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Abstract. We derive a number of equivalent conditions for a linear system to
be energy preserving and hence, in particular, well-posed. Similarly, we derive
equivalent conditions for a system to be conservative, which means that both
the system and its dual are energy preserving. For systems whose control
operator is one-to-one and whose observation operator has dense range, the
equivalent conditions for being conservative become simpler, and reduce to
three algebraic equations.
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1 Introduction

In this paper we give a number of algebraic characterizations of conservative linear
systems in terms of the operators appearing in a differential /algebraic state space
description of the system. Such algebraic characterizations may be useful for recog-
nizing that certain linear partial differential or delay equations describe conservative

*This research was supported by grants from European Research Network on Systems Identifi-
cation (ERNSI) and the Mittag—Leffler institute.



systems. Our conditions do not include an a-priori well-posedness assumption, but
well-posedness sometimes follows.

To make our paper easier to understand, we give first finite-dimensional versions
of our results. Let the system > be described by

z(t) = Ax(t) + Bu(t), (1)
y(t) = Ca(t) + Dult), '
where A: X — X, B:U — X, C: X — Y and D: U — Y are operators (re-
presentable by matrices) between the finite-dimensional spaces U, X and Y. The
differential equation in (1.1) has, for any u € C([0,00); U) and any 2y € X, a unique
solution z € C1([0,00); X) with z(0) = zy. We call u(t), x(t) and y(t) the input,

state and output of the system at time ¢ > 0.

The system X is energy preserving if the balance equation

|MﬂW+/M@Ww=W@W+/M®W& (1.2)

holds for any input signal u, any initial state x(0) and any time 7" > 0. This
corresponds to interpreting ||z(7)||*> as the energy stored in the system at time
T. Examples of such systems occur often in physics and engineering: for example,
they could be mechanical systems without friction or circuits built from capacitors,
inductors and transformers, with a suitable choice of inputs and outputs.

The dual system of ¥, denoted £¢, is described by

Z(t) = A%2(t) + C*w(t),
{ v(t) = B*2(t) + D*u(t), (1.3)

where w(t), 2(t) and v(t) are the input, state and output of 3¢ at time ¢ > 0. If
both ¥ and Y are energy preserving, then Y is called conservative. Most finite
dimensional energy preserving systems are actually conservative, as the following
proposition shows.

Proposition 1.1. The above system X is energy preserving if and only if

A+ A*=-C*C, B*=-D*C, D*'D=1. (1.4)
The dual system X¢ is energy preserving if and only if

A+A*=-BB*, C=-DB*, DD"=1. (1.5)

The following statements are equivalent:

(i) X is conservative.



(ii) Ker D* = {0} and (1.4) holds.
(iii) Ker D = {0} and (1.5) holds.

We will call the first equations in (1.4) and in (1.5) Lyapunov equations. This
is not the standard terminology: normally, equations like PA + A*P = —C*C, in
the unknown P, are called Lyapunov equations. So far we have taken P = I, but
we later allow P # I. Similarly, we call the second equations in (1.4) and in (1.5)
cross-term equations, and the third equations (concerning D*D and D D*) indicator
equations.

Proof. The balance equation (1.2) can be written in differential form:

%Hx(t)ll2 = [[u@®)* = ly(®)]1* (1.6)

We can write both sides of this equality as quadratic functions in z(t) and u(t), and
the corresponding terms must be equal. By a straightforward computation, (1.4) is
equivalent to (1.6). This argument can be found in, e.g., Ball [3].

Similarly, (1.5) is equivalent to the dual version of (1.6), which concerns the dual
system Y described by (1.3). It follows that if 3 is conservative, then both (1.4)
and (1.5) hold. In particular, D is unitary, so that Ker D = {0} and Ker D* = {0}.
Thus, statement (i) implies (ii) and (iii).

Now suppose that statement (ii) holds. Then it is easy to see that D is unitary.
From B* = —D*C' and DD* = I we get C = —DB*. This, together with D*D =1
implies C*C' = BB*, so that (1.5) holds. Now (1.4) and (1.5) together imply (i).
The fact that (iii) implies (i) is proved similarly. O

Remark 1.2. The conditions (ii) and (iii) can be reformulated as follows:

(ii") dimU = dimY and (1.4) holds.
(iii") dimU = dim Y and (1.5) holds.

Indeed, if dimU = dim Y, then D*D = [ is equivalent to DD* = I. In this case
it is easy to see that (1.4) is equivalent to (1.5).

For a system ¥ of the form (1.1), the matrix-valued function
G(s) = C(s — A)'B+D, sep(A),

is called its transfer function. It follows from (1.4) that if X is energy preserving,
then G is inner, i.e., it is analytic on the open right half-plane C, and

G (iw)G(iw) =1, weR.



It follows from (1.5) that for a finite-dimensional conservative system (1.1) we also
have G(iw)G(iw)* = I for all w € R, so that G is co-inner.

Proposition 1.1 gives the simplest characterization of conservative systems in finite
dimensions, via three algebraic equations (either (1.4) or (1.5)) and a null-space con-
dition. Unfortunately, this proposition cannot be generalized to infinite-dimensional
systems with unbounded B or C| for several reasons. First, dimU = dimY is not
necessarily true for conservative systems with an infinite-dimensional state space,
see [31, Section 6]. Second, regardless if the condition dim U = dim Y holds, the op-
erator D need not have a clear meaning in infinite dimensions. For certain systems,
called regular systems, there is a natural candidate for D, the limit of the transfer
function at +o0o. However, if D is obtained in this way for a conservative system,
it need not satisfy D*D = I or DD* = I (for example, for a delay line D = 0,
see [32, Section 7]). Third, the transfer function of an infinite-dimensional energy
preserving system need not be inner: it can even be zero, see [31, Section 6].

The aim of this paper is to give a characterization of conservativity which is
amenable to infinite-dimensional generalization, with possibly unbounded A, B and
C'. In order to state the finite-dimensional version of this characterization in a simple
way, we make the following additional assumptions:

Ker B = {0}, Ker C* = {0}. (1.7)

We call conservative systems satisfying (1.7) tory systems. In some sense, tory
systems have no “redundant” or “wasted” subspaces in U and Y, so that all the
information is circulated through the state space.! Tory systems may seem a rather
special subclass of conservative systems, but in fact they are, in a sense, universal.
Indeed, in Section 4 we prove that for any conservative system, the input and output
spaces can be decomposed into two orthogonal components, U = U; & U, and
Y =Y, @Y, with the following property: the system can be decomposed into a
tory system acting from the input space U; to the output space Y; and a unitary
constant acting from Up to Yy. In most PDE examples of conservative systems (see
[27], [31], [32]), this unitary constant is absent, and the system is tory.

Proposition 1.3. Let ¥ be a finite-dimensional system described by (1.1) and sat-
isfying (1.7). Then ¥ is conservative if and only if

A+ A*=-C"C, A+ A" = —-BB", C =-DB". (1.8)

Note that one of the equations in (1.8) is taken from (1.4) and two are taken from
(1.5). The last equation in (1.8) could be replaced by the corresponding equation
B* = —D*C in (1.4), leading to an equivalent set of three equations.

Proof. The necessity of (1.8) follows from the previous proposition. Conversely,
suppose that (1.8) is satisfied. If we substitute C' = —DB* and C* = —BD* into

IThe Conservative party in the UK is also known as the Tory party.



the first equation in (1.8) and compare the result with the second equation, we
obtain that BB* = BD*DB*. Since Ker B = {0}, it follows that B* = D*DB*,
or equivalently, B = BD*D. Using again that Ker B = {0}, we obtain D*D = I.
Applying D* to both sides of C' = —DB*, we obtain B* = —D*C|, so that all the
equations in (1.4) hold, i.e., ¥ is energy preserving.

Substituting B* = —D*C into the second equation in (1.8) and comparing the
result with the first equation, we get C*DD*C = C*C. This implies, using twice
Ker C* = {0}, that DD* = I. This, together with D*D = I implies that dimU =
dimY. By Proposition 1.1, ¥ is conservative. 0

Both propositions presented earlier can be easily generalized to a restrictive class
of infinite-dimensional systems, called state linear systems in the book of Curtain
and Zwart [9]. The input, state and output spaces of such systems, denoted U, X
and Y, are Hilbert spaces. Any state linear system is described by (1.1), where A
generates a strongly continuous semigroup on X, while B: U — X, C: X — Y
and D: U — Y are bounded. The dual of the system described by (1.1) is the
system described by (1.3). In this class, energy preserving and conservative systems
are defined similarly as for finite-dimensional systems. For state linear systems, the
Lyapunov equation in (1.4) should, in principle, be understood as an equation on
D(A), and the dual Lyapunov equation in (1.5) should be understood as an equation
on D(A*). However, it follows from either of the two Lyapunov equations and the

boundedness of B and C' that, in fact, D(A) = D(A*).

Proposition 1.4. The previous two propositions remain valid (without change) for
state linear systems.

Note that if dimU < oo or dimY < oo, then conditions (ii) and (iii) of Propo-
sition 1.1 can be reformulated as (ii’) and (iii’), see Remark 1.2. To prove the last
proposition, the following steps are required in addition to the proofs of Proposi-
tions 1.1 and 1.3: Assume that Ker D* = {0} and (1.4) holds. Then the latter two
equations in (1.5) follow, and hence also C*C' = BB*. Hence, (1.5) holds and ¥ is
conservative.

In Sections 3—4 we will give results analogous to Propositions 1.1 and 1.3 in a much
more general framework than the state linear systems considered in Proposition
1.4. Our framework permits us to consider systems with unbounded control and
observation operators, in particular, linear PDE systems with boundary control
and/or boundary observation, as well as certain delay equations.

We will state in this introduction a slightly simplified version of the result that
we consider to be the most important. For this we have to make some assumptions
and introduce some concepts. Consider the system Y described by

{y’c(t) — Axz(t) + Bu(t),

_ (1.9)
y(t) = Cz(t) + Du(?),



similar to (1.1). Here, A generates a strongly continuous semigroup on the state
space X, a Hilbert space. We define X; = D(A), with the norm given by ||z||x, =
|(a = A)z||x, where o € p(A). We define X_; to be the completion of X with
respect to the norm ||z||x_, = |[[(a — A)7'z||x. (For more details on these spaces,
see Section 2.) We assume that B € L(U; X_1), and we introduce the space Z by

Z =X+ (a— A)"'BU, (1.10)

where o € p(A) (here, A really stands for the extension of A to an operator in
L(X;X_1)). This space is sometimes called the solution space. It is a Hilbert space
with the norm given by

z||% = inf{||x||§(1 +ollf |z € X, veU, z=x+ (a— A)—le}. (1.11)

If we change o € p(A) in the last two formulas, then the space Z remains the same,
while its norm changes to an equivalent one. We have X; C Z C X, with continuous
embeddings, and (o — A)"'B € L(U; Z) for all a € p(A). We assume that in (1.9),
CecL(Z;Y)and D € L(U;Y).

The assumptions made so far (on A, B, C and D) do not imply that (1.9) defines
a well-posed system in the sense of Salamon [14], [15], Smuljan [16], Staffans [17],
[22] or Weiss [29] (see also Definition 2.6). However, they do guarantee the existence
of state trajectories  and output functions y for sufficiently smooth input functions
u and compatible initial states x¢, as stated below:

Proposition 1.5. With the above assumptions, take T > 0 and let u € C*([0,T);U)
and xg € X satisfy the compatibility condition Axg+Bu(0) € X. Then the first equa-
tion in (1.9) has a unique classical solution x € C*([0,T]; X) satisfying the initial
condition x(0) = xy. Moreover, we have x € C([0,T]; Z), so that y € C([0,T];Y)
can be defined by the second equation in (1.9).

This is a consequence of Proposition 2.5 in the next section.

In the sequel we will use the notation [] for X x Y. Based on the above propo-
sition, we define for each 7" > 0 the space

VT:{{?] € {CQ([O?(T];U)] )Ax0+Bu(0) EX}

for which the solution of (1.9) is well-defined on [0, T, and the operator Xr: Vp —
[C([Oﬁ];y)] which associates to [%] the corresponding pair [*()]. Thus,

[r(T)} _y, [xo} _ (1.12)

Yy u

Y can be regarded as a densely defined operator from [ LQ([(i( T];U)] to [ LQ([O),(T];Y) }



Definition 1.6. Let ¥ be the system determined by A, B, C, D satisfying the
assumptions listed after (1.9). We call X energy preserving if Y7 is isometric for
all "> 0, i.e., (1.2) holds. In this case ¥ has a unique extension to an isometric
operator from [ LQ([O),(T];U)} to [ LQ([O),(T];Y) ], denoted by the same symbol. We call X
conservative if it is isometric and the operators Y1 (after the extension described
above) are unitary. We call ¥ tory if it is conservative and (1.7) holds.

We shall later give a more general definition of conservativity that uses the notion
of a dual system, and allows the use of (possibly indefinite) weighting operators on

U, X and Y.

We define the operator C to be the restriction of C' to X, so that C € L(X;Y).
Let X4, be the completion of X with respect to the norm |2l xe, = | (a— A% o x
where o € p(A). This space is the dual of X; with respect to the pivot space X, so
that C* € L(Y; X?,) (see Section 2 for more details).

At last, we are now able to state a simplified version of our main result:

Theorem 1.7. Consider the system X determined by A, B, C, D as in (1.9), and
assume that (1.7) holds. Then the following conditions are equivalent:

(i) X is conservative (hence, tory);

A+ A" =—-C"C on D(A),
(ii) ¢ A+ A*=—-BB* on D(A") (hence D(A*) C Z),
C=-DB* on D(A").

This is a consequence of Theorem 4.4. Note that in the first equation of (ii), A*
is actually extended to an operator from X to X?,, while in the second equation of
(ii), A is extended to an operator from X to X_;.

In this introduction we have throughout used the energy balance equation (1.6).
In the body of the text we shall often allow a more general balance equation, namely

d

3\ P2(0), 2(t)) = (Jy(t), y(1)) — (Ru(t), u(t),

with P = P* € L(U), J = J* € L(X), and R = R* € L(U). We call systems
satisfying this balance equation (R, P, J)-energy preserving. The finite-dimensional
system ¥ from (1.1) is (R, P, J)-energy preserving if and only if

PA+ A*P=—C*JC, B'P=-D*JC, R=D"JD. (1.13)

We formally get this equation from (1.4) by replacing the adjoint operators A*, B*
C* and D* in (1.4) by the corresponding adjoints A’ = P~'A*P, B’ = R™'B*P,C’' =
P~1C*J and D' = R~'D*J with respect to the possibly indefinite inner products
induced by R, P and J. If, in addition, R, P and J have bounded inverses, then we
say that the system ¥ is (R, P, J)-conservative if it is (R, P, J)-energy preserving

7



and its dual system %¢ (see (1.3)) is (J~1, P~!, R™!)-energy preserving. The fact
that ¥4 is (J~1, P~!, R™!)-energy preserving is equivalent to the dual version of
(1.13)

P'A*+ AP™' = —BR'B*, CP'=-DR'B*, J'=DR'D*. (1.14)

Note that (1.13) and (1.14) are equivalent whenever D has a bounded inverse. (Con-
versely, (1.13) and (1.14) imply that D is invertible.) Hence, if the operators D, R,
P, J have bounded inverses, then X is (R, P, J)-energy preserving if and only if ¥
is (R, P, J)-conservative. If the operators R, P and J are positive and invertible,
then it is possible to renorm the spaces U, X, and Y and to reduce this result to
the case where R =1, P =1 and J = I. (In the indefinite case this reduction leads
to Krein space topologies in U, X, and Y'.)

We complete this section with a glance at previous work. Early work on conser-
vative systems dates back to Brodskii [5], [6], Helton [10], Livsic [12], Livsic and
Yantsevich [13], Sz.-Nagy and Foiag [25] and Tsekanovski and Smuljan [26], to men-
tion only a few. Most of these references consider discrete-time systems, where the
difficulties are considerably smaller. Our system theory framework is analogous to
what is called an operator colligation, or an operator node, or Livsic—Brodskit node
in the works mentioned above for Hilbert space contractions (in the discrete-time
case) or for contraction semigroups (in the continuous-time case).

The continuous-time analogue of an operator colligation was first formally intro-
duced by Smuljan [16] in the Soviet school, but it can be found implicitly in some
other works from the same time, such as Salamon [14]. The approach by Smuljan is
influenced by the scattering theory of Lax and Phillips [11]. Arov and Nudelman 2]
use the Cayley transform (of systems) to convert earlier known discrete-time results
to Smuljan’s (and our) continuous-time setting.

For other background material on conservative systems in the above sense, we
refer to Arov [1], Ball [3], Staffans [19], [20], [21], Staffans and Weiss [24], Tucsnak
and Weiss [32], and Weiss, Staffans and Tucsnak [31]. A comprehensive reference to
many aspects of linear infinite-dimensional systems is Staffans [22].

2 Background on linear systems

In this section, we introduce a class of linear infinite-dimensional systems, called
system nodes. System nodes are not necessarily well-posed (in the usual sense, which
will be recalled), but they have well defined state trajectories and output functions
corresponding to smooth input functions and compatible initial states, as we show
in Proposition 2.5. We also introduce the dual of a system node.

In the theory of well-posed linear systems ([22], [23], [29], [30]) we often encounter
a strongly continuous semigroup T acting on a Hilbert space X, with generator
A, which determine two additional Hilbert spaces, denoted X; and X_;. We have
already seen them in Theorem 1.7, and here we recall their main properties. In

8



fact, we work in a slightly more general framework, allowing A to be an unbounded
operator but not necessarily a semigroup generator.

Proposition 2.1. Let X be a Hilbert space and let A: D(A) C X — X be a closed,
densely defined linear operator with a nonempty resolvent set p(A). Take o € p(A).

(i) For each x € D(A), define ||z||x, = ||(a« — A)z||x. Then ||||x, is a norm on
X1 which makes X; into a Hilbert space, and A € L(Xy;X). The operator
(a — A)~! maps X isometrically onto X;.

(ii) Let X_1 be the completion of X with respect to the norm |z||x_, =
(o — A)~tz||x. Then X is continuously and densely embedded in X 1, and
A has a unique extension to an operator A_y in L(X;X_1). The operator
(a — A_1)™ maps X_; isometrically onto X. Moreover, A_y and A are umni-
tarily similar: A_1 = (a — A_1)Ala — A_;)7L.

(iii) If A is the gemerator of a strongly continuous semigroup T on X, then the
restriction T, = T|x, of T to X, is a strongly continuous semigroup on X;. The
semigroup T has a unique extension to a strongly continuous semigroup T _q
on X_1 which is unitarily similar to T, since T_; = (o — A_)T(a— A_1)7L.

All of this is well-known (and easy to prove) even in the Banach space context.
The operator A is often taken to be a semigroup generator also in parts (i) and
(ii). For the proof and further details we refer to [28, Section 3] or [22, Section
3.6]. By iterating the construction in Proposition 2.1 we get an infinite sequence of
Hilbert spaces ... C Xo C X7 C X € X_; C X_5 C ... with continuous and dense
embeddings, and the corresponding operators A,, and semigroups T,,.

We remark that the choice of a € p(A) does not change the spaces X; or X_j,
since different values of a € p(A) lead to equivalent norms in X; and X_;.

In the sequel, we will use the notation [{+] for X x Y.

Definition 2.2. Let U, X and Y be Hilbert spaces. An operator S :=[4¢8]: [¥] D

D(S) — [§] is called an operator node on (U, X,Y') if it has the following structure:
(i) A is a densely defined operator on X with a nonempty resolvent set (which
we extend to an operator A_; € £(X; X_1) as explained in Proposition 2.1);
(ii) Be L(U; X_1);
(iii) D(S) =V, where V :={[f] € [§{] | ALjz + Bu € X};
(iv) A&B = [A_, BLV;

(v) C&D € L(V;Y) with respect to the graph norm of A&B (with values in X):

1212 = llell% + llul? + [|A- 1z + Bul%.



If, in addition to the above, A generates a strongly continuous semigroup on X,
then S is called a system node.

Definition 2.2 is roughly analogous to what is known as operator node or colliga-
tion in the works of Livsic [12], Livsic and Yantsevich [13], Brodskii [6], Sz.-Nagy
and Foiag [25], for Hilbert space contractions (in the discrete-time case) or for con-
traction semigroups (in the continuous-time case). Smuljan developed a variant of
system theory in [16] which was later used by Arov and Nudelman [2]. His approach
resembles the theory of well-posed linear systems in general, and the formulations
of this section in particular.

Every operator node is closed (as an operator from [ ] to [§¢]). This follows from
the facts that A& B is closed, that C'&D has the same domain as A& B, and that
C&D is continuous with respect to the graph norm of A& B.

We call A € L£(X5; X) the main operator of the node, B € L(U; X_4) is its control
operator, and C&D € L(V;Y) is its combined observation/feedthrough operator.

From the last operator we can extract C' € L(X1;Y"), the observation operator of S,
defined by

Cz = C&D m . zeX,. (2.1)

A short computation shows that for each o € p(A), the operator

L I (O[ — A_l)ilB
E, = [O 7 (2.2)
is a bounded bijection from [¥] onto itself and also from [§}] onto V. Since [} ]

is dense in [ ], this implies that also V' is dense in [ ]. Since the second column of
E, maps U into V', we can define the transfer function of S by

G(s) = C&D {“ - A;VB} L sep(A), (2.3)

which is an £(U;Y)-valued analytic function. Clearly, for any two «, 3 € p(A),
G(a) - G(B) =Clla— A1) = (8- A)7'|B (2.4)

By construction, the operator node S, the observation operator C', and the transfer
function G are determined by the operators A, B and C&D. Alternatively, S may
be constructed from A, B, C' and and the value of G at one point in p(A). More
precisely, given A € £(X;;X) and B € L(U; X_) we first define V and A&B as in
Definition 2.2. Then, for any C' € L(X;Y), E € L(U;Y) and o € p(A), there is
a unique C&D € L(V;Y) such that (2.1) holds and G(«) = E. This operator is
explicitly given by

C&D { } = Clr — (o — A_1) ' Bu] + Eu. (2.5)

T
u
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We will also need the (unbounded) adjoint of an operator node. Let A* be the
unbounded adjoint of A, which is defined on D(A*) C X. In addition to the spaces
X7 and X_; induced by the operator A, we will also need the corresponding spaces
induced by A*. We denote the analogue of X; by X¢ and the analogue of X_; by
X7, so that X{ C X C X?,.* The corresponding norms will be denoted by ||-[| xa
and [|-[|xa . It is easy to check that X4, is the dual of X; with respect to the pivot
space X. To explain this in greater detail, note that for any x € X,

lzllxa, = sup  [{z,2)|. (2.6)
2€X1, ||2llx, <1
This implies that the scalar product on X, restricted to X; x X, has a unique
continuous extension to X; x X¢; and (2.6) remains valid for z € X¢,. Similarly,
X _; is the dual of X¢ with respect to the pivot space X.

In the sequel we shall also need the extensions of A* and T* to X?, and also their
restrictions to X¢. However, rather than introducing any further notation, we shall
denote these extensions and restrictions by A* respectively T*. Likewise, we write
A instead of A,, and T instead of T,,.

We will always identify U, X and Y with their duals.

Proposition 2.3. Let S be an operator node on (U, X,Y) with main operator A,
control operator B, observation operator C, and transfer function G. Then the
(unbounded) adjoint of S is given by

o [t e[

with domain

D(S*) =V = {[ﬂ e ﬂ ‘A*erC*yGX},

where [A&B]? = [A* C’*]Wd and, for every a € p(A),
[C&D]* [ﬂ = B[z — (@— A")'C*y] + G(a)*y.

Furthermore, S* is an operator node on (Y, X, U) with main operator A*, so that if
S is a system node, then so is S*.

The operator S* is called the dual node of S. It is easy to see that the transfer
functions of S* and S are related by G¢(s) = G(3)* for all s € p(A*).

Proof. Choose o € p(A) and let E, € L([{]) be given by (2.2). Since E, is
invertible,

E*S* = (SE,)". (2.7)

2Even though we write X C X_; and X C X%, we do not claim that X_; and X, are
compatible Banach spaces in the sense of interpolation theory.

11



A straightforward algebraic manipulation using (2.1) and (2.3) gives

A&B] {1 (a—A)—lB] _ [A a(a—A>‘1B]_ (2.8)

5B = {C&D I C G(a)

The unbounded adjoint of SE, is given by

(SEa)" m [B* (&A—* Ar)! G(<joi>*} m

where V¢ is the space defined in the statement of the proposition: Indeed, if we

regard SFE, as a bounded operator form [)[(]1} to [{], then its adjoint is clearly

m e v, (2.9)

given by (2.9), mapping [{f] into [X51 } The unbounded adjoint of SE, must be

the restriction of this bounded adjoint to its natural domain V¢ consisting of those
(3] € [¥¥] for which (SE,)*[§] € [{]. From (2.7) and (2.9) we get for all [}] € V4
the following expressions for [A&B] (3] and [C&D)4[5]:

ol -

_ 1 0 A*xr 4+ C*y
[—B*(E—A*)l I] [B* (a@— A"z + G(a) y]
_ B A*x t C*y [A& B]

{B%x —(@— A7) + G(a)*y] { LDy ] [ ]

Checking Definition 2.2 we find that S* is an operator node on (Y, X,U) with
D(S*) = V¢ and main operator A*. If A is the generator of a strongly continuous
semigroup, then so is A*, hence S* is then a system node. O

As the following proposition shows, every operator node induces a natural decom-
position in its input and output spaces that separate the “nontrivial” part of the
node from its trivial “static” part.

Proposition 2.4. Let S := [ AFB] be an operator node on (U, X,Y) with D(S) =V,
main operator A, control operator B, and observation operator C. Decompose the
spaces U and 'Y into the (not necessarily orthogonal) direct sums of closed subspaces

U= U , Y = " , Up=Ker B, Y;=RanC. (2.10)
Uo Yo

These decompositions induce a (unique) decomposition of S into

[A&B], 0 v X
S = [C&D]T D10 . |:Ur:| — Y1 s (211)
0 Dor Doo 0 Yo
where S, = “gig:] is an operator node on (Uy, X, Y1) with D(S,) = V.. S,
the main operator A. Its control operator B, is obtained from B = [ ]

12



its observation operator C,. is C', with range space Y1. B, is one-to-one and C,. has
dense range, Dy € L(Uy;Yy), Do € L(Uo; Y1), and Doy € L(Uy; Yy). The transfer
function G of S has the decomposition

s =% Dal

where G, is the transfer function of S,. We have [iﬂ e Vifand only if [ ;] € V.

s € p(A),

Proof. Let [7] € V. We split w into u =[] € [{}]. Since B[] = [B, 0] [W] =
Byuy for all [41] € [{1], we have B[] = 0. This implies that [.2 ] € V, hence also
[&,] € V. In other words, V' decomposes into V = [} ], where V, = {[§] € V |u €
Ul} We split S accordingly into S = [S So] Where Sy = Sy, and Sy = S|y, (or
more precisely, Sy is the restriction of S to [ 0] which we identify with Up). These

operators can be regarded as the restrictions of the original (unbounded) operator
S to the subspaces [ 5(1} respectively [ 0] of [{]. Both of these are closed, and this
implies that both S, and Sy are closed.

The domain of Sy is U and its range is contained in [{], so by the closed graph
theorem, Sy is of the form S, = [ 0} for some Dy € L(Uy;Y). After splitting YV

into Y = B%} we get Dy = [g;g] and Sy = [gom} where Dy € L(U;;Y,) and
00
l)oo - l:(l]b; }Q)).

It can easily be seen that S, is an operator node on (U, X,Y’) with domain V.

[A& B],
Thus, if we split .S, into |:[C&D]r:| in accordance with the splitting of the range space
[C&Dlo
[g] then [C&D], € L(V,; Y1), [C&Dlo € L(V;;Yy), and both S, [[gggﬂ and
0

[A&B],
[C&D]o

We get the observation operators of these operator nodes by splitting the original
observation operator C' into [gg] Since ¥; = Ran C and Y; = Ran C*, we have
Ran C, = Y; and Cy = 0. The latter fact implies that [C& D], has a (unique)
extension to an operator [0 Dy | € L([{];Y0).

] are operator nodes, with domain V, and output space Y7, respectively Y.

The given decomposition of the transfer function G is an immediate consequence
of the decompositions of B into [Br O} and of C&D into [[C&D}* Dm]. O

0 Do1 Doo
Up to now, we have only treated S as a closed unbounded operator to which
we have applied certain algebraic manipulations, and we have said nothing about
dynamical systems. If S is a system node, i.e, if its main operator generates a
strongly continuous semigroup, then S defines a linear dynamical system of a rather
general type (and this is the reason for calling S a system node).

Proposition 2.5. Let S = [4¢B] be a system node on (U, X,Y) with domain V.
Let u € C*([0,00); U) and [u(O ] € V. Then the equation

Bgﬂ =5 ng] t>0,  (0) =, (2.12)
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has a unique (classical) solution 3] satisfying x € C''([0, 00); X) N C?([0,00); X_1),
[#] € C(]0,00); V), and y € C([0,00);Y).

Proof. Denote the main operator of S by A, the semigroup generated by A by T,
and the control operator of S by B. Since A&B = [A B} v We can write the top

half of (2.12) as an equation in X_; (here A stands for A_;, as agreed):
&(t) = Az(t) + Bu(t), t>0, z(0) = xo. (2.13)

For each v € C([0,00);U) and xy € X_1, the equation (2.13) has the unique mild
solution (where T stands for T_;, as agreed):

t
2(t) = Tag + / T Bu(o)do, 1> 0. (2.14)

0

We denote by Cy([0, 00); U) the space of continuous U-valued functions vanishing
at infinity, and C¥([0,00); U) C C([0,00); U) for k = 0, 1,2 consists of those func-
tions whose k first derivatives are also in Cy([0,00);U). These are Banach spaces
with the norms ||ul|cx(0,00),0) = MaXo<j<k,t>0 |49 (¢)||7. As the restriction of x (as
given in (2.14)) to any finite interval [0, ¢1] depends only on zy and the restriction of u
to the same interval, it will be enough to prove the proposition for v € C2([0, c0); U)
(by redefining u on (t;, 00) if necessary).

We denote the (strongly continuous) backward shift semigroup on Cy([0, 00); U)
by 7, i.e., (T'u)(s) = u(s+t) for s, ¢ > 0. The generator of 7 is the differentiation
operator, with domain C3([0, 00); U). If we denote

t
Bl = /Tt”Bu(a) do,

0

then B € L(Cy([0,00);U); X_1) for each ¢ > 0, and (2.14) can be written in the
form z(t) = T'zg + B'u, t > 0. Introduce the Banach space X = [Co([i)i;);U)}’ and
for each ¢ > 0, define the operator T*: X — X by

T B!
t.__
T := [0 Tt:|.

A straightforward algebraic computation shows that T is a semigroup on X, and
it is also easy to see that T is strongly continuous. Moreover, for each ¢ > 0,

T[] = [ﬁﬁg ], where z is the mild solution in (2.14).

It is not difficult to verify that the generator of T is

A M - [A% i‘cBu(O)] ’ m <Dla)= {csqoﬁo); U>] ’
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and that the domain of A? is
D(A?) = {[%] e D(A) | A[?] € D(A)}
—{z1€ [ ] | L] € v}

Thus, the assumptions on the data in Proposition 2.5 have been chosen in such a
way that [%°] € D(A?) (assuming that u, v’ and «” vanish at infinity).

(2.15)

By standard semigroup theory, if [%0] € D(A?), then T![%] = [ﬁg] is two times
continuously differentiable in X, so that x € C?([0,00); X_;). Since, from (2.13),

z(t) = (o — A) Moz (t) — 2(t) + Bu(t)], t>0, a € p(A),

where (« — A)™! € L(X 1; X) and ax — & + Bu € C*([0,00); X_;), we obtain that
x € C’l([ 00); X). From (2.15) it is easy to see that the operator I' defined by
zo
(0)

)
I'[%] = [40)] is continuous from D(A?) to V. Since [ug” =TT [%], it follows

that[]e C([0,00); V). O

It is easy to show that under the assumptions of Proposition 2.5, if [&8)} eV
and ii(t) = O(e*") as t — oo for some w < oo, then the Laplace transforms 4, z,
and gy satisfy

#(s) = (s — A)wo + Ba(s)],
j(s) = C(s — A)~ o + G(s)i(s),
for all s with sufficiently large real part (see, for example, [22, Lemma 4.7.11]).

We obtain the well-known class of well-posed linear systems by adding one more
assumption.

Definition 2.6. Let S = [4£53] be a system node on (U, X,Y’). We call S well-posed
if there is a function K: (0, 00) — (0, 00) such that

le 1% + 1912200y < KO (lzollk + lulZ2qonar), >0, (2.16)

for all z, y, zy, and u satisfying the conditions of Proposition 2.5.

For a well-posed system node, the operator 37 defined in (1.12) can be extended
to a bounded linear operator from [ L2([0),(T];U)} to [ L2([0)7(T];Y) ], denoted by the same
symbol. The family (X7)r>o is then called a well-posed linear system in the termi-
nology of [23], [29].

Definition 2.6 is easily seen to be equivalent to the definition used by Salamon
in [14] and by Smuljan in [16]. (Salamon phrases it in terms of A, B, C, and G
rather than in terms of the system node S.) Necessary and sufficient conditions for
well-posedness were given in Curtain and Weiss [8]. If a system node is well-posed,
then its transfer function is bounded in some right half-plane. Conversely, every
L(U;Y)-valued function which is analytic and bounded in some right half-plane can

be interpreted as the transfer function of some well-posed system node: see, e.g.,
8], [15], [18] or [22] for details.
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Definition 2.7. Let S = [4{}] be an operator node on (U, X,Y). We call S
compatible if its observation operator C' has an extension C' € L(Z;Y), where Z is
the Hilbert space in (1.10) and (1.11).

If S is compatible and C is as above, then we can define D € L(U;Y) by
Du = [C&D] m —Cu, m % (2.17)

Indeed, it follows from (2.3) that the above expression does not depend on z since
Du = G(s)u — C(s — A) "' Bu, s € p(4),

and that D is bounded (because G(s) € L(U;Y) and (s — A)~' B is bounded from
U to Z). Thus, for any compatible operator node,

G(s)=D+C(s—A)'B, s € p(A),

which is similar to the usual formula for finite-dimensional systems. For a compatible
operator node, the extension C' is usually not unique. Every well-posed system node
is compatible: this was shown in [23, Section 3]. For a compatible S, (2.12) can be
written in the form (1.9).

In the recent literature it has become popular to use the same notation A for all
these restrictions and extensions of A, and to analogously write T instead of T,,. We
shall do so in the sequel whenever no confusion is likely to arise.

3 Energy preserving systems

Definition 3.1. Let U, X and Y be Hilbert spaces, and let R = R* € L(U),
P =P € L(X)and J = J* € L(Y). We call a system node S on (U, X,Y)
(R, P, J)-energy preserving if

T T
(x(T), P v+ / 1)) dt = (z, Pro)3 + / gdt,  (3.1)
0 0

for all T" > 0 and z, y, xg, and u satisfying the conditions of Proposition 2.5. If
R=1,P=1and J = I then we simply call the node energy preserving.

Note that (3.1) implies well-posedness whenever P > € > 0 and J > € > 0 (see
Definition 2.6).

We next present a number of equivalent characterizations of energy preserving
system nodes.
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Lemma 3.2. Let S = [A£8B] be a system node on (U, X,Y) with domain V, main
operator A, control operator B, observation operator C, and transfer function G,

and let S* = “gig]]ﬂ be the adjoint operator node with domain V<. Let R = R* €

LWU), P=Pec LX) and J = J* € L(Y). Then the following statements are

equivalent:
(i) S is (R, P, J)-energy preserving;
(ii) for all [33] €V,

2Re (A&B[20], Pao) . = (ug, Rug) — (C&D 2], JC&D[2])s;  (3.2)
(iii) the operator [§ 9] [ L] maps V into V4, and
[A&BIY [P 0] [I 0] [P 0][-A&B .
{[C&D]d o Jllcen|=|o g|| o 1| Vi B3
(iv) for some (hence, for all) o € p(A), we have

PA+ A*'P=-C"JC on X1,
B*(a— A*)"'P@+ A) + G(a)*JC =0 on X1, (3.4)
B*(@— A*)"'(2Rea)P(a — A)'B+ G(a)*JG(a) =R on U;

(v) for some (hence, for all) a € Cy N p(A), the operator

A0y D] = [ Samee A, VRG]
is ([§ &1, [ 31)-isometric, i.e.,
& DI S & B [0 oo

In the case where R = I, P =1 and R = I parts (i), (ii) and (v) of this theorem
are closely related to [1, pp. 31-32] (more general weight operators are considered

. A(a) B(a .
later in the same paper). The operator [Cga; Dga;] € L([#];[¥]) defined in (v)

is called the Cayley transform (with parameter a)) of S. Thus, a system node is
(R, P, J)-energy preserving if and only if its Cayley transform is ([£ %],[5 9])-
isometric.

Proof. (i) = (ii): Assume (i). Let [45] € V, let u € C?([0,00); U) with u(0) = uy,
and let z € C'([0,00); X) and y € C([0,00);Y) be as in Proposition 2.5. By
differentiating (3.1) with respect to T', we get

2Re (2(t), Px(t)x + (y(t), Jy(t)y = (r(t), Ru(t))y,  t>0,
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where i(t) = A&B [m(t ] and y(t) = C&D [

t

] Taking t = 0 we get (3.2).

u(t)
(i) = (i): Assume (ii). Let [$3] € V, let u € C?([0,00); U) with u(0) = ug, and
let z € C1([0,00); X) and y € C([0,0); Y) be as in Proposition 2.5. Replacing [ 79 ]
in (3.2) by [jj
get (3.1).
(ii) = (iii): By regrouping the terms in (3.2) we get the equivalent identity

(lews] () [0 3] lewn [

=Gl b A D

valid for all [20] € V. This, together with the polarization identity gives
(lew] (2] 0 3 [ewn] [2]),

=l o A 7 )y

forall [45], [ui] € V. For each [4] € V the right-hand side has an obvious extension
to a bounded functional on [{], so [£ &)1 2] [u] € D(S*) and (3.3) holds (see
Proposition 2.3).

] observing that A& B [2(5 ] = i(s), and integrating over [0, t], we

s) |?

(iii) = (ii): This is the same computation done backwards.

(iii) < (iv): We have seen that (3.3) is equivalent to (3.7). Let us replace [ ]| and
(1] in (3.7) by E, [#2] respectively E, [%3], where [32], [#2] € [3}]. Then (3.7)
becomes (see (2.2), (2.3) and (2.8))

A ala—A)BY [P 0][I (a«—A)"'B

C G(a) 0 J||C G(a)
[ (a=AB] [P 0] [-A —a(a—A)"'B
10 I 0 R||O 1 '

or equivalently (see (2.9)),
A* C* P 0|l (a—A7'B
Ba(a— A*)"! G(a)*| |0 J| |C G(a)
B I o] [P 0] [-A —ala—A)"'B
T |B*(a—-A""t I||0 R||O 1 ’
We may rewrite the above identity in the self-adjoint form
PA+ A*P (a+ A*)P(a— A)"'B
B*(a— A*)"'P(a+A) B*(a— A*)"'(2Rea)P(a— A)™'B
4 c*Jjc C*JG(a) | {0 O
G(a)*JC G(a)*JG(a)| |0 R|"

(3.8)
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The top left corner of this identity is the first equation in (3.4). The top right corner
is the identity (a + A*)P(a— A)™'B + C*JG(a) = 0 on U, which is the adjoint of
the second equation in (3.4). The bottom left corner of (3.8) is the second equation
in (3.4), and the bottom right corner is the third equation in (3.4).

(iv) < (v): Recall that (3.4) is equivalent to (3.8). We get (3.6) by multiplying
(3.8) by [VQRGO‘(OO‘*AV1 (}} to the right and by [V2Reo‘(g*f‘*)71 (}} to the left. O

Remark 3.3. It follows from the proof of the equivalence of (iv) and (v) in Lemma
3.2 that each of the three equations in (3.4) is equivalent to the corresponding Cayley
transformed equation (for all « € C* N p(A)):

A(a)"PA(a) + C(a)*JC(a)
B(a)"PA(a) + D(a)*JC(a)
B(a)*"PB(a) + D(«a)*JD(«a)

(3.9)

I
~ 2N

We call the first equation (3.4) and the corresponding equation in (3.9) the (0b-
servation or primal) Lyapunov equation. We call the second equation the (primal)
cross-term equation, and the last one we call the (primal) indicator equation. Similar
terminology was introduced in Section 1, and the relationship between the corre-
sponding equations is as follows: if X is finite-dimensional and we take limits as
a — 400 in (3.4), we obtain (1.4).

Note that the indicator equation in (3.4) implies the following: if iw € p(A) where
w € R, then G(iw)*JG(iw) = R.

Lemma 3.4. We use the notation of Lemma 3.2.

(i) If the Lyapunov equation PA+ A*P = —C*JC holds on X;, then the operator
Qo) € L(X1;Y) defined by

Q(a) := B*(a— A")'P(@+ A) + G(a)*JC
does not depend on o € p(A).

(i) If (i) holds and Q(«) = 0 for some (hence, for all) a € p(A), then the operator
R(B,7v) € L(U) defined by

R(B,7) == B (B = A") "' (B+7)P(y = A) "' B+ G(3)" JG(v)
is self-adjoint and independent of 3, v € p(A).

Proof. (i) By using the Lyapunov equation PA 4+ A*P = —C*JC we can rewrite
Q(a) in the form

Q(a) = B*(@— A" '[aP — A*P — C*JC] + G(a)*JC
=B*[P— (a— A")"'C*JC] + G(a)*JC.
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If also 3 € p(A), then by the dual version of (2.4)
Qa) — Q(B) = (B*[(B— A)™' — (@ — A")']C* + G(a)* — G(B)") JC = 0.

(ii) We first show that R(3,7) is independent of 5. Let o, 3, v € p(A). Since
Q(y) = 0, we also have

Q)" =(y+A)P(y—A)'B+C"JG(y) =0.
By using this equation we can rewrite R(3,) in the form
R(B,7) = B*(B— A") " [(B = A)P(y — A)7'B = C*JG(7)] + G(8)" JG(7)
= B*[P(y—A)'B— (8- A)T'C"IG()] + G(B)"JG(7).
Therefore, by the dual version of (2.4),

R(a,7) — R(8,7) == B*[(@— A" = (8- A")'|C*JG(7)
+ [G(a)* — G(ﬁ)*} JG(v) = 0.
This shows that R((3,7) is independent of §. It must also be independent of ~

because of the fact that R(3,v) = R(v, )", and R(y, ) does not depend on +.
Now, to see that R([3,~) is self-adjoint it suffices to take § = ~. O

Corollary 3.5. Under the assumptions of Lemma 3.2, S is a (R, P, J)-energy pre-
serving system node if and only if for some (hence, for all) a, 3,7 € p(A), we have

PA+ AP =-C"JC on Xy,
B*(@—A")"'P@+ A) + G(a)*JC =0 on X, (3.10)
B (B —A) (B+y)P(y—A) B+ G(B)JG() =R onU.

This follows from Lemmas 3.2 and 3.4.

Remark 3.6. If the first two equations in (3.10) hold, then by Lemma 3.4, the
left-hand side of the third equation does not depend on (3, v € p(A). Thus, if P
and J are given and if the first two equations in (3.10) hold, then the system is
(R, P, J)-energy preserving, where R is given by the third equation in (3.10). In the
weakly case R is also given by the third equation in (3.12). See also Remark 3.9.

Under a regularity assumption, the previous result can be used to cast the char-
acterization of energy preserving systems into a form that looks more like (1.4).

Definition 3.7. Let S be an operator node, and let U, X, Y, A, B, C be as in
Lemma 3.2.

(i) S is weakly regular if p(A) contains some interval [r, 00) and the transfer func-
tion satisfies

lim <G(a)u0,yo> = <Duo,y0>

a——400

for some operator D € L(U;Y) and all ug € U, yp € Y. In this case D is
called the feedthrough operator of S.
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(ii)) The weak Yoshida extension of C' is the operator Cy,: D(C,,) — Y given by

Cyo 1= Weak;lim aCla— A)  xy,

with D(C,,) consisting of those zy € X for which the above limit exists.
(iii) The weak Yoshida extension of B* is the operator B} : D(B}) — U given by

B}z = weak-lim o B*(a — A*) xg,

a— 400

with D(B})) consisting of those xy € X for which the above limit exists.

Obviously, an operator node S is weakly regular if and only if its dual node S¢
is weakly regular. By the properties of the Yoshida approximation of semigroup
generators, D(A*) C D(BX) C X. It is well known (see the arguments in [29]) that
if S is weakly regular then for all a € p(A),

G(a)=Cyla—A)'B+D,  Gla) = Bi(a— A*)"'C*+ D*. (3.11)

In particular, (a« — A)™'BU C D(C,,) and (@ — A*)~'C*Y C D(B;,). Thus, weakly
regular operator nodes are compatible (as defined at the end of Section 2), and we
can take C to be the restriction of C,, to Z. With this choice of C, the operator D
from (2.17) is the feedthrough operator of S.

Theorem 3.8. Let S = [A¢B] be a weakly regular system node on (U, X,Y") with
semigroup generator A, control operator B, observation operator C', and feedthrough
operator D, and let B} be the weak Yoshida extensions of B*. Let R = R* € L(U),
P=P € L(X)and J = J" € L(Y). Then S is a (R, P, J)-energy preserving if
and only if X1 C D(B:P), (y— A)"'BU C D(B:P) for all v € p(A), and

PA+ AP =-C*"JC on X,
B:P+D*JC =0 on Xi, (3.12)
weak-lim B, P(y — A)"' B+ D"JD = R.

y—+00

As a part of the proof of this theorem we show that the condition X; C D(B;,P)
is redundant in the sense that it is implied by the Lyapunov equation in (3.12).
Likewise, the condition (y — A)"'BU C D(B}P) for all v € p(A) is redundant in
the sense that it is implied by the first two equations in (3.12). Furthermore, the
Lyapunov equation implies that the restriction of B} P to X; is continuous, and the
first two equations imply that B P(y— A)~'B is continuous on U. (All of these
statements depend on the weak regularity assumption.)

Proof. We show that (3.12) is equivalent to (3.10) under the additional weak regu-
larity assumption. For this, we assume that the Lyapunov equation PA + A*P =
—C*JC (which appears in both lists) holds. As in Lemma 3.4, we define

Q=DB*(@a—A)"'P@+ A+ G(a)JC,
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and use (3.11) and the Lyapunov equation to write @) in the form

Q= Bj(a— A")"'(aP+ PA+C*JC) + D*JC
=Bj(@a—A")'(@a- A )P+ D*JC
= B! P+ D*JC.

Thus, on Xy, @ =0 if and only if B} P+ D*JC = 0. We conclude that the middle
(cross-term) equations in (3.12) and (3.10) are equivalent, whenever the Lyapunov
equation holds.

It remains to show that the last (indicator) equations in (3.10) and (3.12) are
equivalent to each other whenever the first two equations in (3.10) and (3.12) hold.
If the first two equations in (3.10) hold, or equivalently, the first two equations in
(3.10) hold, then by Remark 3.6, S is (R, P, J)-energy preserving, where R is given
by the indicator equation in (3.10). Thus, the only thing which we have to show is
that indicator equations in (3.10) and (3.12) define the same operator R.

Define R by the indicator equation in (3.10), i.e.,
R=DB"(3-A) " (B+7)P(y—A) ' B+G(B)JG().

By Lemma 3.4, R does not depend on 3, v € p(A). Let 3 = 3 — +4oo. Then
the weak limit of the last term above exists, so the weak limit of the first term on
the right-hand side also exists. This implies that, for all up € U and v € p(A),
(y — A)"'Bug € D(B; P), and that for all v € p(A)

R=B:P(y—A)"'B+D"JG(y). (3.13)

Taking the weak limit as v — oo we get the indicator equation in (3.12). Thus,
(3.10) is equivalent to (3.12). O

Note that if B € L(U;X), then the indicator equation in (3.12) reduces to
D*JD = R, and we recover the equations (1.13).

Remark 3.9. In the weakly reqular case the indicator equation in (3.12) can be
written in still another equivalent form, namely

R=D*JD + (B}, + D*JC,)P(y— A)"'B (3.14)

for some (hence, for all) v € p(A). To see this it suffices to substitute (3.11) into
(3.13) (which is yet another equivalent form of the same equation). In the strongly
reqular case (i.e., when the limits in Definition 3.7 exist in the strong operator
topology) it is possible to let 5 =~ tend to infinity simultaneously in the indicator
equation in (3.10) to get one more equivalent form of this equation, namely

R=D*JD + Qﬁlim BB*(3—A)'P(3— A)'B. (3.15)

— 400
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4  Conservative systems

In the last section the weighting operators R, P and J were only assumed to be self-
adjoint. We now add another assumption, and require them to furthermore have
bounded inverses. This enables us to talk about (R, P, J)-conservative systems.

Definition 4.1. Let U, X and Y be Hilbert spaces, and let R = R* € L(U),
P =P ¢ L(X) and J = J* € L(Y) have bounded inverses. A system node S
is (R, P, J)-conservative if S is (R, P, J)-energy preserving and the adjoint node
S*is (J7L, P71, R™Y)-energy preserving. A (R, P, J)-conservative system node is a
(R, P, J)-tory node, if its control operator is one-to-one and its observation operator
has dense range. If R = I, P = I and J = [ then we simply call the node
conservative or tory.

In many applications it is known a priori that the control operator is one-to-one
and that the observation operator has dense range. A conservative system is tory if
and only if its transfer function is purely contractive; see Corollary 6.2.

As shown in [2], every contractive analytic (Schur) function in C is the transfer
function of a simple conservative system S. A conservative system is called simple
if it has no nontrivial subspace which is both uncontrollable and unobservable, or
equivalently, if its semigroup T is completely nonunitary. All simple conservative
realizations of a transfer function are equivalent up to a unitary similarity trans-
formation in the state space.®> For more details, see [2] or [22, Chapter 11] for the
continuous-time case, and [7] or [25, pp. 255-256] for the discrete-time case.

We proceed to give equivalent conditions for a system node S to be (R, P, J)-
conservative. Some such conditions are obtained from Lemma 3.2, applied to both
S and to the adjoint node S*. However, we can replace some of the resulting
conditions by others that may be more practical to work with in applications.

Since isometric operators with dense range are unitary (also in the indefinite case),
we get the following:

Theorem 4.2. Let R = R* € L(U), P = P* € L(X) and J = J* € L(Y) have
bounded inverses. Let S = [A¢B] be a (R, P,.J)-energy preserving system node on
(U, X,Y) with domain V', main operator A, control operator B, observation operator

C, and transfer function G, and let S* = “gigﬁ

domain V. Then the following statements are equivalent:

] be the adjoint operator node with

(i) S is (R, P, J)-conservative;

(ii) the operator [5 9] L% maps V onto V4,

3A simple conservative system is generally not minimal (in the usual system theoretic sense).
Indeed, all minimal finite-dimensional conservative systems have inner transfer functions, so every
conservative realization of a transfer function which is not inner must be infinite-dimensional.
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(iii) for some (hence, for all) oo € C Np(A), the operator [‘égzg ggz” e L([F]:[))
defined in (3.5) is ([§ 91,5 9])-unitary;

(iv) [AEBT+183] has dense range for some (hence, for all) o € C4 N p(A);

(v) Ran C&D =Y, and the control Lyapunov equation P~*A*+AP~! = —BR™1B*
holds on X{.
When these equivalent conditions hold, then Ran C&D =Y, and [AZB]+ (4 9] has
a bounded inverse for every a € C N p(A).

Proof. (i) = (ii): Suppose (i). By Lemma 3.2(iii), (ii) holds if we replace the word
“onto” by the word “into”. To verify that [£ 9][2e%] maps V onto V% we apply
condition (iii) of Lemma 3.2 to S*, and obtain

cwn 'y ) [wn] =1 7

on V<. Therefore
{]g 3] [é&g] {PO_ 1 Rol} {[é&zg]d] - {é ?} (4.1)

on V¢ where [7" 0] [[é&%]d] maps V¢ into V. This implies that [§ 9] [ %]
maps V onto V.

(ii) = (i): If (ii) holds then, arguing as above with S* replaced by S, we get
Pt 0 I 0 [P O O (IO
0 R7'Y|[C&D]?| |0 J||C&D| |0 I

on V, ie, [L9][Le%] is left-invertible as an operator from V to V% Since it

is also onto, it is invertible and ([5 9] [é&%])fl = [Pgl 2] [[é&%]d] and (4.1)
holds. Multiplying (3.3) by [ 7" .2, ] [[é&OD]d} from the right we find that [A& B]? =

—PlA&B] [P 0] [[IC&ODW]. This combined with (4.1) gives

A&B| P71 0 I o] [Pt 0]][-]A&B)
C&D|| 0 R7'Y[[C&D}| | 0 J! 0 I |-
Thus, the dual version of (3.3) holds, and so S is conservative.

(i) < (iii): This follows from Lemma 3.2, and the fact that when we replace S by
* A(a) B(a . . A(a) B(a) 17
S*, then the operator [cga; DEO[;] in (3.5) is replaced by [CEO[; DEO[;] ,
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(ili) < (iv): It follows from (2.8) that for all @ € C, N p(A),

([ L o
L i Bl
h

0 I||C(a) D(a)

A&B

where [(Q_S‘)_l (O‘_AI)_IB]

maps [ ] onto V. Therefore ([A¢5]+ (5 9]
[6 21,18 9])-
C(a) D(«) C(a) D(a) 0RIVLOJ
isometric. Hence, it is ([£ %], [4 9])-unitary if and only if ([A&5]+[G §]) has dense
range.

) as the same
range as [A(O‘) B(O‘)] By Lemma 3.2, the operator [A(a) B(O‘)] is (5%
0

(1)&(iv) = (v): The control Lyapunov equation follows from (i) and Lemma 3.2.
That C&D has dense range follows from (iv).

(v) = (iii): Assume (v). By Lemma 3.2,

7 ol B -k o

This implies that the operator

o= [0 Slfe Bl [ anflets) B e

is a [Pal 2 |-self-adjoint projection on [ ]. By Remark 3.3 applied to S*, we have
@11 = I (since we assume the control Lyapunov equation to hold). This combined
with the fact that Q? = Q (since Q is a projection) implies that

Q12 [Qm Qm] =0, QnQn =0, Q@i+ Q3% =Qxn. (4.5)

We claim that ()15 = 0. To show this it suffices to show that [le Q22| has dense

range (see the first equation above). By (4.3), the operator [égz; EEZ” is onto,

and therefore, by (4.4), [Q21  Q22] has dense range if and only if [C(a) D(«)] has
dense range. But [C(a) D(a)] has the same range as C&D (see the lower row of
(4.2)). Thus, we conclude that |Qa; Q22:| has dense range and that Q12 = 0. That

Q is [P N ' J(ll }—self—adjoint means explicitly that

Pt 0 Qu Q2 _ Qi Qx| [P 0
0 R'|Qu Qn Qi @] [ 0 R’
and therefore Qy = RQ;,P~! = 0. Substituting Q1> = 0 and @y = 0 into (4.5) we
find that @9 is a projection. We observed earlier that the range of [le Q22:| is

dense, and since (J9; = 0, this means that ()92 has dense range. Thus (92 = I, and
the left-hand side of (4.4) is the identity.

We have now shown that (i)—(v) are equivalent, and proceed to prove the addi-
tional claims. We noticed earlier in the proof that ([A¢B] + [§§]) has the same
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range as [‘éggg BEQ) } By (iii) this is all of [{{]. In particular, C&D maps V onto

)
Y. That ([A4¢8]+ [§9]) has a bounded inverse for all a € C4 N p(A) follows from
(4.2). 0

Remark 4.3. By equations (3.3) and Theorem 4.2(ii), each (R, P, J)-conservative
systems node S satisfies

o {Pl 0 ]S* [P 0} B {—A&B] [I 0}1
|0 R 0 J| | 0 1| |C&D
on V¢ As S* is a system node, it follows easily that S is a system node, too.
We call S the time-flow-inverse of S. The reason for this is the following (see [22,
Section 6.5], or in the well-posed case [24], for details): Suppose that v € C ([0, 7]; U),
r € CY[0,7]; X) and y € C([0,7];Y) satisfy (2.12) on some time interval [0, 7].
Define a(t) = u(r — t), Z(t) = x(r — t) and g(t) = y(7 —t) for t € [0, 7]. Then

(- ). evo

u(t) y(t)

In other words, to get from S to S we interchange u and y, and at the same time
change the direction of time.

Let us proceed to characterize tory systems.

Theorem 4.4. Let S = [A¢B] be a system node with main operator A, control
operator B, and observation operator C'. Assume that B is one-to-one, and C' has
dense range. Let R = R* € L(U), P = P* € L(X) and J = J* € L(Y) have
bounded inverses. Then S is (R, P, J)-conservative if and only if the two Lyapunov
equations

PA+ A*"P=-C"JC on Xy, P'A* + AP7' = —BR™'B*, (4.6)
and one of the two cross term equations
[C&D)? Pl_0 onx (4.7)
JC 1, .
P—l
Cc&D [R_lB*} =0 on XY (4.8)

hold. If this is the case, then both (4.7) and (4.8) hold, as well as the following two
indicator equations (for all 3, v € p(A))

B (3—-A)"'(B+7)P(y—A)'B+G(3)JG(y) =R on U,
CB—-A)(B+NP ' (F-A)V'C"+GE)R'G() =T onY.
In other words, for tory system nodes satisfying the two Lyapunov equations
(4.6), the two cross term equations (4.7) and (4.8) are equivalent, and the indicator

equations are redundant. Note that the equations (4.6) imply that [ /5] X; € V¢
and [lef;*] X¢ C V,sothat (4.7) and (4.8) make sense.
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Proof. That (4.6)—(4.8) are necessary conditions for conservativity follows from
Lemma 3.2 (applied both to the original node S and the dual node S¢). Further-
more, when we pass for S to S? the two conditions (4.7) and (4.8) change places, so
it suffices to show that (4.6) and (4.7) imply conservativity.

Assume that (4.6) and (4.7) hold. Then we know some of the resulting elements

when we multiply [‘égg; EEZ” by [P(Il 21 ] [‘éggg ggz;] [£ 9] from the left or from

the right. More precisely, these products are of the form
Pt 0] [A(a) B(a)]” A(e) B(o)] [T © (4.9)
0 R'|C(a) D(a) 0 J C(a) ( ) |0 K|” '
A(a) B()] [P 0 ][A(e) B(a)]” I LJ (4.10)
C(a) D(a) 0 R |[C(a) D(a) 0 J L*P M|’ '
where K, L, and M are unknown operators: according to Remark 3.3, the two
identity operators in the right-hand sides of (4.9) and (4.10) follow from the two

Lyapunov equations in (4.6), and the zero in the right-hand side of (4.9) follows
from the cross-term equation in (4.7).

Multiplying the first equation by [A(Q) D(a) } from the left and the second equation

by the same operator from the right, we get two different expressions which must
be equal. Equating the two expressions, we get the identity

C(a) D(a)K| ~ |L*PA(a)+ MC(a) L*PB(a)+ MD(«) (4.11)

lA(a} B(a)K] B [ A(a)+ LJC(a) B(a) + LJD(«)
Hence LJC(a) = 0. Since C(a) has dense range (it has the same range as C),
this implies that L = 0. Substituting this into (4.11) and using that C(«) has
dense range and B(a) is one-to-one (since B is one-to-one), we get K = [ and

M = I. This means that [0(3 EEZ;] is ([5 %], 9])-unitary. By Theorem 4.2, S

is (R, P, J)-conservative. O

If, in Theorem 4.4, we assume from the start that S is compatible and we write
[C&D] [%] in the form Cz + Du, then we obtain (using (4.8) but not (4.7)) Theorem
1.7 in the case where R=1, P=1 and J = I.

To the extent described in the following theorem, the non-tory case can be reduced
to the tory case. Here we shall require U, := Ker B and Y; := Ran C to be
orthocomplemented (or regular) in U respectively Y with respect to the (possibly
indefinite) inner product induced by R respectively J. For example, in the case
of Uy this means that U is the direct sum of Uy and Uy, where U; = (RUy)*
is the R-orthogonal complement of Uy. We write this as U = [g?] Since Uy
and U; are closed subspaces of U they inherit the Hilbert space structure of U.
The additional assumption that they are orthocomplemented implies that they also
inherit the Krein space structure of U equipped with the (possibly indefinite) Krein
inner product [-,-]y := (-, R-)uy (see, e.g., [4, Theorems V.1.3 and V.3.4]). Thus,
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there exist an invertible self-adjoint Gram operator Ry € L(Uy) such that the Krein
space inner product in Uy is given by [u, v]y, = (u, Rov)y,, where [u,v]y, = [u,v]y
and (u,v)y, = (u,v)y for all u, v € Uy. Clearly, Ry is given by Ry = 7Ry,, where
7 is the orthogonal (with respect to the standard inner product) projection in U
whose range is Uy. The assumptions that Uy and Y] are orthocomplemented are far
from trivial, unless R > 0 respectively J > 0.

Theorem 4.5. Let S = [A¢B] be a system node on (U, X,Y) with transfer function
G, and let and S* = [V‘&B]d] its adjoint. Let R = R* € L(U), P = P* € L(X)

[C& D)4
and J = J* € L(Y) have bounded inverses. Suppose that Uy := Ker B is R-
orthocomplemented in U and that Y7 := Ran C is a J-orthocomplemented in Y
(see the discussion above). Split U and Y into U = [g(l)] and Y = [g], where

Uy == (RUy)* and Yy = (JY1)*, and let Ry, Ry, Jo, and Jy be the Gram operators
of Uy, Uy, Yy, respectively Y. Finally, decompose S and G accordingly into

[A&B], 0
S—|[c&D]. Dy|, Gla)= [Glg? géﬂ aep(d).  (412)

0 Doi Do

Then the following conditions are equivalent:
(i) S is (R, P, J)-conservative;

(ii) Dog is (Ro, Jo)-unitary, Dig =0, Doy =0, and S, = “gﬁg%:} is a (Ry, P, Jy)-
tory node;

(iii) Doo s (Ro, Jo)-unitary, Doy = 0, and the two Lyapunov equations (4.6) and
the cross term equation (4.7) hold;

(iv) Dy is (R, Jo)-unitary, and the two Lyapunov equations (4.6) and both cross
term equations (4.7) and (4.8) hold.

When these conditions hold, then G(a) maps Uy (Ry, Jo)-unitarily onto Yy for each
a € p(A). In particular, dim Ker B = codim Ran C.

Remark 4.6. In the following proof we shall use the Krein space adjoints of various
operators rather than the ordinary Hilbert space adjoints. We use the superscript |
to denote a Krein space adjoint. These adjoints can easily be expressed in terms of
the ordinary Hilbert space adjoints and the corresponding weight (Gram) operators,
so that, for example

Al =P'A*P, B'=R'B'P, C'=P'C*"J, G(a)'=R'G(a)"J,

ftd i A L M
Pt 0 ][A(a) B@)] [P 0
R e sl [0 9]

and
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C(e) D(e)
adjoints, apart for the notational simplicity, is the following: Since Uy and U; are
R-orthogonal and Y, and Y; are J-orthogonal, we can compute j-adjoints of various
block matrix operators elementwise. Thus, for example, G(a)" decomposes into

where [A(a) B(a)] is the operator defined in (3.5).* The main advantage of the {-

t pi
G(a) = [G;(Ta ) g$1 ], whereas the decomposition of G(«)* is more complicated.
10 00

Proof of Theorem 4.5. We begin with a general observation: the decomposition of
S in (4.12) together with (4.2) implies that the operator [égzg géz)] e L([F]:[5))
defined in (3.5) decomposes into

A(a) B,(a) O X X
CT(OZ) Dr(oz) D10 . U1 — }/1
0 Do1 Dy Uo Yo

Recall that, by Theorem 4.2, S is a (R, P, J)-conservative system node if and only
if the above operator is unitary with respect to the Krein inner products induced

P00 PO O

by the weight operators [(OJ 1*(2)1 }g } and [(OJ {)1 }) } Using the t-adjoint described in
0 0

Remark 4.6, this is true if and only if

A@f C. (@)t 07 [A(@) B.(a) 0 I 00
B,(a)! D,(a)! D | [C.(a) D) Dyp| =10 I 0 (4.13)
0 Di, D}, 0 Dor Dy 00 I
and
A(a) B.(a) 0] [A(a)! C.()f 0 I 00
C.(a) D,(a) Dy| |B.(a)t D ()t DI | =10 T 0f. (4.14)
0 Do Doo 0 I, Dl 00 I

(i) = (ii): If S is energy preserving, then (4.13) holds. The first element in the
bottom row of (4.13) gives D},C,(a) = 0. Since C,(a) has dense range this implies
that DL) = 0, or equivalently, Dy = 0. The last element in the bottom row of
(4.13) gives DIODlo + D(T]ODOO = I, which simplifies into D(T]ODOO = I. Thus Dy is
(Ro, Jo)-isometric. By repeating the same argument with (4.13) replaced by (4.14)
we conclude that Dy is (Ry, Jo)-unitary, D1g = 0, and Dy = 0. Once we know this
much it is easy to show that [(‘; ((aa)) EZEZ” must be ([S’ 1%} , [{; }J)-unitary, hence
S, is (Ry, P, Jy)-tory.

(ii) = (i): If (ii) holds, then so do (4.13) and (4.14).

(ii) = (iii) and (ii) = (iv): This follows from Lemma 3.2 (and the fact that (ii)
implies (i)).

4The general rule is that one gets the f-adjoint by putting the inverse of the domain space Gram
operator to the left and the range space Gram operator to the right of the ordinary Hilbert space
adjoint.
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(iii) = (ii): Assume (iii). As BB' = B,B] and C'C = CIC,, it follows that
the two Lyapunov equations (4.6) hold with S replaced by S,. By Remark 3.3, the
cross-term equation (4.7) implies that B(a)TA(a) + D(a)'C(a) = 0. Written in
block matrix form this becomes

B, (a) A(a) D,(a)'C,(a)] [0
P Poiesr | = o)

The top row combined with Remark 3.3 implies (4.7) with S replaced by S,.. By
Theorem 4.4, S, is a tory node. The bottom row implies that Dig = 0 (see the
paragraph after (4.14)). Thus, (iii) = (ii).

(iv) = (ii): This proof is analogous to the proof of the implication (iii) = (ii)
given above. O

5 Dissipative systems

Definition 5.1. Let U, X and Y be Hilbert spaces, and let R = R* € L(U),
P =P € L(X)and J = J" € L(Y). We call a system node S on (U, X,Y)
(R, P, J)-dissipative if
T T
(@(0). Pa(D + [ (o) Ty@)3dt < (oo, P+ [0, Rul)de, (5.
0 0

for all T > 0 and =z, y, z¢, and u satisfying the conditions of Proposition 2.5. If
R=1, P=1and J = I then we simply call the node dissipative.

Energy preserving and conservative system nodes are obviously dissipative.
Lemma 5.2. Let S = [A£8] be a system node on (U, X,Y) with domain V, main
operator A, control operator B, observation operator C, and transfer function G,
and let S* = “gig]]ﬂ be the adjoint operator node with domain V. Let R = R* €
LWU), P=Pec LX) and J = J* € L(Y). Then the following statements are

equivalent:
(i) S is (R, P, J)-dissipative;
(ii) for all [33] €V,

2Re (A&B[20], Pao), < (ug, Rug)y — (C&D[2], JC&D[2])s;  (5.2)
(iii) for some (hence, for all) a € p(A), we have
{ PA+ A*P (a+A*) (a—A)"'B ]
(@—A""'P(@a+A) B*(@ )"1(2Re ( A)~'B (5.3)
+[ c*JjC C*JG } { }
G(a)*JC G(a

which is an operator inequality in E([ i } ; [ o D
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(iv) for some (hence, for all) « € CNp(A), the operator [‘é(a) B(a)} e L([F]:[))

(a) D(a)
defined in (3.5) is a ([5 %],[5 9])-contraction, i.e.,

sy Bl e e sl d) e

We leave the proof to the reader. It is almost identical to the proof of Lemma
3.2, and it is also very similar to the proof of the well-posed version [23, Theorem

7.4] (where R=1, P=1,and J =1).

6 The Case of Positive Weight Operators

In this final section we consider take a particular look at the case where the weighting
operator P is positive and invertible. Most of the time we shall also assume that
J > 0. We remark that if the system is energy preserving, then it follows from the
last (indicator) equation in (3.10) that also R > 0 in this case.

As already noticed after Definition 3.1, all (R, P, J)-energy preserving (hence,
all conservative) system nodes are well-posed if both P and J are positive and
invertible. The same remark applies to all (R, P, J)-dissipative system nodes. It is
worth mentioning that when showing that an operator node is (R, P, J)-dissipative
or (R, P, J)-energy preserving, well-posedness does not play any role, except as a
conclusion if R and J happens to be positive.

In all the main results in Sections 3-4 we have assumed S to be a system node as
opposed to an operator node, i.e., we have assumed that A generates a Cjy semigroup
on X. If P is positive and invertible and J > 0, then this assumption can be replaced
by the weaker assumption that p(A) N C, # 0.

Theorem 6.1. If J > 0, and P is positive and invertible, then the conclusions of
Lemma 3.2, Corollary 3.5, Theorem 3.8, Theorem 4.4, Theorem 4.5, and Lemma 5.2
remain valid for any operator node whose main operator A satisfies p(A)NCy # ().

Proof. The assumptions of all these results include either the Lyapunov equation
PA+ A*P = —C*JC or the corresponding inequality PA + A*P < —C*JC. Since
J > 0, this implies that PA + A*P < 0. Multiply this identity by P~'/? to the
left and right to get PY/2AP~1/2 4 p=1/2A* PY/2 < (. This means that the operator
A = PY2AP~1/2 ig dissipative. It is similar to A, so it has the same spectrum.
Thus, in particular, p(fl) NC. # 0. This implies that A is maximal dissipative, and
by the Lumer—Phillips theorem, it generates a Cy contraction semigroup. As A is
similar to A, also A generates a Cj semigroup (which is a contraction semigroup in
the norm induced by P.) O

A conservative system node with P > 0 is tory if and only if its transfer function
is purely (R, J)-contractive:
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Theorem 6.2. Let S be a (R, P, J)-conservative system node with P > 0. Then S
1s tory if and only S* is tory if and only if B is one-to-one if and only C' has dense
range if and only if its transfer function G is purely (R, J)-contractive on C in the
sense that (G(a)u, JG(a)u)y < (u, Ru)y for all « € C, and all nonzero u € U.

Proof. By the final remark in Theorem 4.5, B is one-to-one if and only if C' has dense
range. This implies that S is tory if and only S* is tory if and only if B is one-to-one
if and only C' has dense range. It only remains to show that S is tory if and only if
G is purely (R, J)-contractive. It is obvious from Theorem 4.5 that G(a) = D(«) is
not purely contractive if S is not tory (take some nonzero u € Ker B and recall that
Dy is unitary). Conversely, suppose that S is tory. Then, for all nonzero u € U we
have (see the last equation in (3.4) and recall that P > 0)

(u, Ru)yy = (B(a)u, PB(a)u)x + (D(a)u, JD(a)u)y > (D(a)u, JD(a)u)y
since B(«) is one-to-one. Hence D(a) = G(«) is purely (R, J)-contractive. O

We conclude this paper with a slight addition to Theorem 4.5 which is valid when
R, P, and J are positive.

Corollary 6.3. Let S = [AEB] be an operator node on (U, X,Y") with main operator

A and transfer function G, and let and S* = “gigj} its adjoint. Suppose that

p(A)NCy # 0, and that R € L(U), P € L(X) and J € L(Y) are positive and

invertible. Then the each of the conditions (i)-(iv) in Theorem 4.5 is equivalent to

[C&D),
a (R, J)-contraction for some (hence, for all) o € Cy.

(v) Dgo is (Ro, Jo)-unitary, S, = [[A&B]T] is a (Ry, P, Jy)-tory node, and G(«) is

Proof. By Theorem 6.1, S is actually a system node (i.e, A generates a Cj semigroup)
whenever any one of (i)—(iv) hold.

(i) = (v): By Remark 3.3 and the positivity of P,
R =B(a)"PB(a) + D(a)"JD(a) < D(a)*JD(a).

Thus G(a) = D(«) is (R, J)-contractive. (Note that the positivity of R and J are
not needed for this implication.)

(v) = (ii): Below we shall use the f-adjoints described in Remark 4.6. The
(R, J)-contractivity of G(a) means that G(a)'G(a) < I, which in block matrix
form becomes

[GT(Q)T D(ﬂ {Gr(a) Dm] - [1 0}
DIO Dgo Dy Doo| = [0 I]°

The bottom right corner of this identity gives DI,Dyg < I — D;Dgy = 0 (recall
that Dy is (Rp, Jo)-unitary). The assumptions that R > 0 and J > 0 imply that
the Krein space inner products induced by Ry and J; in U, respectively Y; are
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positive, and therefore DIODw > 0. Thus DIODIO = 0 and Dyp = 0. A similar
argument which starts with the fact that DoD{, = I and G(a)G(a)! < I shows
that Doy = 0. Thus (v) implies (ii). (Note that the positivity of P is not needed for

this implication.) O
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