit at +o0o (along the real axis).

Definition 5.1 Let X and Y be Hilbert spaces, let T
be a strongly continuous semigroup on X and let C €
L(X1,Y). The A-extension of C' is the operator

Crzo = lim CAN — A) " 'a,

A—+oo

with its domain D(Cy) consisting of those xo € X for
which the limits exist.

It is easy to see that Cj is indeed an extension of C. This
extension has various interesting properties, for which
we refer to [41,76,78].

Notation. For the remainder of this section, ¥ =
(T,®,¥,F) is a well-posed linear system with in-
put space U, state space X and output space Y and
Ynode = (4, B,C, G) is the corresponding system node,
as introduced after Definition 4.4, so that in particular
G is the transfer function of ¥, which is defined for
Re s > 4r. We denote by C&D be the combined obser-
vation/feedthrough operator of ¥ (or equivalently, of
Y node)- X s the characteristic function of [0, c0).



Definition 5.2 For any v € U, the function y, =
Foo(x-v) is the step response of ¥ corresponding to
v. The system ¥ is called regular if the following limit
exists in'Y', for everyv € U:

1

lim 7/0 yy(o0)do = Dv. (5.1)

=0 T

The operator D € L(U,Y) defined by (5.1) is called the
feedthrough operator of 3.

This concept was introduced in [77]. Equivalent charac-
terizations of regularity will be given in Theorem 5.6.
The following theorem gives the desired simple represen-
tation of the output function of a regular linear system.

Theorem 5.3 If ¥ is regular, and if we denote the
feedthrough operator of ¥ by D, then the output y of ¥
(defined in (4.14) ) is given by

y(t) = Cpx(t) + Du(t), (5.2)
for almost every t > 0 (in particular, z(t) € D(Cy) for
almost every t > 0). If t > 0 is such that both u and y

are continuous from the right at t, then (using those right
limits) (5.2) holds at t (in particular, z(t) € D(Cy)).

The proof is in [77], [79] (these papers use another ex-
tension of C', denoted C',, but C' is an extension of Cp,
so that Theorem 5.3 follows). Theorem 5.3 implies the
following formula for F, for regular systems:

Ew)t) = O | "I, Bu(o)do + Du(t),  (53)

valid for every u € L% ([0,00); U) and almost every ¢ >

0 (in particular, the integral above is in D(C} ) for almost
every t > 0).

The operators A, B, C' and D are called the generating
operators of 3, because X is completely determined by
them via #(t) = Az(t) + Bu(t) and (5.2).

Remark 5.4 Theorem 5.3 has a version for the more
general context of well-posed systems. Following [67,
Theorem 3.2] we define the A-extension of C&D by

Zo

[C&D]x = Ci [z0 — (BI — A)"' Bug| + G(B)uo,

Uo

where 5 € C,, is arbitrary. Its domain D([C&D]x)
consists of those [30] € X x U for which zy — (81 —
A)"'Bug € D(Cy). Then y (defined in (4.14)) is given

> x(t)]
u(t)]

0 (in particular, [zg;] €

y(t) = [C&D]a

for almost every t >
D([C&D],) for almost every ¢t > 0).
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Theorem 5.5 Assume that ¥ is regular. Then G is
given by

G(s) = Ca(sI — A)"'B+ D, Re s > wy(T)

(in particular, (sI — A)"*BU C D(C,)).

The proof of this theorem, as well as of the following one,
is given in [79].

We introduce a notation for angular domains in C: for
any 1 € (0,7),

W) = {re’ | re(0,00), ¢ € (v, )} .

Theorem 5.6 The following statements are equivalent:

(1) X is regular, i.e., for every v € U the limit in (5.1)
exsts. L

(2) For every s € p(A) we have that (sI — A)  BU C

D(Cy) and Ca(sI — A)"' B is an analytic L(U,Y)-

valued function of s on p(A), uniformly bounded on

any half-plane C,, with w > wo(T).

There exists s € p(A) such that (sI — A)leU C

D(Ch).

Any state trajectory of ¥ is almost always in D(Cy).

For everyv € U and ¢ € (0, g), G(s)v has a limit

as |s| = oo and s € W(¥).

For every v € U, G(A)v has a limit as A — 400,

where A € R.

Moreover, if the limits mentioned in statements (1), (5)
and (6) above exist, then they are equal to Dv, where D
is the feedthrough operator of 3.

In view of this theorem, a regular transfer function is
defined as a proper transfer function that has a strong
limit at +oco (along the real axis). The classical example
of a non-regular but proper transfer function is G(s) =
coslog s, due to Morris [52]. Many more such examples
can be found in [68], but we are not aware of a “natural”
proper non-regular example stemming from a PDE with
some physical meaning.

Example 3.2 (continued). For this example it is easy
to establish (using (3.7)) that the generating triple con-
sists of A = d%, D(A) = {z € H'(~h,0) | z(0) = 0},
B = 4 (the Dirac mass at zero, defined as a functional on
D(A*) by (4o, ) = ¢(0)), Cx = x(—h) for all x € D(A)
and the transfer function is G(s) = e~"*. It is now clear
from the last theorem that this system is regular, having
feedthrough operator D = 0.

Example 5.7 This is a very old example taken from
[19], in which the operators are represented as infinite
matrices. Let X =2 and U = Y = C. Define the oper-
ators A, B, C by



-1 1
-2 1
A: 3 B: 9
-3 1
C = _111...],

with the natural domain for A. The operators B and C
are admissible for the semigroup generated by A, but the
triple (A4, B, C) is not well-posed. However, if we replace
C with

ce = [1—11—1.--},

then (A, B,C®) is well posed and any transfer function
associated with this triple is regular. Thus, if we choose
D = 0, the equations @(t) = Ax(t) + Bu(t) and y(t) =
C§x(t) determine a regular linear system. For the proofs
see [19, Section 6.

Example 5.8 Consider the following system (taken
from [4]) modeling an elastic string occupying a seg-
ment [0, 1] under the action of a pointwise force located
at £ € (0,1), where the measured output is the velocity
of the string at x = &:

W(x,t) — wez(z,t) +u(t)de = 0,
w(0,t) = w(l,t) = 0, -y
w(z,0) g wo(x), w(z,0) = wi(z), (54)

where d¢ is the Dirac mass at £ and w(z, t) stands for the
transverse deflection of the string at the point « € (0,1)
and time ¢t > 0. The state of the system is [ ].

Proposition 5.9 Fquations (5.4) define a regular sys-
tem with input and output spacesU =Y = C, state space
X =HE(0,1) x L2[0,1] and transfer function

sinh(s¢) sinh[s(¢ — 1)]

Gls) = sinh(s)

VseCCy.

Sketch of the proof. We will omit the determination of
the operators A, B, C, and concentrate merely on estab-
lishing regularity. Assume that wg = 0 and w; = 0. Let
w be the Laplace transform of w with respect to ¢. It can
be easily checked that

$*W(x, 8) — ey (2, 8) = 0, (5.5)

for x € (0,€) U (§,1) and Re s > 0,
w(0,5) = w(l,s) =0  (Res>0), (5.6)
[@(-; 8)]e(s) = 0, [wa(-,8)] = als),  (5.7)
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where [g]¢ the jump of the function g at the point &.
From (5.5) and (5.6) it follows that

w(z,s) = {

where K1, K5 are constants.

K]_ Sil’lh()\l’), HANS (075),
K, sinh[A(z —1)], z € (&,1),

Consequently, the solutions of (5.5)-(5.7) have the fol-
lowing form:

1 sinh[s(§—1)] sinh(sz) ﬁ(S), S (0’5)’

S sinh(s)
1 sinh(s€) sinhls(e—1)] 5y 4 e (¢, 1).

sinh(s)

w(zx,s) =

It follows that
sw(,s) = G(s)u(s),

where G is as given in the proposition. We can easily
check that for 8 > 0 large enough, supg,¢~z5|G(s)| <
1, so that G is proper. It is also easy to check that
limg o G(s) = —1/2, so that G (and hence the sys-
tem) is regular. O

Remark 5.10 The above example has a natural n-
dimensional counterpart, n > 2, where we replace
[0,1] with a bounded domain © C R™ with smooth

boundary and we replace the operator dd,—; with the
Dirichlet Laplacian. The point & where the control
acts is in ) and the observation is the velocity at €.
By analogy with the last example, the state space
should be X = H}(Q) x L*(Q) and we should have
X_1 = L*(Q) x H~Y(Q). However, since §¢ € H*(Q)
holds only for s > 7, it is easy to verify that the given
equations do not correspond to a system node, and we
cannot “save” them by changing the state space. In
particular, there is no way to formulate these equations
as a well-posed system.

Example 5.11 A non-trivial example of regular sys-
tem described by PDEs in several space dimensions is
the wave equation on a bounded domain with smooth
boundary, with Dirichlet control and colocated observa-

tion: ¥ = Az in Qx (0,00), (5.8)

z=wu on 00 x(0,00), (5.9)

2(x,0) = z0(x), 2(x,0) = wo(z) for z € Q. (5.10)

The input of this system is the function w in (5.9), while
the output is

- 2(Gz) on 9N x (0,00).

y= 3, (5.11)

Here v is the unit normal vector of 92 pointing towards
the exterior of () and the operator G : H~1(2) — H}(Q2)
is defined by

Gf = ¢ iff ¢ € H}(Q) and — Ap = f,



so that, in a certain sense, G = —A~L It has been
proved in Ammari [3], using microlocal analysis, that
(5.8)—(5.10) determine a well-posed system with input
and output space L%(09Q) and with state space X =
L?(Q) x H™H(Q). A different proof has been offered in
Lasiecka and Triggiani [43]. The fact that this system is
regular, with D = I, has been established in Guo and
Zhang [29]. The method used in [29] combines Fourier
analysis and pseudo-differential operators, after a local
change of variables reducing the problem to a variable
coefficients PDE in a half-space.

In recent years, many other systems described by PDEs
in R™ have been proven to be regular, especially by Bao-
Zhu Guo and his collaborators, see [14-17,27-29,86].
They have used advanced PDE techniques to prove reg-
ularity for systems involving wave, heat, Euler-Bernoulli
beam, elasticity and Schrédinger equations, with con-
stant or variable coefficients. The paper [17] uses Rie-
mannian geometry to prove the regularity of Naghdi’s
shell equations with boundary control.

At the same time, sophisticated well-posedness and reg-
ularity results for systems described by one-dimensional
PDEs have been developed in Zwart et al [89]. Bounit
and Hadd [11] have proved that any well-posed system
governed by functional differential equations of neutral
type is regular.

Remark 5.12 The weak A-extension of C, denoted
CAw, 1s defined similarly as C'y, but with a weak limit,
so that its domain is larger. Weak regularity is defined
similarly as regularity, but with a weak limit, see [67].
If Y is finite-dimensional, then of course there is no
difference between regularity and weak regularity. Ev-
erything we said about regularity and C (in particular,
the three theorems that we have stated up to here in
this section) remains valid for the more general concept
of weak regularity and for C},,, if we replace limits in
the norm of Y with weak limits. It is clear that if a
well-posed system is weakly regular, then its dual is also
weakly regular. For regular systems, the dual need not
be regular, see Example 8.1 in [68]. The main reason
why we need the concept of regularity (instead of using
just weak regularity) is the feedback theory from [78§]
and its applications. This theory has substantial parts
that we cannot extend to weakly regular systems.

The degree of unboundedness of an operator B €
L(U, X_1), denoted a(B), is the infimum of those a > 0
for which there exist positive constants d, w such that

(A = A) ' Bllew.x) < VA € (w,00). (5.12)

0
\l—«
It is clear from (3.8) that for any admissible control op-

erator B we have a(B) < %, and if B is bounded then
a(B) = 0. The degree of unboundedness of an operator
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C € L(X;,Y), denoted a(C'), is defined similarly, by re-
placing in (5.12) |[(A\ — A)~1B|| with |C(A\] — A)71].
Then it follows from (3.11) that for any admissible ob-
servation operator C' we have a(C) < 3, and if C is
bounded then «(C') = 0. The following result is Propo-
sition 4.1 from Curtain and Weiss [20].

Proposition 5.13 Let X be a well-posed linear system
with control operator B, observation operator C' and
transfer function G. If

a(B) +a(C) < 1,

then ¥ is reqular. In fact, imy _, 1o G(\) exists in the
operator norm.

We now recall some static output feedback theory. We
use the standing notation of this section, so that ¥ is a
well-posed system and U, X, Y, A, B, C, G(s) have their
usual meaning. We take a feedback operator K € L(Y,U)
and we are interested in the closed-loop system ©% that
is obtained by imposing the “static output feedback law”
u = Ky—+v, where v is the new input function, as shown
in Figure 2. The state and output of % should be the
same as for X, as long as their inputs are related by u =
Ky + v. The trouble with the feedback interconnection
from Figure 2 is that it is not necessarily well-posed
- sometimes it cannot even be defined. To avoid such
situations, we have to introduce the following concept:

v+ u Yy

M -

K

Fig. 2. A well-posed linear system 3 with output feedback
via K. If K is admissible, then this is a new well-posed linear
system 2% called the closed-loop system.

Definition 5.14 K € L(Y,U) is called an admissible
feedback operator for ¥ (or for G) if  — GK is invertible
on some right half-plane and its inverse is proper.

In this definition, I — GK may be replaced equivalently
with I — KG. We present some results about well-posed
systems with admissible feedback following Weiss [78].

Proposition 5.15 If K is admissible, then the feedback
connection from Figure 2 determines a new well-posed

linear system XK = (XK, 5, defined as follows: for each

7> 0, XX s the unique solution of

00

K,
0K| ©

K%, =%, [ (5.13)




Moreover, the transfer function of X%, denoted by G¥,
is given by

G =GUI-KG)'=(I-GK)'G

and we have the commutation property

00 00
szzKl 127.

ET T T

0 K

We denote by (A% BE CK) the generating triple of
YK Note that (unless B is bounded) the domain D(AX)
may be different from D(A) and similarly, unless C is
bounded, the space X% (the completion of X with re-

spect to the norm ||z||%; = [|[(BI — A¥)~1z||) may be
different from X_;.

Theorem 5.16 With the above notation, with admissi-
ble K, the following identities are valid on the right half-
plane where Re s > max {wo(T), wo(TH)}:

[I — G(s)K|CK(sT — AK )™ = C(sT — A7,
(sI — AF)Y'BE [T - KG(s)] = (sI — A)"'B.
For all x € D(AX) and for all z € D(A),

Ay = (AJrBKC’K):E7 Az = (AKfBKKC’)z,

where in the first formula, A is regarded as an operator
from X to X_1, andin the second formula, AX isregarded
as an operator from X to XX, .

Theorem 5.17 With the above notation, with admissi-
ble K, assume that X is reqular with feedthrough oper-
ator D. Then I — DK (and hence also I — KD) is left
invertible. The closed-loop system ©X is reqular if and
only if I — DK (and hence also I — K D) is invertible.
In this case, denoting the feedthrough operator of X by
DX the operators AX, B, CX, DX can be expressed in
terms of A, B, C, D:

ARz = [A+ BK(I — DK) 'Cy] ,

C¥z = (I - DK) 10z,
for all x € D(AK), where

D(AX) = {q € D(CA) | (A+BK(I-DK)™'Cp)q € X}.

Moreover, we have
D(CK) = D(Cy), CK = (I -DK)'Cy.
Regarding the operators BX and DX we have

BX = B(I-KD)™ !,
DX = D(I-KD)™' = (I -DK)'D.
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The above formula for B¥X is problematic, because B
and BX map into different spaces, so that at first sight
it looks like the formula makes no sense. However, there
is a natural way to identify a part of X_; with a part of
XK, | explained in [78, Section 7], and after this identifi-
cation the formula for B makes sense. For other results
about the closed-loop system we refer to [78] and also to
Staffans [65] and Xu and Weiss [88].

The motivation for introducing regular linear systems
has been the simple structure of the output equation
(as given in Theorem 5.3) and the simple formula for
the transfer function (as given in Theorem 5.5), be-
cause these allow us to try to replicate classical ideas
from finite-dimensional control theory in an infinite-
dimensional context. Good examples of this being done
are the papers [81,21] on Luenberger observers, dynamic
stabilization and coprime factorization. Regular systems
are also used in optimal control, see [18] and the refer-
ences therein, the theory of exponential stabilization by
colocated feedback in [20], in the state feedback regula-
tor theory from [53], in the PI controller theory of [46]
(and the references therein) and others. The paper [47]
explores the robust stability of feedback systems with
respect to small delays in the loop, and here regularity is
used not for the reasons mentioned above, but because
it enables certain proofs in the frequency domain.

6 Passive linear systems

The concept of passive system and its importance has
been recalled in Section 2 (around (2.7)) and this mate-
rial remains valid in the linear infinite-dimensional con-
text. Many particular quadratic storage functions and
supply rates are of interest (see, for instance, [65]) and
they may depend on all sorts of weighting operators. In
this survey we shall consider only half the norm squared
as a storage function, and two particular supply rates,
leading to impedance passive systems and to scattering
passive ones. Impedance passivity appears more natu-
rally in modeling, but it has a big drawback: it does not
imply well-posedness. In finite dimensions this is not an
issue, but in infinite-dimensional systems, if we do not
have well-posedness, it is sometimes more convenient
to transform impedance passive systems into scattering
passive ones via the external Cayley transformation de-
scribed in (2.11).

Definition 6.1 The system node ¥,04. = (A, B,C, Q)
on (U, X,Y) is called impedance passive if Y = U’ (the
dual space of U) and all the classical solutions of (4.11)
satisfy, for allt > 0,

%IIJU(?f)II2 < 2Re (u(t), y())v,y - (6.1)

An equivalent condition is that all the generalized solu-
tions of (4.11) satisfy, for every 7 > 0,



()] = lz(0)I* < 2/T Re (u(t), y(t))v,y dt. (6.2)
0

Often U’ is identified with U. In finite dimensions, we
have already presented this concept at (2.8). Impedance
passive systems appear frequently as models of physical
systems, and then often %||:CH2 represents the energy of
the system and Re (u, y) is the power flowing into it. For
example, if a component of u is a voltage (or a velocity)
then the corresponding component of y is normally a
current (or a force).

Theorem 2.4 remains valid in the context of system nodes
(in fact it has been proved in this context). The precise
statement is the following result, that combines elements
from Theorem 4.2, Corollary 4.4 and Theorem 4.6 in
Staffans [63].

Theorem 6.2 If we identify U' = U, then 3,oqc is
impedance passive if and only if the operator

A B

Ccenl D(T) = D(C&D)

(6.3)

is dissipative (equivalently, m-dissipative) on X x U.
Moreover, we always have equality in (6.1) if and only
if Re(T[2],[2)) =0 for all [2] € D(C&D).

We consider this to be the most significant characteri-
zation of impedance passive system nodes. We refer to
[1,63,64] for alternative characterizations and related re-
sults. The transfer function of an impedance passive sys-
tem node is always positive, as defined in (2.9), but it
need not be proper. It is easy to see (by taking u = 0)
that the semigroup of an impedance passive system node
is always contractive. A generalization of the concept
of impedance passive system node has been given in
[69]: the idea is to keep the requirement that T is m-
dissipative but to drop any other assumption, so that we
are no longer dealing with a system node.

Theorem 6.3 Let Y00 = (4, B,C,G) be an impe-
dance passive system node. If G is bounded on a vertical
line in Cy, then X,04e s well-posed.

This theorem is due to Staffans [63, Theorem 5.1]. The
converse is obviously true, if 3,4 is well-posed then G
is bounded on any half-plane C, with o > 0.

We now begin to describe several classes of system nodes
with a special structure, that occur often in modeling.
These are useful because once we recognize that a system
belongs to one of these special classes, we can use readily
available results about the class.

Special structure “undamped second order”. Let
H be a Hilbert space and assume that Ay : D(Ag) = H
is positive and boundedly invertible operator. We intro-
duce the scale of Hilbert spaces H,, a € R, as follows:
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for every a > 0, H, = D(AY), with the norm ||z||, =
|A§ z|| ;. The space H_,, is defined by duality with re-
spect to the pivot space H as follows: H_, = H} for
a > 0. Equivalently, H_, is the completion of H with
respect to the norm ||z||_o = HAEO‘ZHH. The operator
Ag can be extended (or restricted) to each H,, such that
it becomes a bounded operator

AoiHa*)Ha_l VaeR.
The second ingredient needed for our construction is a
bounded linear operator Cy : H 1 U, where U is an-
other Hilbert space. We identify U with its dual and we
denote By = Cf, so that By : U—>H_%. We consider
the system described by

Z(t) + Aoz(t) =

Boul(t), (6.4)

d

y(t) = SCoz(t), (6.5)
where ¢ € [0,00) is the time. The equation (6.4) is un-
derstood as an equation in H_ 1 Most of the linear
equations modelling the undamped vibrations of elas-
tic structures can be written in the form (6.4), where z
stands for the displacement field. The state z(¢) of this
system, its state space X and its semigroup generator
A: Hy x H% — X are defined by

0 I

() = [’Z(t)} . X=HixH, A=
g 4 0

A(t)

] . (6.6)

The observation operator is C' = [0 C’o}, defined on
D(A) = Xy = Hy x Hy, while B = C”. The operator
C has a natural extension C : H% X H% — U, given by
the same formula. It is easy to check that the space Z
defined in (4.8) is contained in H% X H%. Therefore, we
can define the £(U)-valued function G by

G(s) = C(sI—A)7'B = sCy(s*’I+ Ag) "' By Vs € Cy,

and G is a transfer function associated with the triple
(A, B,C), i.e., it satisfies (4.1). It is now easy to see that
(6.4) and (6.5) are in fact the system equations (4.12),
where C&D is defined by C&D [%] = Ch.

Proposition 6.4 (A, B,C,G) is an impedance passive
system node on (U, X, U).

This can be checked by an easy computation. We men-
tion that in this case T from (6.3) is skew-adjoint on
H 1 X HxU.

The above class of systems has been studied on Am-
mari and Tucsnak [5] where, in particular, the version of
Theorem 6.3 for this class was given. The main focus in
[5] was the stabilization for systems in this class using



static output feedback. The output feedback stabiliza-
tion of various systems modeling elastic structures (such
as Euler-Bernoulli and Rayleigh beams) has been stud-
ied in this framework in Aalto and Malinen [1], [5], Am-
mari et al [4], Guo and Luo [26], Weiss [80] and others.

Special structure “parabolic well-posed”. We now
move to another simple class of impedance passive sys-
tems, which are usually associated to parabolic PDEs.
These systems are well-posed and even regular. The con-
struction is as follows: Let H be a Hilbert space and
let Ag : D(Ag) — H be a strictly positive operator.
For a € R we define the scale of spaces H, as we
did after Theorem 6.3. Let U and Y be Hilbert spaces,
let B € L(U,H_y) (so that B* € L(H,U’)) and let

Ce L(Hy,Y). We denote A = —Ap, so that A gener-

ates an analytic operator semigroup on H. We denote
by C the restriction of C' to D(A) = H;. The transfer

function associated to A, B and C is
G(s) =C(sI—A)'B

and it is easy to see that 3,4, = (A, B, C, G) is a system
node on (U, X,Y).

VseCy

Proposition 6.5 With the above notation, Y,oqe 18
well-posed and the corresponding well-posed system X is
regular, with feedthrough operator D = 0. Moreover, if z
is the state trajectory of ¥ corresponding to the initial
state zo € H and the input function u € L ([0,00);U),
as in Proposition 4.7, then

012 +2 [ 10))2 do
=01 +2 [ ()l

= ||zo||2+2Re/O(u(a),B*z(o))Uylda (6.7)

holds for allt > 0. Thus, if Y = U’ and C = B*, then
> 15 itmpedance passive.

Proof. Take z9p € H and u € C?%([0,00);U) such
that Azp + Bu(0) € H, which is equivalent to
[uz(%)] € D(C&D). We know from Proposition 4.3 that
the equation

Z(t) = Az(t) + Bu(t), z(0) = 2o

has a unique classical solution which is in C1([0, c0); H).
This fact and the above differential equation imply that
for every ¢ > 0 we have Az(t) € H_, so that z(t) € Hy.
It follows from the above facts that the function ¢ —
|z()||? is continuously differentiable and (denoting by
|| B|| the norm of B in L(U, H,%))

%IIZ(t)II2 = 2Re (2(t), 2()) = —2(2(t), Aoz(t))

+2Re (1), Bu(t y < =20lz@O0F + =013
+Bu®))2, < =l=@)3 + I1BI*lu@®)?-  (6.8)

~— o~

Hi,H

Nl=
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Integrating the above inequality on [0, 7], we obtain that
for every 7 > 0

t T
2P+ [ z@1F dt < [lzol >+ I1BII* [ [lu(®)|7 dt.
0 2 0

Denote y(t) = Cz(t). Using that [ly(¢)]| < [|C][[[2(®)];
the last estimate implies that

/ " lu@Pat
0

< llzoll? + |1BJ1? / lu(t)3 dt.

z(T 2+
I + 157

According to the comments after Definition 4.4, X, ,4e
is well-posed.

Now we prove the regularity of 3. Denoting
B=A'?B e LU H), C=CA;"? € L(H,Y),

we obtain

G(s) = C(—A)(sI — A)7'B.

We decompose —A(sI — A)™! =T — s(sI — A)~!. The
second term is well known to converge strongly to I as
s — +o0 (for real s), so that limg _, 4o, A(sSI—A)"12=0
for every z € H. Thus, we have limg_, 1o, G(s)v = 0
for every v € U, so that ¥ is regular with feedthrough
operator zero.

Integrating (6.8) we obtain that (6.7) holds for all pairs
(20,u) € H x C?([0,];U) such that Azy + Bu(0) €
H. This set of pairs is dense in H x L2([0,t];U), as we
have explained before (4.13). Therefore (6.7) holds for
all (z9,u) € H x L?([0,t];U). In particular, if Y = U’
and C' = B*, then we get (6.2). O

The above result is partially contained in Lemma 3.3
and Theorem 3.1 of Bensoussan et al [10]. The regularity
part is taken from [14, Section 7].

We mention that the well-posedness part of the last
proposition could have been obtained also from Theo-
rem 4.9. Indeed, B and C are admissible according to
[73, Proposition 5.1.3] and duality. Finally, the proper-
ness of G follows from the estimate ||(sI — A)7}|| < %
for analytic semigroups, using the computations from
the proof of regularity given above.

We mention that a related class of systems, where A is re-
placed with 7 A, has been analyzed in Wen, Chai and Guo
[86, Section 5]. For this class of system nodes, they have
shown that if the input-output map is bounded, then
the system is well-posed and regular, with feedthrough
operator zero.



Example 6.6 A system described by PDEs which fits in
the above framework is the heat equation on a bounded
domain Q C R™ with C? boundary, with Neumann con-
trol and Dirichlet observation. The well-posedness and
regularity of this system has been studied in Byrnes et
al [14]. The equations of the system are

Z2=Az in Qx (0,00),
0z
5, "W Y=z

z(x,0) = zo(x)

on 990 x (0, 00),
for x € Q.

The input of this system is u, while the output is y. We
choose the state space X = L?(Q), the output space
Y = H2(dQ) and the input space U = H~2(d9), so
that U is the dual of Y with respect to the pivot space
L?(09), hence Y = U’. It has been shown in [14] that,
with a suitable definition of A and B, this system fits
into the framework of Proposition 6.5, with C' = B*.

A feedback theory for impedance passive system nodes,
which does not fit into the framework of the well-posed
feedback theory recalled at the end of Section 3, has
been developed in [1]. This theory can handle systems
that are composed by interconnecting a finite number
of impedance passive systems of boundary control type.
Under a certain surjectivity condition, it is shown that
the composite system is again an impedance passive sys-
tem node of boundary control type.

Definition 6.7 The system node ¥4 = (A, B,C, Q)
1s called scattering passive if all the classical solutions of
(4.11) satisfy, for all > 0,

%Hx(t)H2 < Ju@®? = ly@)11*. (6.9)

An equivalent condition is that all the generalized solu-
tions of (4.11) satisfy, for every T > 0,

()P + / "y@Par
<[ + [ futPar. - (6.10)

A third equivalent condition is that the operators X
from (4.13) are contractions, so that obviously X, .4e
is well-posed. Then the corresponding well-posed linear
system X is called a scattering passive linear system.
Such systems have been studied in [8,51,63-65,67,69]
and other references. (In [51] and [67] such systems were
called dissipative.) If ¥ is scattering passive then so is its
dual 2%, Indeed, this follows easily from (3.18), since the
operators I, are unitary. It is clear that the semigroup
of a scattering passive system is always contractive. It is
also known that its transfer function G is always Schur,
meaning that ||G(s)|| < 1 for all s € Cy.
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Various characterizations of scattering passive systems
have been given in [50,63-65,67-69,82]. These tend to be
complicated block operator inequalities, sometimes in-
volving a Cayley transformation. We offer below a crite-
rion that looks simpler, and may be new. It is the infinite-
dimensional version of Theorem 2.5 and it is related to
the main result of Staffans [66].

Theorem 6.8 The system node ¥4 = (A, B,C, G)
on (U, X,Y) is scattering passive (hence well-posed) if
and only if the operator

A B0
0-10/,
C&D—-1

T = D(T) = D(C&D) x Y, (6.11)

is dissipative (equivalently, m-dissipative) on X xU x Y.

We mention that if it is known that X,,,4e is compatible,
then with the decomposition of C&D from (4.9) the last
line of T becomes [C D —1]. Another remark is that the
above theorem does not have a “moreover” part similar
to Theorem 6.2, because T cannot possibly have the
property Re (Tq, q)=0forallqe D(T).

Proof. The idea of the proof is the same as for Theorem
2.5. We embed ¥4, into a larger system node inode on
(UxY, X,Y xY) by keeping u (the input signal of 3,54 )
as the first input, introducing a second input v which has
no influence on ¥,,,4. and defining two outputs y; = %u
and yo = %v—y, where y is the output of ¥,,,4.. Formally,
Shode = (A,B,C,G), where B = [B 0], C = [ %]

andé‘r:[%l 0

e I}. The classical solutions of X,,,4. are

1
precisely the triples (x, [¥], [ L2

VY

D where (z,u,y) is
a classical solution of ¥,,,4. and v € C([0,00);Y).

Suppose that T is dissipative, then it follows from The-
orem 6.2 that 3,,,4¢ is impedance passive. Hence, along

classical solutions (z,u,y) of X,,4. and for any v €
C([0,00);Y) we have that

S a0 < 2Re | {u(t), Su(t)) + {o(0), 50(0) — y(1)

In particular, by choosing v = y we get precisely (6.9).

Conversely, suppose that (6.9) holds along any classical
solution of ¥,04¢. Using that —1|yo|* < (vo, 3v0 — yo)
for any vg,y0 € Y, we obtain that the first estimate
in this proof holds, so that inode is impedance passive.
According to Theorem 6.2 T is m-dissipative. O

Definition 6.9 The system node ¥4 15 called scatter-
ing energy preserving if we always have equality in (6.9)
(or equivalently, in (6.10) ). The corresponding scattering



passive system X s then scattering energy preserving.
(Thus, X is scattering energy preserving iff the operators
Y, are isometric for allT > 0.)

Definition 6.10 The system % is called scattering con-
servative if both ¥ and its dual ©¢ are scattering energy
preserving. (Thus, X is scattering conservative iff the op-
erators X, are unitary for all T > 0.) A scattering con-
servative system node is, by definition, a system node
that corresponds to a scattering conservative system.

The above terminology was introduced by Arov and
Nudelman [8]. For the theory of conservative systems
we refer also to [7,45,50,51,63,68,72,83,84]. In particular,
relatively simple necessary and sufficient conditions for
a system node to be scattering conservative have been
established in [51].

There is an elegant way to transform any impedance
passive system node Xy, into a scattering passive one
Ysea, called the external Cayley transformation, infor-
mally described by (2.11) and Figure 1. All the discussion
in Section 2 remains valid, and Proposition 2.6 remains
true, with the obvious modification of writing [C&D]imp
in place of [Cimp Dimp|, and similarly for [C&D]sca. We
have to be careful to define the domain of Ejy,p: this op-
erator now maps D([C&Dlimp) onto D([C&Dlsc,). For
the proof and a generalization we refer to [69, Section 5].

Special structure “from thin air”. Let us explain
the origin of the strange name of this class, as used in
[72] and [84]. We have announced results about this spe-
cial structure in our survey [83], when conservative sys-
tems were a new and mysterious topic initiated in [8].
It was difficult at that time to find nontrivial examples.
We have come across this special structure and we were
enthusiastic to have found an easy and unlimited source
to produce examples of conservative systems from very
simple ingredients, like “out of thin air”. It turns out
that this class appears naturally in mathematical mod-
els of vibrating systems with damping.

Let the Hilbert spaces H and U, the positive operator
Ag : D(Ap) — H and the operators By = Cj be as for the
special structure “undamped second order”, discussed a
little earlier. We consider the system described by

y(t) = — %C’oz(t) +ult). (6.13)

Equation (6.12) differs from (6.4) by the presence of the
damping term BO%C'Oz(t), which is sometimes infor-
mally written as BoCoZz(t). The state z(t) of this system
and its state space X are defined as in (6.6).

For classical solutions, we can rewrite the equations
(6.12), (6.13) as a first order system as follows:
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{x(t) = im(t) + Bu(t), (6.14)
y(t) = Ca(t) —u(t),
where
0 1 0
A= , B = ,
—Ay —1ByCy By

x H

1
2

1
Aoz + 5300011) S H} s

GZH%XH%%U, 62[0 Co].

It is not difficult to check that A is m-dissipative. We
denote by C' the restriction of C' to D(A) and for all
s € Cy we define

G(s)=C(sI-A)'B-1
-1
= 008 (521 + Ao + gBoco) BO —1I.

Proposition 6.11 With our assumptions, (A, B, C, Q)
is a scattering conservative system node on (U, X, U).

For the proof we refer to [84]. Many more results
about this class of systems and generalizations are in
[26,34,50,69,72,80,82,84]. This class can be obtained
from the class “undamped second order” via the exter-
nal Cayley transformation.

Example 6.12 This is a simplified version of the wave
equation example appearing in [84, Section 7]. We as-
sume that 0 C R™ is a bounded domain with Lipschitz
boundary I'. T’y and I'; are nonempty open subsets of
I' such that Ty NIy =0 and o Uy = I'. A function
b € L>°(T') is given such that b(x) # 0 for almost every
x € I';. The equations of the system are

‘(1)

x,t)

on 2 x [0, 00),

I

= Az(x,t)
=0

on T’y x [0, 00),

I

2 2(x,t) + |b(x)|? 2(, t)

= V2 b(z)u(z,t)
2w, t) — (@) 2(x, 1)

= V2 b(@)y(,t)
2(x,0) = z(x), #(z,0) = wo(x) on €,

on I'y x [0, 00),

on Ty x [0,00),

where u is the input function and y is the output func-
tion. The functions zg and wq are the initial state of the
system. The part I'g of the boundary is just reflecting
waves, while the active portion I'; is where both the ob-
servation and the control take place. We may think of
u as the “incoming wave” (which brings energy into the
system) and of y as the “outgoing wave”.



Define the Hilbert spaces H = L?(Q) and U = L?(I'y).
For the space Hp () see [73, Section 13.6]. After a suit-
able definition of the Neumann trace operator ; on the
set I'y (see [84] for the details), we define Ay : D(A4p) C

L?(Q)—Hb
@ Y Agz = — Az,

D(Ag) = {2 € H] (Q) | Az € H, vz = 0}.

Then Ay is positive and boundedly invertible. We have
1

Hy =D(A§) = Hp, (). It was shown in [84] that this

system fits into the “from thin air” framework of (6.12)

and (6.13). According to Proposition 6.11, this is a con-

servative linear system with input and output space U
and state space H 1% H. The regularity of this system

seems to be an open question.

Special structure “Maxwell”. This is a generaliza-
tion of the structure “from thin air” discussed before.
The generalization was needed to fit in Maxwell’s equa-
tions on a bounded domain, with control and observa-
tion from the “active” part of the boundary, and a su-
perconductor in the “reflecting” part of the boundary,
with currents in the domain. For lack of space, we refer
to [69] and [82] for the details.

7 Well-posed systems with nonlinear feedback

In this section we introduce a well-posedness concept for
the closed-loop system obtained from a well-posed linear
systems with nonlinear static feedback from its output
to one of its inputs. We show that if the nonlinearity
satisfies a certain Lipschitz estimate, then the closed-
loop system is well-posed.

Let Uy, Uy, X and Y be Hilbert spaces, and U = U; &
Us. Let ©F = (T, ®, ¥, F) be a well-posed linear system
with input space U, state space X and output space
Y. The operators @, and F, can be decomposed into
blocks according to the above decomposition of U: &, =
[®1 ®2] and F, = [F! F2]. The transfer function of ©¥
can be decomposed similarly: G = [G; Ga]. As before,
wo(T) is the growth bound of T.

Let NV : Y — U; be a Lipschitz map with Lipschitz con-
stant L. The feedback interconnection of £ and NV, de-
noted by ¥ is the dynamic system obtained by im-
posing that us, the second component of u, is obtained
from y via N:

ug(t) = Ny(t) Vit e[0,00).

The system XV, shown as a block diagram in Fig-
ure 3, is said to be well-posed if for any input
up € L2 ([0,00); Uy) and any initial state zo € X, there
exist unique functions z € C([0,00); X) (the state tra-
jectory) and y € LZ ([0,00);Y) (the output function)
that satisfy
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linear plant
Ujg
E— P y
Uz‘ 2 >

F

N

nonlinearity

Fig. 3. The nonlinear infinite-dimensional system XV ob-
tained from the well-posed linear system -7 by static output
feedback through the static nonlinearity N.

2(t) = Tizo + Ofuy + PNy,
Pty = \I/tZO + ]FtIU1 + Ff./\/'y,

(7.1)
(7.2)

for all t > 0, and moreover, on any bounded time interval
[0,7], 2(7) and P,y depend continuously on z; and on
P.u;. The continuous dependence is meant with respect
to the usual norm for states, and with respect to the L?
norm for the input and output functions.

Well-posed linear systems with nonlinear feedback, more
or less in the above framework, have been studied in Lo-
gemann and Ryan [48] and in more detail in Jayaward-
hana, Logemann and Ryan [39]. A relevant carlier ref-
erence is Jacob, Dragan and Pritchard [33]. However, it
seems that the following straightforward theorem is not
available in the cited sources.

Remark 7.1 Suppose that the system ¥V from (7.1)-
(7.2) is well-posed and let z be the state trajectory cor-
responding to the initial state zg and the input function
u1. We denote by A the semigroup generator of ¥ and
by B = [B; Bs] its control operator. Then for every
t > 0 we have

() =20 = [ [A2(0)+ Brus(o) + BaN ()] o

and the function under the integral takes values in
L% ([0,00); X_1). Indeed, this follows by applying
Proposition 4.7 to (z,[u}],y)-

Theorem 7.2 With the notation of this section, if

inf ||F% L <1,

w>wo(T)

where L is the Lipschitz constant for the nonlinearity,
then SN is well-posed.

Proof. Fix T' > 0 and consider the output equation (7.2)
on the interval [0,T], where we denote yr = Pry and
use the causality of Frp:



yr = Upzo + F%ul + F%NyT (7.3)
Fix w > wo(T) such that |[F% ||,L = a < 1. Define the
nonlinear map My from L2 (]0,7];Y) to itself by

Mr(z) = Urzo + Frug +F7Nz.

For each z € L2([0,T);Y), since F22 = PrF2% z, we
have ||[F7zllr2 < [[FZ w222 . It follows that for any
Y1,Y2 € Li([O,T],Y),

[ Mz (y1) — Mz (y2)l L2 = [FZNy1 — F3N 2|22
<allyr — yellrz -

Thus, Mr is a strict contraction on L2([0,T];Y). Ac-
cording to the contraction mapping theorem (see the sur-
vey [13]) Mz has a unique fixed point y7 € L2 ([0,T];Y)
which satisfies (7.3). The above reasoning works for any
T > 0, so that in fact we get a family of functions yr,
each satisfying (7.3).

The continuous dependence of y7 on both zg and Pru,
follows from Theorem 3.8 in [13] which states the fol-
lowing: The fixed points of a family of contractions that
depend continuously on a parameter A, belonging to a
metric space, and having a uniform contraction constant,
depend continuously on .

We claim that for any 7 > T > 0,

yr = PTyT- (74)
To prove this, we apply Pr to (7.3) in which we have
used 7 in place of T, obtaining

Pry, = Uz + Fhuy + F2Ny,.
Using causality, this becomes

Pry, = Upzy 4+ Fruy + FAN Py, .
Since the solution of (7.3) is unique, we get (7.4).

It follows from (7.4) that there exists a unique y €
L% ([0,00);Y) such that Pyy = y; for each ¢ > 0. Once
y is defined, the function z can be computed directly
from (7.1). The continuous dependence of z(T") on zp and
Pru; is a consequence of the continuous dependence of

yr on the same parameters (as shown earlier). O

Remark 7.3 It follows from the last theorem that if the
transfer function Ga(s) decays to zero as Re s — oo, uni-
formly in Im s, then =/ is well-posed irrespective of L.
This is the case, for instance, if either the control opera-
tor By or the observation operator C of ¥ is bounded
and its feedthrough operator from us to y is zero. This
follows from our comments preceding Proposition 4.10.

A class of well-posed systems with bilinear feed-
back. Linear systems with nonlinear feedback that de-
pends both on the output and the state appear in the
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modeling of some physical systems, for instance systems
involving fluids. We shall now examine a class of nonlin-
ear systems XV described by

2(t) =Tezo + Pjuy + PIN (2, y),
Pty = \IltZO + Ftlul + F?N(Za y)v

(7.5)
(7.6)

where the well-posed linear system ¥ is as at the be-
ginning of this section and N : X xY — U, is con-
tinuous. These equations resemble (7.1), (7.2). Often N/
is a continuous bilinear function (such as in the Navier-
Stokes or Burgers equations). The equations correspond
to taking the feedback ua(t) = N(2(t),y(t)) for .

The local well-posedness of the closed-loop system SV
means that for every M > 0 there exists T > 0 such
that: for any u; € L2([0,00);U;) and 29 € X with || 20|+
lu1l£2([0,00);00) < M, there exist unique functions z €
C([0,T]; X) (the state trajectory) and y € L2([0,T];Y)
(the output function) that satisfy (7.5) and (7.6) for all
t € [0,T]. Moreover, z(t) (for t € [0,7]) and Py 7y
depend continuously on zy and on P rjuy. (For Pjg rjus
and for P 71y we use the L? norm.) The well-posedness
of ¥V means that in the above definition, for every M >
0 we may take any T' > 0. This can then be reformulated
in a similar way as (7.1) and (7.2).

Remark 7.4 Remark 7.1 can easily be reformulated
for the system from (7.5), (7.6), assuming local well-
posedness and replacing N (y) with N(z,y).

Remark 7.5 For a locally well-posed system we have a
property similar to Corollary 2.3. Suppose that for some
z0 € X, uy € L% _([0,00);U;) and § > 0, [0,0) is the
maximal interval of existence of the solution of (7.5),
(7.6) with 2(0) = zg. Then for every ¢ > 0 there exists
T € [0,9) such that ||2(T)| > c. Indeed if there were
a ¢ > 0 such that ||z(¢)|| < ¢ for all ¢ € [0,9) then,
according to the definition of local well-posedness, we
could extend the solution beyond 4.

Theorem 7.6 We assume thatY C X, with continuous
and dense imbedding, that N': X x Y — Us is bilinear,
continuous and that there exists K > 0 and p € (0,1)
such that

INCG9)llo. < Klzlx vl ™ yl5 (7.7)
for every z € X andy € Y. Moreover, assume that C
admits an extension C € L(X) and the system is such
that its output is given by y(t) = Cz(t). Then the closed-
loop system XN from (7.5) and (7.6) is locally well-posed.

Proof. The first step of the proof is to introduce the non-
linear loop gain operator Gy and to prove an estimate
for it (estimate (7.11) below). Let uy € L?([0,00);U;)
be fixed, let T > 0 and let Gr : L?([0,T];Uz) —
L2([0,T); Uz) be defined by



[Gr()](t) = N(2(t),y(t))
for all t € [0,T], v € L%([0,T); Uz), where
2(t) = Tizo + ®fuy + v

P,y = Uz + Frup + Frv

It follows from the continuity of z and of A/ that indeed
Gr(v) € L2([0,T); Us).

The existence and uniqueness result in the statement
is clearly equivalent to the existence and uniqueness of
a fixed point of Gr. In order to solve this fixed point
problem, we note that (7.7) implies that for almost every
t e 0,17,
2
1Gr(0)(®)lg, <

2(1—p 4—2p

2(1—-p) 4-2p
K7 [Clle &y 1201 ly®I -

Using the uniform boundedness of the operators T;, ®}
and ®? on the interval [0, 7], we have that there exists
kr > 0, non-decreasing with respect to 7', such that
1201 < Er (120l + 2oy + [0l 2o 11:0m) -

(7.9)
From the last two estimates we obtain that

IGr (@),

gk’LT 2ol + [|u1ll L2 .
o < b (el + oo

+lvllz2(o,71:02)) ||Z/||%2([o,T];Y)7

where k; 7 is non decreasing with respect to T'. Using the
boundedness of the operators U7, FL. and F2., we have
that there exists hp > 0, non-decreasing with respect to
T, such that

(Ilzoll 4 Nlwa ll L2 o, 7707

+vll L2 o,10) ) -

lyllz2(0,77:v) < Pr
(7.10)

Combining the last two estimates we obtain that

IG7(v)[1” 2

g k 2 =+ ||u 2 )
L7 ([0,T];Uz) 27T(H oll H 1||L ([0,T);U1)

4
+Hv||L2([O,T];U2))p ) (7'11)
where kg 1 is non-decreasing with respect to 7.

The second step in the proof is to show that G leaves
certain balls in L?([0,T]; Us) invariant. Let M > 0 and
assume that

20l + lluall 2o, ry00) < M- (7.12)
We denote by By,r the ball of radius M, centered at the
origin, in L2([0, T]; Us). We claim that, for T" sufficiently
small, this ball is invariant under Gr. Indeed, using (7.11)
it follows that for v € By, we have

Gz (@)l 2 S kg

L (0,T1Us)

N N\'t!

S (2M)2. (7.13)
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It is easy to see from Holder’s inequality that for any
2
f € L»[0,T] we have

P

Ifl 2 T3

L¥[0,1] (7.14)

1fllz200,77 <

Applying this for f(t) = ||[Gr(v)](¢)|| we obtain from
(7.13) that for every v € Bas,r we have

1—p

1GT(0) | 2(0.110) < kg p(2M)? T2
Since ko 7 is non-decreasing in T, it is clear from the
above that for T sufficiently small (depending on the
system and on M) we have Gr(v) € Buyr for every
RS BM,T-

The third step is to show that for every M > 0 there
exists a T' > 0 such that if zy and u; satisfy (7.12) then,
besides leaving By, invariant, Gr is a strict contraction
on By 1. Let vy, va € By r. Then

Gr(v1) — Gr(ve) = N(z1,y1) — N (22,92)
= N(z1 — z2,y1) + N (22,91 — ¥2), (7.15)
where for j € {1, 2},
Zj(t) = Tz + q)%ul + (I)%Uj,
P[O,T]yj = Urzo + F%ul + F%’Uj.
From (7.15) and (7.7) it follows that
16 (00) = Gr (el 3 0
T b %
<K [/O |21 *22||X ||y1||x ||y1|\ydt
- P
T 2 2-2p 2
I [l = el s = welifae| - (7.16)
0

To estimate the first term in right-hand side of the above
inequality we note that by applying (7.9) it follows that

[21(2) — 22()[|x < krllvr — vollz2(o,10),  (7-17)

for every t € [0,T]. Combining the last inequality and
(7.9), (7.10) it follows that

2

VO lo1(t) = 2O I Ol s ()13

< ksrllz = z2lleqoroo Myl 7e o

< karMllvr = va|| 220, 73500),  (7-18)
with ks and k47 non decreasing with respect to 7.
Using again (7.9), (7.10) and (7.17), the last term on the
right-hand side of (7.16) satisfies



P
2_2p 2

T 2 2-2p
VO 22Ol %l (8) — g2 ()l x™ llyn () — w2115t

1—
< k57TM||U1 - 'U2||L2(p[o7T];U2) ”yl - 312H122([0,T];Y)

< ko r M|lvr — va| 2o, 105),  (7-19)

with k57 and ke 7 non-decreasing with respect to T

By using (7.16)-(7.19), together with (7.9) and (7.10),

it follows that for every 2o and u; satisfying (7.12) and
vy, Vg € By we have

192 (00) = G @3 01

< ke Mllvr — val L2 (j0,77:02)

with k7 7 non-decreasing with respect to 7. Using above
(7.14) it follows that

197 (v1) = Gr(v2)ll 20, 77,02)

1-p
< ke MT 72 |y — valL2(j0,77:02)>

for every zp and uy satisfying (7.12) and vy, ve € Bpsp.
We have thus shown that for every M > 0 there exists
T > 0 such that for zp and wu; satisfying (7.12) the map
G, is a strict contraction of By . Consequently, for
every M > 0 there exists T > 0 such that for zy and
uy satisfying (7.12) the map Gy 1 admits a unique fixed
point, depending continuously on zy and w;. In other
words, we have obtained the conclusion that ¥V is lo-
cally well-posed. [J

8 An example with the Burgers equation

In this section we use the abstract nonlinear feedback
theory from Section 7 to prove the well-posedness of
the Burgers equation with distributed control. The re-
sults here are not new, only the approach. For the study
and control of Burgers equation see Ly et al [49], Krstic
[42] and the references therein. All the function spaces
(such as Sobolev spaces) in this section contain only real-
valued functions.

Consider the following system with state trajectory =z,
control input v and output function y:

2= Zgy — 22y U
z(t,0) = z(t,1) =0
2(0,z) = zo(x)
y(t, z) = z(t, )

t>0, z€(0,1),
t>0,

y € (0,1),
t>0, z e (0,1).

The main result in this section is the following. We use
the notation H;. . as introduced before Proposition 4.6.

Theorem 8.1 For every zo € H{(0,1) and u; €
L2 ([0,00); L?[0,1]), there exists a unique solution z of

(8.1) such that
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z € Hlloc((07 OO); L2[0= 1]) n C([Ov OO); H(1)(07 1))

N Lige([0,00): #*(0,1),  (8:2)
and the first line in (8.1) holds in L2 ([0, 00); L?[0,1]).

To prove this theorem, first we introduce a well-posed
linear system X as follows. We introduce the state, in-
put and output spaces

X =H5(0,1), U, = Uy = L*(0,1),

Y = H%(0,1) NHE(0,1),
and the operator A : D(A) — X by

Ap = Quy Vo eD(A),
D(A) = {p e H*(0,1) | ¢, ¢uw € H(0,1)} .

It is well known (see, for instance, Proposition 3.5.1 and
the beginning of Section 6.7 in [73]) that A < 0, so

that A generates an analytic operator semigroup T on
1

X. Moreover, the corresponding space X1 = D((—A)z)

3
(endowed with the graph norm of (—A)2) and its dual
with respect to the pivot space X are

X1 = H*0,1)NH0,1), X_ . = L*0,1],

1 _1
2 2
see Sections 3.4 and 3.5 in [73]. Consider the control
operators By € E(Uk,X_%) defined by By = By = 1
(the identity operator on L?[0,1]). For t > 0 we denote
®F, with k € {1,2}, the corresponding input maps, as
in (3.6) (we have ®! = ®2).

We denote by C the identity operator of H}(0, 1), which
can be restricted to an unbounded observation operator
C € L(X1,Y). We set (Too2)(t) = CTyz for every z €
Xpandt > 0,asin (3.10) and ¥, = Py ¥ Fort >0
we denote by F*, with k € {1,2}, the input-output maps
defined by (FFu)(t) = C®¥u (we have F! = F?). We
denote ® = [®! ®2] and F = [F! F?].

Proposition 8.2 We have that ¥ = (T, ®,¥,F) is a
reqular linear system. If z is the state trajectory of 2F
corresponding to the initial state zy and the input func-
tions uy and us and y is the corresponding output func-
tion, then

1 1 ¢
§Hz(t)H%z = §||zo|\%2 —/ l22(0)]|72do
0

T /0 (u1(0) + us(0), (o)) 2 do.  (83)

Proof. The fact that ¥ is regular follows from Propo-
sition 6.5 with H = X.

To prove (8.3
with H = X _
identity (6.7)

e apply the same Proposition 6.5 but
= L?[0,1] and U, B as before. Then the

ecomes (8.3). O

e



With the above notation, we show below that the system
(8.1) has the form (7.5), (7.6), where the bilinear and
continuous operator N : X x Y — Uy is defined by

N(zy) = = 2ya. (8.4)
The abstract version of Theorem 8.1 is the following:
Theorem 8.3 With the specified spaces and operators,
the system defined by (7.5), (7.6) is well-posed.
A first step in proving Theorem 8.3 is the following:
Proposition 8.4 The system considered in Theo-
rem 8.3 1is locally well-posed. For some zy € X and
uy € L2([0,00); Uy), let [0,T) be the mazimal interval of

existence of the solution of (7.5), (7.6). Then for every
tel0,7T),

1 1 ¢
=272 = sllzoll7z = [ lzz(0)ll72do
2 2 o

+ /O (o), y(0)) p2do.  (85)

Proof. In order to apply Theorem 7.6 we first note that
from (8.4) it follows that

Nz 9)llve = l2¥allL2p0,) < llzllepo, 1Yl L2,
< Kollzllxlyllx
so that (7.7) holds with p = 0. Since the embedding
Y C X is continuous, it follows that (7.7) holds for any

p € (0,1). From Theorem 7.6 we obtain the local well-
posedness of the system.

N(z,y) in (8.3). Using
[23(t,1) — 23(t,0)] = 0,

To prove (8.5), we take us
that fol 2, (t, )22 (t, z)do =
we obtain (8.5). O

W= ||

Proof of Theorem 8.3. We have seen in Proposition 8.4
that the system 2V is locally well-posed. Let zg € X,
up € L% ([0,00);U;) and let z be the corresponding
solution of (7.5), (7.6), which is defined on the maximal
interval [0,T"). We assume that T is finite and this will

lead to a contradiction.

From the well-posedness of the system X (see Proposi-
tion 8.2) and the fact that ug = N (z,y), we obtain that
there exists an absolute constant K > 0 such that for
every t € [0,T),

e (8)]122 + / e ()22 do < K [|<ZO>I||2L2
+ / lur (0)|22 do + / ||z<a>zx<a>||iada]. (3.6)

Using the elementary interpolation inequality
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||7/)||C[0,1] < \/ﬁHw”EZ[OJ]||wz||[§,2[0’1] (w € Hé(O, 1));

it follows that for almost every t € [0,T),
12(8) 22 (D)l 2 < [12(B)ll o,z ()] 22
1 3

From (8.5) we easily obtain (using the Poincaré inequal-
ity on [0, 1]) that for every ¢ € [0,T),

t
=0 + [ lzr o) do
< MlzollZe + lullzeqo ey (8.7)
The last two estimates imply that
I2(t) 2 ()22 < 1

2
2 (Ilz0ll3s + Nun 3z o.z1,01 ) * 122 (832

N|=

Let us denote M = 2 (HZO||2L2 + ||u1||%2([07T];U)> CIn-

serting the last inequality in (8.6) we obtain that for ev-
ery t € [0,T) we have

t
lz2(t)]72 < K [|(Zo)a-||2L2 +/0 [ur(0)||72 do
t
+M/ |zx(a)||i2da].
0

From the above estimate it follows that for every ¢t €
[0,T),

t
Iz ()17 < K +/0 Ey(0)l|ze(0)Z2do,  (8.8)

where, for every ¢ € [0,T),

T
K =K [uzmn%z + / ||u1<a>||%2da] ,

K (t) = KM||z(t)] 2

From (8.7) we see that Ko € L%[0,T], whence K, €
LY[0,T]. The estimate (8.8) and Gronwall’s inequality
yield that

lz(®)]|2: < Kpelfelevon (¢ efo,T)). (8.9)
Thus, ||z(t)||x = ||z2(t)| L2 remains bounded on [0,T).
According to Remark 7.5, this is a contradiction. Hence
T =o00.0

Proof of Theorem 8.1. We use the same notation as in
Theorem 8.3. Let zp € X and u; € L2 _([0,00);U1).

loc
According to Theorem 8.3 there exist unique functions

z € C([0,00); X) and y € L _([0,00);Y) that satisfy

loc

(7.5) and (7.6) for all ¢ > 0. By Remark 7.4 z satisfies



z2(t,x) — zo(x) =

/ [easlo,2)

—z(0,2)z:(0,2) + ui(o,z)] do,  (8.10)
for every t > 0 and the function under the inte-
gral is in L ([0,00); X_1). Differentiating both sides,
we obtain that the first equation in (8.1) holds in
L2 ([0,00); X_1). The facts that z € C([0, 00); H(0,1))
and z € L% _([0,00);H2(0,1)) follow from the well-
posedness of ¥V using that z € C([0,00); X) and
y =z € L% _([0,00);Y). Consequently it is easy to see
that all the terms on the right-hand side of the first
equation in (8.1) are in L2 ([0, 00); L?[0,1]). It follows
that the first equation in (8.1) holds in L2 ([0, 7]; L2[0, 1])
and hence z € H] ((0,00);L?[0,1]). We have thus

shown that z satisfies (8.1) and (8.2).

For the uniqueness part, assume that z satisfies (8.1)
and (8.2), so that z = Az + Byuis + N(z,2) in
L% ([0,00); L?[0,1]). According to Proposition 4.6, z is
a solution of (7.5), (7.6), which is unique according to

Theorem 8.3.

9 Local well-posedness of the Navier-Stokes
system

In this section we show that the abstract nonlinear feed-
back theory from Section 7 can be used to derive exis-
tence and uniqueness of local (in time) strong solutions
for the Navier-Stokes system, which describes the motion
of an incompressible viscous fluid in a bounded domain
in R3. This result is not new, it has been obtained by Fu-
jita and Kato [25] and references therein, but we think
that it is interesting to see a proof based on well-posed
system theory. Related recent work using abstract lin-
ear systems theory for the analysis of the Navier-Stokes
system is in Haak and Kunstmann [31]. The existence
of global strong solutions for this system (in R?) is a fa-
mous open problem with a large prize, see the official
problem statement by Fefferman [24]. In R? the Navier-
Stokes system is known to have global strong solutions
(we refer again to [25]) and the proof of this fact has
many common points with our approach to the Burgers
equation in the previous section.

We assume that the fluid occupies a bounded open set
Q C R3 with boundary 99 of class C?. The Navier-
Stokes system (see, for instance, Sohr [60]) is

pi—vAz+p(z-V)z+Vp=wu1,t>20, 2€Q, (9.1
divz=0,t>0,2€Q, (9.2)

z2=0,t>20, z €99, (9.3)

(9.4)

z(0,2) = zo(x), x € Q.
In the above system the unknown functions are z(t, z),
the Eulerian velocity field of the fluid, and p(t, z), the
pressure field in the fluid. The given positive constants
p and v denote the density and the viscosity of the fluid.
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As in the previous section, the function spaces in this
section contain only real-valued functions. We introduce

{qu1<9> | /Qq@c)dx—o},

which is a Hilbert space when endowed with the inner
product inherited from H! ().

—

HI(Q) =

The main result in this section is:

Theorem 9.1 For every initial state zo € H{(;R3)
with divzg = 0 and every input function uy €
L2 ([0,00); L2(Q;R3)), there exists T > 0 and a unique

loc

solution (z, p) of (9.1)-(9.4) such that

z € HY((0,T); L*(R?)) N C([0, T); Ho (4 R?))

NL*([0,T; H* (% R%)), (9.5)

p € L([0. T H' (), (9.6)
and the equation in (9.1) holds in L*([0, T]; L?(Q;R?)).

Moreover, if [0,0) is the maximal interval of existence
of the solution of (9.1)-(9.4), then for every ¢ > 0 there
exists T € [0,6) such that [|2(T) |4z qrs) = c.

To prove the above theorem we need some notation. Con-
sider the Hilbert space

L2(Q) ={p e L*(R?) |dive =0, ¢-n =0 on 9N}.

The condition ¢ - n = 0 on 0f2 should be understood in
the weak sense:

/<p~ngx:0
Q

It is easily checked that L2(2) is a closed subspace of
L?(2;R?), so that it makes sense to consider the orthog-
onal projector P of L?(£; R3) onto LZ(f2). This is called
the Leray projector or the Helmholtz projector, see for
instance [60, p. 82], and it is often used to eliminate the
pressure from (9.1)-(9.4). Denote

G(Q) = (I - P)L2(Q).

VgeH ().

(9.7)

It is a well-known result (see for instance [60, Section

I1.2.5]) that G(2) = V(’}fl\l(Q)) It is easy to see that V
is one-to-one between these spaces. By the closed graph
theorem V has a bounded inverse

M € LIG(Q), HL(Q)). (9.8)

An important role in the remaining part of this section
will be played by the Stokes operator on €1, denoted by
Agp, which is defined by

AOSD = - KPA(pv
p



D(Ag) = L2(Q) NHH(Q;R?) N HZ (4 R?).

It is known, see for instance [60, Ch. III, Theorem 2.1.1],
that Ag is a strictly positive operator on L2 (2). As usual,
we denote

H = Lz(9),

H, = D(4

)
1 3
Hy =D(A§), Hz =D(45).
According to [60, Ch. III, Lemma 2.2.1],

Hy = {p € Hy(%R?) | divep =0}.

We introduce a well-posed linear system %7 as follows.
We introduce the state, input and output spaces

X=Hy, Uh=Us= L*(Q;R3), Y = Hy,
and the operator A : D(A) — X by
Ap = — Ay, ¢eD(A) = Hs. (9.9)

Since A < 0, A generates an analytic operator semigroup
T on X. As in Section 8, the corresponding space X% =

1

D((—A)2) (endowed with the graph norm of (—A)z)
and its dual with respect to the pivot space X are

X, =H, X .=H.

W=

1
We take B, € E(Uk,X_%) defined by By = Bs = P/p
and, as in Section 8, ®F, with k € {1,2}, are the corre-
sponding input maps.

We denote by C' the identity operator of X, which can
be restricted to an unbounded observation operator C' €
L(X1,Y). Now the operators ¥, ¥, F¥ with k €
{1,2}, ® = [®! ®?] and F = [F! F?] are defined exactly
as in Section 8.

The analogue of Proposition 8.2 is the result below, with
the same proof. We omit to write the analogue of (8.3),
as it will not be needed.

Proposition 9.2 We have that ©¥ =
regular linear system.

(T,®,9,F) is a

With the above notation, we show below that the system
(9.1)—(9.4) has the form (7.5)—(7.6), where the bilinear
continuous operator N : X x Y — Uy is defined by

N(z,y) = — Pl(z-V)y]. (9.10)

Therefore, the abstract version of Theorem 9.1 is the
following:

Theorem 9.3 With the specified spaces and operators,
the system defined by (7.5), (7.6) is locally well-posed.
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The proof below follows the ideas in Takahashi and Tuc-
snak [70]. Similar techniques could be used to prove the
local well-posedness of the system describing a spheri-
cal rigid body moving in an incompressible viscous fluid
occupying all the remaining space (this was the original
motivation in [70]).

Proof. In order to apply Theorem 7.6 it suffices to show
that condition (7.7) holds. To this end we note that for
every z € X and y € X 1 we have, using the Holder

inequality for three factors, that for any ¢ € {1,2, 3},

/Q 2 () [gii(x)} e

- fto ] o]

, dy,; 2/5 dy,; 8/5
< 127l sz Ers o
¢ L5(Q) ¢ L5/2()
2 8
= sz'Hst Q % i ‘ayj ) .
S axz L2(Q) 81‘1 L4(Q)

Using twice the continuous embedding H*(2) C LP(2)
for 1 < p < 6 (see, for instance, Adams [2, p. 97]) we
obtain that there exists a constant K > 0 (depending
only on Q) such that for every z € X and y € X%,

Ay 2
2 j
2/5 8/5

< K||Z’L||3-[(1](Q)||y’i||7.[[1)(Q)||y’i||'}-[2(Q)'

We have thus proved that there exists K > 0 (depending
only on ) such that for every z € X and y € Xy,

= 1/5 4/5
1z Vylle, < Klzlx ol ¥CIlvly®. 9.1

From the above estimate and (9.10) it follows that the
condition (7.7) holds with p = 4/5. Thus by Theorem
7.6 the statement follows. [J

Proof of Theorem 9.1. We use the same notation as in
Theorem 9.3. Let zo € X and u; € L2 _([0,00);Un).
According to Theorem 9.3 there exist T' > 0 and unique
functions z € C([0,7); X) and y € L2([0,T);Y] that
satisfy (7.5) and (7.6) for all ¢ € [0,7]. By Remark 7.4
z satisfies

z(t,x) — zo(x)

_ / [Az(a)—P[(z(o’)-V)z(o)]+lPul(a) do,
0 P

for every t € [0, T] and the function under the integral is
in L2([0, T); X_1). Differentiating both sides, we obtain

A(t) = Az(t) — P[(2(t) - V)2(8)] + %Pul(t) (9.12)



holds in L2([0,T]; X _1). The facts that 2 € C([0,T]; X)
and z € L2([0,7);Y) follow from the local well-
posedness of ¥V, using that z € C([0,T]; X) and
y = z € L*([0,T];Y). Consequently it is easy to see
that the first and third terms on the right-hand side
of in (9.12) are in L2([0,T], H). The fact that the
same is true for the second term follows from (9.11).
It follows that (9.12) holds in L?([0,T]; H) and hence
z € HY((0,7); H).

It follows from (9.12) that

pz(t) = vAz(t) — (2(t) - V)2(t) + u1(t)

— (I = P)[vAz(t) — (2(t) - V)z(t) + u1(t)] (9.13)
holds with each term in L2([0,7]; L%(£%; R?)). Hence

(I — P)vAz — (2 V)z +ui] € L*([0, T]; G(Q)),

where G(€) has been defined in (9.7). Using M from
(9.8) we define the function

p(t) = M(I = P)[vAz(t) = (2(t) - V)2(t) + wa (8)],

so that p € L2([0, T); ’;l\l(Q)) Then (9.13) becomes (9.1)
for t € [0,T).

For the uniqueness part, assume that z and p are func-
tions satisfying (9.5), (9.6), together with (9.1)-(9.4).
By applying the projector P to (9.1) it follows that
2= Az+Byui + N (z,2) in L3([0,T], L2(f2)). According
to Proposition 4.6, z is a solution of (7.5), (7.6), which
is unique according to Theorem 9.3. The uniqueness of
p follows by applying the operator M(I — P) to (9.1). O
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