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Preface

In this book, we consider various structures associated to the dynamical system,
given by the difference equations

Tjtr1 = AJ)j —I—Buj,
Y; =Cz;+Du;, j=0,£1,%£2,---,

on Hilbert spaces, and the discrete time algebraic Riccati equation (DARE)

A*PA—P+C*JC
= (D*JC + B*PA)* (D*JD + B*PB)~" (D*JC + B*PA),

where J is a self-adjoint, bounded cost operator. Various types of algebraic
Riccati equations are connected to a number of fields in mathematics where
state space realizations for analytic operator-valued functions are of importance.
Typical applications within system theory are feedback control and stabilization
of systems, initial state estimation by the Kalman filter, system identification
by the spectral factorization of an estimated spectral function, state space H°
control theory, and various applications in game theory. Our main interest lies
on the operator and analytic function theory aspects of the DARE, such as
the spectral factorization, the inner-outer factorization and certain invariant
subspace problems.

Our treatment does not require the finite dimensionality of any of the Hilbert
spaces, but a certain compactness assumption is often required to reduce the
“infinite dimensionality” of the system. For the full results, the cost operator J
is required to be nonnegative. State space isomorphism techniques and special
realizations of transfer functions are neither considered nor applied, due to time
and page limitations.
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Notation

We use the following notations throughout the paper: Z is the set of integers.
Z, ={je€Z]|j>0} Z_:={je€Z]|j <0} Tis the unit circle and D
is the open unit disk of the complex plane C. If H is a Hilbert space, then
L(H) denotes the bounded and L£C(H) the compact linear operators on H. If
A € L(H), then A° := I, by convention. Elements of a Hilbert space are
denoted by lower case letters; for example u € U. Sequences in Hilbert spaces
are denoted by @ = {u;}ie; C U, where I is the index set. Usually I = Z or
I =7Z,. Given a Hilbert space Z, we define the sequence spaces

Seq(Z):={{zi}ticz |zi€Z and I €Z Vi<I:z =0},
Seqi(Z) = {{ziticz | zi € Z and Vi<0:2 =0},
Seq_(Z) := {{zi}icz € Seq(Z) | z; € Z and Vi>0:2 =0},

0°(2;2) = {{zitiez C Z| Y |4l < oo} for 1<p< oo,
i€Z

(215 2) = {{zitiez, CZ| Y |lailly <oo} for 1<p< o,

i€Z+
(°(Z; 7)) = {{Zi}iez C Z| su§||zi||z < oo}.
ic

The following linear operators are defined for Z € Seq(Z):

e the projections for j, k € Z U {+oo}

T2 = {wil; wi =z for j<i<k, w;=0 otherwise,
T = ’/T[j,j]a T 1= 7'('[1700], m_ = 71'[_007_1],

Ty :=Tg+ Ty, T_ =T+ 7T_,

e the bilateral forward time shift 7 and its inverse, the backward time shift

*

78 :={w;} where w; =u;_1,

70 = {w;} where w; = uj41.

Other notations are introduced when they are needed.
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Chapter 1

Discrete Time Linear
Systems

1.1 Introduction

In this chapter, we develop the basic system theoretic tools that are required
to conveniently describe the behaviour of the dynamical system, given by the
difference equations

(1.1) {xﬂl = Az;j + Buy,

Y; =Cz;+Du;, j=0,£1,%£2,---,

where A € L(H), Be L(U;H),C € L(H;Y), D € LU;Y),and U, H and Y
are Hilbert spaces. To equations (1.1), we associate a data structure ¢, called
a discrete time linear system (DLS) in difference equation form. The DLS ¢ is
simply an ordered quadruple ( é 5) of the bounded linear operators A, B, C' and
D, appearing in equations (1.1. Basic theory of the DLS ¢ is given in Section 1.2.
In Section 1.3, we introduce another data structure @, called a DLS in I/O form.
Such @ is a quadruple [ACJ ng of three linear mappings B, C and D, together
with the family of bounded linear operator {A7};>0. By Theorem 15, these two
notions of DLSs give two equivalent formalisms to describe the general class
of dynamical systems, given by equations (1.1). Adjoints, compositions and
inverses of DLSs are introduced in Section 1.4. In Section 1.5, we develop the
state feedback structure for DLSs in difference form, and in Section 1.6 we do
this for DLSs in I/O form. It is shown in Lemma 26 that these feedback notions
are equivalent.
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Until now no stability assumptions or definitions for DLSs have been made, if
one does not regard the boundedness of the operators in (1.1), known as the
well-posedness of the DLS, as a stability assumption. In Section 1.7, the ¢2
norms and inner products are introduced to the input and output sequences.
Topological versions of the linear mappings B, C, D, together with their domains,
are defined. In Definition 32, several stability notions for DLSs are given, such as
input stability, output stability, strong H? stability and I/O stability. The closed
graph property, the density of domain and the boundedness for the (topological)
operators C, Dy and D7, are studied. In Section 1.8, a stronger topology
for the state space is introduced. With this new topology, we transform the
original strongly H? stable DLS into a modified system with the same I/O map
and algebraic properties, but with the additional property that the modified
system is output stable. In Section 1.9, we return to consider the state feedback
structure, but now we assume that the DLSs and feedback have some stability
properties. In the final Section 1.10, we consider the transfer functions and
nontangential limits of the transfer functions of DLSs. Most of the results of
this chapter appeared in [56] (Malinen, 1997).
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1.2 Difference equation systems

Let A, B, C' and D be bounded linear operators between appropriate Hilbert
spaces U, H and Y. In this section, we introduce the basic algebraic notions
associated to the system of difference equations

(1.2) {%‘H = Aw;j + Buj,

y; =Cx; + Duj, jE€Z,

where u; € U, z; € H and y; € Y for all j € Z. The index j is regarded
as a discrete time parameter. For notational convenience, we associate a data
structure to equations (1.2).

Definition 1. Let U, H and Y be Hilbert spaces. Let the operators A €
L(H,H), Be L(U,H), Ce LHY), De LU,Y) be arbitrary.

(i) The ordered quadruple ¢ = (4 B) of operators A, B, C and D is the
discrete time linear system (DLS) in difference equation form.

(i) The space U is the input space, H is the state space, and 'Y is the output
space of ¢.

(ii) The operator A is the semigroup generator of the DLS ¢. The operator
B is the input operator, the operator C is the output operator, and the
operator D is the feed-through operator of the DLS ¢. The operators A,
B, C and D are the generating operators of the DLS ¢.

Let a sequence @ := {u;}jez € Seq(U) be arbitrary. Then there is the largest
j'(@) € Z, such that u; = 0 for all j < j'(@). Furthermore, there exists a unique
sequence of states {«;(@)};ecz, such that

zjp1() = Ax; (i) + Bu;
and z;(@) = 0 for all j < j'(@). Define sequence § := {y;}cz € Seq(Y) by

It can be easily seen that the mapping Seq(U) > 4 — ¢ € Seq(Y) is well-defined
and linear. This mapping is the I/O (input-output) map of the DLS ¢ = (4 B),

associated to the equations (1.2).
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Definition 2. Let ¢ = (4 B) be a DLS.

(i) The I/O map Dy is the linear map Seq(U) > @ — § € Seq(Y') associ-
ated to the DLS ¢ via (1.2), as explained above. The DLS ¢ is called a
realization of its I/O map Dgy.

(ii) The sequence @ = {u;j}jez is the input sequence of the DLS ¢. The
sequence {x;}jcz is a sequence of states, and § = {y;};jcz is an output
sequence of ¢, if they satisfy the equations (1.2) for some input sequence
u € Seq(U).

It is not difficult to calculate the formula for Dy:
Proposition 3. Let ¢ = (A 5) be a DLS, and let @ € Seq(U) be arbitrary.
The I/0O map is given componentwise by
(1.3) (D¢ﬂ,)j = Z CAiBUj_i_l =+ DU,j
i=0
forall j € Z.
Note that the sum (1.3) is actually finite (and thus well-defined), because we
assume that @ € Seq(U). Because Dy depends only on the operators D and

CA'B for i > 0, but not directly on A, B and C, it follows that several different
DLSs can have a common I/O map.

In order to study the time dynamics of various mappings associated to a DLS,
we define some projections and a shift operator on the sequence spaces.

Definition 4. Let Z be a Hilbert space, and let Z € Seq(Z) be arbitrary. Then
we define the following linear mappings in Seq(Z):
(i) the interval projections for j,k € Z

k2 = {wils wi =2 for j<i<k, 0 otherwise;

T = T4
(i) the future and past projections
Ty = M,ec]y T = M—oo,—1],
(iii) the composite projections

Ty =Tg+ 7y, 7T_:=mg+7_,
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(iv) the bilateral forward time shift T and its (formal) adjoint, backward time
shift T*
T :={w;} where w;=u;_1,

70 = {w;} where w; = ujt1.

We call 7 to be the “adjoint” of 7 rather than inverse for notational simplicity.
At this stage, we do not yet have a Hilbert space structure on the sequence
spaces that would make 7* a true adjoint. However, such structure will be
introduced later.

Definition 5. Let D : Seq(U) — Seq(Y) be a linear mapping. Then

(i) D is shift-invariant, if 7D = Dr,
(i) D is causal, if it is shift-invariant and 7. Dr_ =0,
(ii) D is anticausal, if it is shift-invariant and 7Dy =0,

(iv) D is static, if it is shift-invariant and 7¢D = Dny.

Clearly, if D is static then m;D = Dm; for all j € Z. Furthermore, each static
mapping is causal and anticausal. Conversely, a causal and anticausal mapping
is static.

Proposition 6. Let D : Seq(U) — Seq(Y) be a linear mapping. Then the
following are equivalent:

(i) D is static.
(i) There is a linear mapping D : U — 'Y such that

D{u;}jez = {Duj}jez.

Proof. Assume (i), and define D = myDmy. With the obvious identification of
range (o) with U and Y, it follows from the linearity of D that D : U — Y is
linear. The mapping D extends to a mapping D : Seq(U) — Seq(Y) by setting
D{u;}jez = {Du;}jez for all {u;}jcz € Seq(U). It is easy to see that D is a
static mapping. If we show that D = D on Seq(U), claim (ii) is established.

For contradiction, assume that D # D. Then there is a @ € Seq(U) and
j € Z such that m;Du # 77][)71 By shifting 4, we may assume that j = 0.
Because D is static, it follows that moDu = mg - moDu = moDmot and similarly
7r0Du = 7r0D7r0u But both 7r0D7r0u and 7r0D7r0u are identifiable with Dug, by
the definitions of D and D. So, the counter assumption ;DU # W]Du leads to
a contradiction, and D = D follows. It is a triviality that (ii) implies (i). O
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So, static mappings are identifiable with the linear mappings D : U — Y. In
fact, we write from now on

D{u;}jez = {Du;}jcz

for all {u;}jez € Seq(U). In the following proposition, we deal with certain
limits and infinite sums of linear, shift-invariant and causal mappings.

Proposition 7. Let {T;};>0 C L(U;Y) be a countable family.

(i) For arbitrary n > 1, the mapping D™ : Seq(U) — Seq(Y), given by

n
DM = Z Ty,
i=0

is a linear, shift-invariant and causal.

(ii) There is a unique linear, shift-invariant and causal mapping D : Seq(U) —
Seq(Y') such that for all @ € Seq(U) and j € Z

(1.4) ;D™ i — ;D
(in the norm of Y ) as n — oo. We write Y -, T;7" := D.

Proof. Tt is a matter of easy computation to see that claim (i) holds. For the
converse implication, let & € Seq(U) and j € Z be arbitrary. Then, by the
definition of D™, we have

n n
;D = g TimiT'a = g Tim'mj—ii.
i=0 i=0

Because @ € Seq(U), the sum Y., T;7'7;_;i remains a constant finite sum
for all n large enough. So we can define y; € Y for all z € Z by setting y; :=
lim,, oo 7, D™ @ with the obvious identification of spaces Y and range (m;).
Define 5 := {y;}jez. Clearly y; = 0 if j is small enough, because @ € Seq(U).
So we have constructed a mapping D : Seq(U) — Seq(Y) by setting D = 3.
Clearly D is linear, and it is the only mapping that can serve as a candidate
for the limit of the sequence {D(™} because equation (1.4) is satisfied, by the
construction.

We show that D is shift-invariant. Let @ € Seq(U) and j € Z be arbitrary.
Because each D™ is shift-invariant, we have

WjD(")Tﬂ = WjTD(")ﬂ = Tﬂj,ﬂ)(")ﬂ — Tmj_1DU

(in the norm of Y') as n — oco. But also WjD(n)Tﬂ — 7;Dr1, and the uniqueness
of the limit implies that ;D74 = 7m;7Du. Because both @ and j are arbitrary,
it follows that D7 = 7D on Seq(U). The causality of D is proved in a similar
way. O
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We say that the infinite sum Y~ 7;7'% exists in the sense of componentwise
convergence. This notion of convergence gives the vector spaces Seq(U) and
Seq(Y) the topology of componentwise (pointwise) convergence. We are now
prepared to show that linear, shift-invariant and causal mappings on Seq(U)
can be represented with the aid of countable combinations of static mappings
and the forward shift 7.

Proposition 8. Let D : Seq(U) — Seq(Y) be a linear, shift-invariant and
causal mapping, such that m;Dymo € L(U;Y) with the obvious identification of
range (m;) with Y and range (mg) with U.

Then there is a unique countable family {T;}i>0 C L(U;Y) such that D =
S o Tyt in the sense of componentwise convergence.

Proof. Define T; := m;Dmg for ¢ > 0. By the identification of range (m;) with
Y and range (my) with U, it follows that {T;}i>0 C £(U;Y). By Proposition
ii, there is a unique linear, shift-invariant and causal mapping D’ : Seq(U) —
Seq(Y), such that for all j € Z and @ € Seq(U)

(oo}
(1.5) 7, D't = Zﬂ'jTiﬂ'jTiﬂ'j_iﬂ.

=0
Here T; is regarded as a static operator on Seq(U), and the sum contains only
a finite number of nonzero terms. We proceed to show that D = D’ on Seq(U).
It is enough to show that m; D% = 7;D'a for all j € Z and @ € Seq(U).

By the definition of the static operator T; : Seq(U) — Seq(Y), it follows that
mTimy = T Dror*) . But then

7TjTi7roi =77, Dmryr =9

= WjTjiiDT*(jii)’lTj,i = m;Dm;_;.

By combining this with equation (1.5), we obtain

o0 o0
(1.6) D't = Z Dt = WjDZ Tj—ilh = T DT _ oo 51,

i=0 i=0
where we have used the linearity of D and the fact that all the sums have only
a finite number of nonzero terms, by assumption @ € Seq(U). Because D is
causal, we have 7;Dm[j 1 % = 0. This, together with equation (1.6), implies
that 7;D'a = m;Du. The uniqueness of the representing family {7;};>o is trivial,
and the proof is complete. O

As a combination of Propositions 3 and 8, we can represent the I/O map as the
sum
(1.7) Dyii=Dii+ Y CA'Br'a.

i>0
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The sum in formula (1.7) converges componentwise in Seq(Y).

In some subspaces of Seq(U), the shift 7 can be realized as a multiplication by
a complex variable z. This gives us the transfer function representation for the
I/O map. The operator-valued analytic transfer function is given by

(1.8) Dy(z) =D+ > CA'Bz""' for z€C,
i>0

where the power series converges in a neighborhood of the origin. For example,
this is true for all z satisfying |z| < ||A||~!. We return to these questions in
Section 1.10

We have now considered the linear, shift-invariant and causal mappings be-
tween the vector spaces Seq(U) and Seq(Y). The following realization lemma
characterizes the set of I/O maps for DLSs in this larger set.

Lemma 9. Let D : Seq(U) — Seq(Y) be a linear, causal and shift-invariant
mapping. Then the following are equivalent

(i) D is an I/O map of a DLS.

(i) The mapping D has a unique componentwise convergent series represen-
tation

(1.9) D=> T;7,

i>0

where the operators T; € L(U;Y), i > 0, satisfy the growth bound ||T;|| <
Crt for some C < 0o and r > 0.

Proof. The implication (i) = (ii) follows trivially from formula (1.7) and the
fact that the generating operators A, B, C' and D are bounded. The proof of
the converse implication (ii) = (i) requires the construction of a DLS whose
I/O maps equals D. Let us first show that any linear, causal and shift-invariant
mapping D : Seq(U) — Seq(Y') can always be written in the form of (1.9) where
T; € L(U;Y). For 4 € Seq(U) satisfying mot = @ we have

(1.10) Dot = Zﬂﬂ)woﬂ = Z 7t (T*iﬂ'iD’lTo)fl, = Z Tirimoi
i>0 i>0 i>0

where T; : U — Y is given by T; = 7*'m;Dmg = mor**Dmg with the obvious
identification of spaces. The uniqueness of this representation for the inputs of
type mot is clear, and ever more so for more general inputs. The boundedness
of T;’s follows from the assumed growth bound ||T;|| < C'r¢. The assumed shift-
invariance, linearity and causality of D makes it possible to extend equation
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(1.10) for all @ € Seq(U), by using the unique formal sum representation & =
> j>g i for elements of Seq(U) and noting that the sum defining m;D is
finite, for all j € Z. We conclude that formula (1.9) holds, in the sense of
componentwise convergence.

To complete the proof, we must find bounded operators A, B, C' and D on some
Hilbert spaces U, Y and H such that

D=T,, CA"'B=T, for i>1.

The choice of D is clear. The input space U and the output spaces Y are fixed
by the choice of D, but the state space H will have to be constructed. We first
define

A:=747": Seqi(Y) — Seq.(Y)
B:=T1TyTs---]7 : U — Seq, (Y)
C:=mp:8eqt(Y)—Y

and the define the state space H to be a certain Hilbert subspace of Seq; (Y)
such that the operators become continuous.

By using the growth bound ||T;|| < C'r® assumption, we can choose 7 < 0o so
large that Y., r~*||T;||> < co. An inner product can be defined in a subset of
Seq(Y) by

<?j, ’J)>H = ZT_% <yia wi)Y'

i>0

Now the state space H C Seqy(Y) is, by definition, the closure of the finite
length sequences in this inner product. For v € U, we have

|Bul[f =Y % (T, Tyu)y
i>0
=Y Ml T3 < lullE Y r 1T

i>0 i>0

This proves that B maps U into H boundedly. To show the boundedness of A
on H, we calculate

|Agll3 21217“72(1‘71) (Vi Yi)y
1911 2iso " 2 Vi vi)y
o Di>1 2 (i Yi)y 9
=r 2 <re.
Ym0 2 Wi vi)y

Thus we obtain the norm estimate ||A||g < r. The boundedness of C' = mq is
trivial. This completes the proof. O
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The realization that has been constructed in the proof of Lemma 9 is a variant
of the shift realization of a H° transfer function. For further information about
shift realizations, see [35, Chapter III]. The number

inf{r>0]3C<o0: ||T|| <Cr}

majorizes the spectral radius p(A) of the semigroup generator A. The proof of
Lemma 9 implies that given a DLS ¢ = (4 B) and an arbitrary r > p(A), we
can find another DLS ¢’ such that Dy = Dy, whose semigroup generator A’
satisfies ||A’|| < r. Because the generating operators of a DLS ¢ are bounded,
it follows that the transfer function Dy(z) is analytic in a neighborhood of the
origin. In the continuous time language of [89] and [98], this can be called the
well-posedness of the system. Thus DLSs are well-posed discrete time linear

systems.

In addition to the I/O map, we also define two other linear mappings — the
controllability and observability maps.

Definition 10. Let ¢ = (A B) be a DLS.

(i) The controllability map By : Seq(U) — H is the linear mapping defined
by

(1.11) Bqﬂ] = ZAiB’U,_i_l

i>0
for all o € Seq(U).
(i1) The observability map Cy : H — Seq(Y') is the linear mapping defined by

CAixy, for j>0,

(112) (C¢(E0)j = {0 for ] <0

for all xg € H.

As we shall see in a moment, the controllability map brings data into the DLS.
The state space H serves as a “memory” of the DLS, and the semigroup gen-
erator A “processes the data” there. Finally, the observability map “reads the
memory”, and outputs its contents.

It is not always the case that we want to “start” the DLS with initial condition
xy = 0 indefinitely far in the past, even though the input sequence space Seq(U)
has been designed for this purpose. In the initial value setting, we start at some
specific time point (usually chosen to be j = 0) with a given initial state zo € H.
The input sequences % as well as the output sequences y would then lie in the
spaces Seq;(U) and Seqy(Y), respectively. In practice, we postulate that we
have a capability of “loading a state” of our choice into the “memory” of a DLS
— or at least being able “reset” the state of a DLS to zero at a given moment.
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Proposition 11. Let ¢ = (4 B) be a DLS. Let xg € H be an initial state at
time j =0, and u € Seqy(U) be an input sequence.

(i) The state of ¢ at time j > 0 is denoted by x;(xo, @) € H, and given by

j—1
(1.13) zj(zo,0) = Algy + Z AiBuj_i = Az + B¢T*j&,
i=0

where T is the time shift defined in Definition 4.

(i1) The output sequence §(xo,4) = {y;j(z0,%)};>0 € Seqy(Y) of ¢ is given

by
(1.14) yo(xo,u) = Cxg + Dug = WQ(C¢J)Q + 'Dqﬂl),
j—1
yj(zo,1) = CAlwg + > CA'Buj_; + Du,
=0

= 71']‘(C¢£L'0 + D¢1~L) for j>1.

It is true that the mappings Dy, By and Cy share an important property with our
(classical notion of the) universe, namely the causality. The following proposi-
tion collects the results how the I/O map, controllability map and observability
map interact with the time projections and shifts.

Lemma 12. Let ¢ = (4 B) be a DLS. Then

(i) Dy, By and Cy are causal; i.e. they satisfy

m_Dgmy =0, B¢7_T+ =0, 7_Cy=0,

(i1) By satisfies

Byt = (ABgy + Byt mo) U
= AB¢’L~L + Buy,
Jj—1
B¢T*ja = Aj Bwl + Z AiB’U,j_i_l,
=0

forallj > 1,4 € Seq(U),
(i11) Cy satisfies

747°Cy = CyA,
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(iv) Dy satisfies
T4 Dy —Dymiy = T4 Dym— :C¢B¢, Dyt = 7Dy, D¢T* :T*D¢.

Proof. Claim (i) is a direct consequence of Definition 10. The first part of claim
(ii) will be proved by calculating for any @ € Seq(U)

Bdﬂ'*ﬂ = Z AiBu,i = AZ AiBu,i,1 + Bug = A8¢ﬂ + Buy.
i>0 i>0

Quite easily we note that Bug = Bg7*7 4. This gives the first part of claim
(ii). The latter part of claim (ii) follows from the first part by induction. The
claim (iii) is an immediate conclusion of Definition 10.

The first equality of claim (iv) is trivial. For the proof of the second equality
we proceed as follows (j > 0)

(Dymr_ii); = Y CA'B(r_i1)j_;_1 + D(m_ii);

=0
00 00
= Z CAzBU,j_i_l = Z C A Bujf(i+j)*1
P> i>0

=CA'Y A'Bu_;_y = (CyByi);.

i>0

This proves the former part of claim (iv). The remaining part in claim (iv) is
clear. This completes the proof the lemma. O
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1.3 DLS in I/O form

In previous Section 1.2, we associated three linear mappings By, Cy, Dy to any
DLS ¢ = (& B). In this section, we forget the generating operators B, C' and
D for a while and work only with operators A, B, C and D that are postulated
to satisfy the properties of A, By, Cy and Dy as given by Lemma 12. We can,
in fact, characterize the DLS starting from such operators A, B, C and D. This
will be the main result of this section.

Definition 13. Let U, Y and H be Hilbert. Let A € L(H). Let B, C and D be
linear operators of the following kind:

(i) B:Seq_(U)— H,C:H— Seq(Y) and D : Seq(U) — Seq(Y).
(i) D, B and C are causal in the sense of Lemma 12

7T_,D7Tr+ = 0, BTT_’_ = 07 n_C =0.

(iii) B satisfies
Br* = AB+ Br*n,
Br_, € L(U, H),
where U is identified with range (m_1) on Seq(U) in the natural way.
(iv) C satisfies
747°C = CA,
moC € L(H,Y),
where Y is identified with range (7o) on Seq(Y') in the natural way.
(v) D satisfies

77T+D7T_ = CB,
Dr=71D, Dr*=71"D,
moDmy € ,C(U, Y),

where U and Y are identified with range (7o) in the natural way.

Then the ordered quadruple

A B
(1.15) o= {c . }

is the discrete time linear system (DLS) in I/O form. The operator A is the
semigroup generator of ®, and the family of the operators {A’} ;>0 is the (dis-
crete) semigroup of ®. The mapping B is the controllability map, the mapping
C is the observability map, and the mapping D is the I/O map of P.
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We remind that the DLS ¢ = (4 B) in Definition 1 is called a DLS in difference

equation form. Lemma 12 associates to each DLS ¢ in difference equation form
AT Byt

c, D, } It appears that also the

a unique DLS in I/O form, namely ® = [

converse of Lemma 12 holds.

Lemma 14. Let & = [I‘g ng] be a DLS in I/0O form. Then there are unique
linear operators B € L(U,H), C € L(H,Y), D € L(U,Y) such that B = By,
C = C4, D = Dy for the DLS ¢ = (4 5) in difference equation form. The
semigroup generator ¢ is the same operator A as the semigroup generator of ®.
Furthermore, we have

(i) B := Bmw_1 where range (m_1) and U are identified in the natural way,
(ii) C :=moC where range (my) and Y are identified in the natural way,

(iii) D := moyDmy, where the range of the right mo is identified with U, and the
range of the left my is identified with Y in the natural way.

Proof. We begin the proof by considering the mapping B. Define B := Bmr_;.
Then by assumption B € L(U, H), and Br*a = ABu + Buy for all @ € Seq(U).
By induction, just as in the proof of the last part of claim (ii) of Lemma 12, we
have for all j > 1 and @ = {u;} € Seq(U)

j—1

(1.16) BT*j’a: Al B’&—FZAiBUj_i_l.
i=0

We have the finite sum representation m_a = )

This and the linearity of B imply

j<o ;U for each @ € Seq(U).

(1.17) Bii= Br_ i = Zgﬂj@ - ZBT*ulﬂolel@
Jj<0 J<0
By formula (1.16), we have for all j < 0

(1.18) Brjii = Br*l (W0T|J‘|ﬁ)

j-1
= AVl B(morll @) + ZAiB(WOlelﬂ)|j|—i—l
i=0

_ A\j\—lBU_ljl = A9 Buj.

Formulae (1.17) and (1.18) together give

Bi=Y A7 'Buj=Y A"'Bu_;=> ABu_; ;.

J<0 Jjz1 Jj=0
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This proves that B = By for the DLSs of the form ¢ = (4 2), where * stands
for an irrelevant entry.

To make a similar analysis for C, we first define C' := myC. By assumption,
C € L(H,Y). For any xg € H and j > 0, a direct calculation gives

(Cﬂ?o)j = (T*jcxo)o = WQT*jCl‘Q.
But by assumption (iv) and definition of C
WoT*jcxo = WoCijo = CAj{Eo.

Thus (Czg); = CAJzg, and C = Cy for all DLSs ¢ = (4 ¥).

Our final task is to construct an operator a D € L(U,Y) such that D = Dy
for the DLS ¢ = (A4 B), where B and C are as constructed above. Define
D := oDy with the obvious identifications of spaces. Set ¢ = (& B). Clearly
B = By and C = Cy, by what we have already proved above. Because the choice
of the feed-through operator does not change the controllability and observ-
ability maps, it remains to check that the we have Dy = D on Seq(U). By
an application of the representation formula (1.9) of Lemma 9 on the mapping
Dy — D, it is enough to show that Dyt = Du for sequences satisfying & = mya.
But we have in Seq(U)

(Dy — D)mg = m1—(Dy — D)o + mo(Dy — D)mo + 71 (Dy — D)o

Now, m_(Dy — D)7+ = 0 because both D, and D are causal. Furthermore,
74+ (Dy — D)y = m47(Dy — D)7*mg = 7 - T4 (Dyp — D)m— - mo7* = 7(CpBy —
CB)mom* = 0, because B = By and C = C,. We conclude that

(D¢ — D)TFQ = 7T0(D¢ — D)?TO = 0,

because myDymg — moDmg = D — D = 0, by the choice of D. This proves the
last part of the lemma. O

We now summarize an immediate conclusion of Lemmas 12 and 14.

Theorem 15. There is one-to-one correspondence between DLS in difference
equation form and DLS in I/0 form. To get the DLS given in difference equation
form into the I/O form, the formulae of Lemma 12 are used. To get the DLS
given I/0 form into difference equation form, the formulae of Lemma 14 are
used.

Ifthe DLSs ¢ = (A4 B)and @ = [ch BT*’ ] are equivalent in the sense of Theorem
15, we write ¢ = ®. We adopt the convention that a symbol in lower case denotes
a DLS in difference equation form, and the same symbol in upper case denotes
the same DLS in I/O form. For example, ¢? = ®? and so on.
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1.4 Adjoint, product and inverse DLS

In this section, we define and study three algebraic operations on DLSs.

Definition 16. Let ¢ = (éi gi ), P2 = (gj gz) be two DLSs. Assume that
the input space of ¢o is U, the output space of ¢o and the input space of ¢1 is
W, and the output space of ¢1 is Y.

(i) If DT* € L(Y;U) exists, then define

61 = Ay - B D{'Cy B D;!
1 _‘Dl—lcv1 Dl—l

This DLS is the inverse DLS of ¢1.
(i) Define

Ay B1Cy B1D,
P12 = 0 A Bs
Ci DCy DD,

This DLS is the product DLS of ¢1 and ¢ps.

(iii) Define
—_ (A G >
b=(5t o)
This DLS is the adjoint DLS of ¢1.
Proposition 17. Let ¢1, ¢2 be as in Definition 16.

(i) Dy, : Seq(W) — Seq(Y) is invertible and its inverse is a I/O maps of
a DLS if and only if Dy' € L(Y;W) exists. In this case, the inverse
D;ll : Seq(Y) — Seq(W) is given by D;ll =Dy

(i1) The composition of the I/O maps Dy, and Dy, satisfies Dy, Dy, = Dy, -
(iii) The adjoint DLSs satisfy (;{1) = ¢1, and (¢p7') = (&I)’l, Furthermore,

Dis=Daa

Proof. Consider first the “if” part of claim (i). Assume that the feed-through
operator of ¢; has a bounded inverse D] '. Assume §j := {y;}jez € Seq(Y)
and @ := {u;}jez € Seq(W) satisfy § = Dy, 4. By j'(4) € Z denote the largest
integer such that u; = 0 for all j < j'(@). Then, by Definition 2 of the causal I/O
map, y; = 0 for all j < j/(@). Because the state sequence satisfies z;(4) = 0 for
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all j < j'(a) by the definition of the I/O map, it follows that y;/(q) = Diuj/(a)-
Thus y;/(z) # 0 and j'(3) = j'(@). By the shift-invariance of Dy, , we may assume
without loss of generality that j'(g) = j/(@) = 0, @ € Seq (W), § € Seq+(Y),
and the initial condition for the difference equations defining Dy, is given by
29 = 0. Then we have the equivalences

=Dy, u
o — Avrs 4+ Bius
& AR 125 + B, for all j >0,
Y; = Clxj + Dluj,
i1 = Az + By, forall j>0

u; = —DflCla:j + D;lyj,

zj41 = (A1 — ByDy'C)zj + B Dy 'y,

< L —1 , 1
u; = —D7 "Ciz; + Dy yj,

forall j >0,

)’
< A A A <

= = ID¢1—1g
We conclude that Dy—1Dy, = I on Seq(U). By using (¢7')~' = ¢y, also
Dy, Dy =1. So Dy-1is a two-sided inverse of Dy, .

To prove the “only if” part of claim (i), assume that D;ll is an I/O map of some
DLS ¢'. Then, because Z = D;11D¢1 = D¢1D;11, we have g = WOD;11D¢17TO =
mD,, w0 - T Dy, o, by causality of both D, and Dy,. Now, moDg,mo = D,
and I = D'D, where D' = 7T0Dq:117'(0. Similarly, I = DD’. It follows that D is a
bounded bijection between Hilbert spaces U, Y. It thus has a bounded inverse
D~ = D’. This completes the proof of claim (i).

For the second claim (ii), recall formula (1.7) for the I/O map of a DLS. Use
this to obtain a formula for Dy, Dg,

(1.19) Dy, Dy, = D1Dy+ Y Ty,
k>1
where
(1.20) Ty := D1C2 A5 ' By + C1 AY ' B1 Dy
+ ki CLAT ' BiCoAS 7By, k> 2
j=1

T1 = chQBQ + ClBlDQ

and all T, € L(U;Y). Sum (1.19) converges in the same sense as formula (1.7)
but we omit these details. We calculate the similar formula for the I/O map of
the DLS ¢1¢2. For this end, note that the powers of an upper triangular (block)



18 CHAPTER 1. DISCRETE TIME LINEAR SYSTEMS

matrix can be calculated by

a ck_ ak Z?;éajcbk_j_l B> 1
0 b |0 b T

An application of this gives for & > 1

k
. Ay B1Cy|” |B1Ds
Cor62 44,5, 0100 = [0 D1 [01 A, } [ ]

By
Ak SR AT B Oy AT [BLD,
—[Ccy D+C 1 j=0 1 2
() DiCy] {O " !
= C1AfB1Dy + D1CyASBy + Cy | > AT BiCy A) 1 | By
j=0

But this equals Tj41 of equation (1.20). The case k = 0 gives

B1 Dy

(€1 DiCy] [ -

:| = ClBlDQ + chQBQ = Tl.

Because also the static parts of Dy, Dy, and Dy, ¢, are both D;Ds, equations
(1.19) and (1.20) give also the I/O map of ¢1 ¢2. The last claim (iii) is immediate.
This completes the proof. O

We remark the there is no uniqueness in the product realization ¢;¢o of the

shift-invariant causal operator Dy, Dy,. Furthermore, generally ¢1¢2 # &Sqﬁl
but the state spaces of these product DLSs are unitarily isomorphic. Given an
I/O map Dy, its adjoint I/O map Dy, is defined by Dy := DJ). It is easy to show,

by using formula (1.7), that 1,); is independent of the choice of the realization

é.
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1.5 State feedback in difference equation form

The state feedback is a basic tool in control theory that is used to change some
characteristics of a given system. In this section we study the state feedback of
DLSs in difference equation form. In Section 1.6 we carry out the similar work
for DLSs in I/O form. It will finally appear that these two feedback notions are
equivalent, see Lemma 26. This is essentially a conclusion of Theorem 15.

We first introduce the notion of the (state) feedback pair, originally introduced
in [82]. It comprises a pair of such bounded linear operators that can be “cou-
pled” into a given DLS. These operators will serve as an “extra output” that
can directly be used as a feedback signal for the original system. Because one
of the operators in the feedback pair is allowed to read the whole state space,
we speak about state feedback.

Definition 18. Let ¢ = (4 B) be a DLS with input space U, output space Y
and state space H .

(i) The feedback pair (K, F) (in difference equation form) is an ordered pair
of linear operators K € L(H,U) and F € L(U,U) satisfying (I — F)~1 €
L(U,U). The operator K is the output operator, and the operator F is the
feed-through operator of (K, F).

(ii) Let (K,F) a feedback pair. Then
A B

T

is the extended DLS (in difference equation form) from ¢ with feedback
pair (K, F). We also write ¢*** = (¢, (K, F)). The input space of ¢°<* is
U, the output space is Y & U and the state space is H.

Following the language of [98], we can call the requirement (I — F)~! € £(U,U)
admissibility of the feedback pair. We shall see in Proposition 22 that this is
equivalent with the invertibility on Seq(U) of certain I/O map. The following
diagram illustrates the signals for the extended system ¢*** with a given initial
state g € H at time j = 0.

.
Tj11(T0, 0) A B
yi(wo, @) ¢l [D
ema | | [#

L
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Here the input sequence of ¢°** is & = {u;};>0 € Seq4(U). The state trajectory
xj = x;(xo, %) and the output sequence y; = y;(zo, %) are given by Proposition
11. The new output sequence is defined with the aid of the feedback pair (K, F)
by setting

wj(xo, @) := Ka; + Fu,

for all j > 0.

The feedback associated to pair (K, F') arises in a natural way, by using @ =
{u;};>0 as the input signal for ¢***, where

uj = v; +w;(xo,u) for j>0.

Here ¢ := {v;};>0 € Seq4(U) is an arbitrary external perturbation signal into
the feedback loop. Clearly @ = @(xo, ). By the admissibility of the feedback
pair (K, F), this is equivalent with

(1.21) uj = (I - F)"Y(Kzj+v;), for j>0.

Trivially, @ = 4(zo,?) = {u;};>0, given by equation (1.21), is an element of
Seq(U). Tt can thus be used as an input sequence for the (open loop) DLS
¢°**. This procedure is referred to as “closing the feedback loop” at time j = 0.
We could, of course, close the feedback loop at any other time j € Z, but this
would not give us essentially new structure, by the shift-invariance. The initial
state zg € H of the closed loop system is either given explicitly, or formed by
applying to the open loop DLS ¢°** an initial state x; and the past inputs
{Uj}0>j§jl for some 7' < 0.

In the following diagram, the feedback connection is shown. We call the resulting
object the closed loop system. It is not a DLS itself but it nevertheless it defines
a linear, shift-invariant and causal mapping ¥ — [g] which is an I/O map of
an associated DLS. The input signal @ = (g, ) to ¢**' is given by equation
(1.21).

[
L1 (T, @) A B
yi(20, %) cl [D
w;(zo, @) [K] {F]
T

+ v

Suppose that we are given an initial state xg € H and a perturbation signal
v € Seqy(U) of the closed loop system, described in the previous diagram.
Our task is to compute the state trajectory {z;(xo, %)};>0 and the output se-
quences {y;(zo,@)};>0 and {w;(zo, %)} ;>0 in the closed loop. It appears, as
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a consequence of the admissibility of (K, F'), that these equal the state trajec-
tory and the output sequence of another DLS, with initial state x¢ and input
0 € Seqy(U), see Lemma 20. By using equation (1.21), the open loop input
signal @ can be removed from the difference equations (1.2). As a result of
a straightforward computation, obtain a new set of difference equations, that
define a new DLS — the closed loop extended DLS ¢¢**.

Definition 19. Let ¢ = (4 B) be a DLS and (K, F) a feedback pair for ¢. By
¢t .= (¢, (K, F)) denote the extended DLS of Definition 18. The the closed
loop extended system ¢ = (¢, (K, F)), is a DLS, given by

<&

A+ B(I-F)"'K B(I - F)~!
g T s

A+B(I-F)'K  B(I—-F)™!
=|[c+D(I-F)'K| [DUI-F)!
[ (I-F)'K ] [(I—F)l —I]

A straightforward calculation constitutes the proof of the following lemma.

Lemma 20. Let ¢ = (4 B) be a DLS and (K, F) a feedback pair. Let the DLSs
¢t = (¢, (K, F)) and ¢ = (¢, (K, F))o be as in Definitions 18 and 19. Let
zo € H and © = {v;};>0 € Seqy(U) be arbitrary.

Then the state and output sequences of ¢°*% in the closed loop are given by
zj(zo,0) = Az + B¢gxtT*j6 forall 7 >0,
g(l‘o, ’l]) o -
Lb(xm 11)] = Cogero + Do,
where Ay := A+ B(I — F)"'K is the semigroup generator of the DLS ¢<<*, and
@ = (o, v) € Seqy (U) is the input signal to ¢°**, given by equation (1.21).

The iterated feedbacks behave in an expected way. Given a DLS ¢, we can
define a product in the set of feedback pairs for ¢ by setting

(KQ,FQ) (Kl,Fl) = ((I — F1)K1 +K2,F1 + F2 - FQFl).

This gives the set of feedback pairs the structure of a noncommutative group,
where the unit element is (0,0). The iterated feedback is given by the formula

((¢a (KI;FI)) ) (KQ;FQ)) = (¢7 (KI;FI)(KQﬂFQ)) :

The feedback pairs of form (K,0) are an abelian subgroup of all the feedback
pairs. In the literature, it is customary to use just these feedbacks. Clearly,
such state feedbacks are a class “general enough” because the left hand column
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of DLS ¢%* in Definition 19 depends only upon (I — F)~'K but not on the
operators F' and K separately. It follows that all the feedback pairs (K, F') for
which (I — F)7'K is equal, give closed loop DLSs (¢, (K, F)), that differ only
by a left multiplication by the static operator (I — F)~1.

In this chapter, we have chosen to have a nonvanishing feed-through operator
F', because then the formulae of the closed loops systems in difference equation
form will look like the corresponding formulae in the I/O form, as introduced
in Section 1.6. Also, to have a complete one-to-one correspondence between
difference equation form feedbacks of this section, and the I/O form feedbacks
of the following section 1.6, we have to include F # 0, corresponding the feed-
through part moFmy of operator F in [K, F] in Definition 21. In later chapters
of this book, we use F' = 0 as the feed-through operator of the feedback pairs.

Suppose that a DLS ¢ = (4 B) is a model for some physical process. It is
possible that the generating operators A, B, C' and D correspond to some phys-
ically realized and clearly isolated components of this process. After adjoining
a feedback pair and closing the feedback loop, both the input-output behavior
and the evolution of the state is described by the DLS ¢&*, by Lemma 20.
It could be difficult (and even impossible) to find the physical counterparts of
the closed loop generating operators of ¢<**, even if the open loop generating
operators are easily identifiable, and conversely. The open loop and closed loop
semigroup generators A and A, = A+ B(I—F) 'K are generally very different,
even in the special case when they differ by a rank one operator. The reader
will find a plenty of such examples in later chapters.
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1.6 State feedback in I/O form

In Section 1.5, it was a fairly straightforward task to introduce the notion of
state feedback for DLSs in difference equation form. Things get somewhat more
complicated when we study the state feedback structure for DLSs in I/O form.
We must make lengthy calculations to show that the closed loop “system” is,
indeed, a DLS. Again, we start with a basic definition.

Definition 21. Let ® = [4 Br7] be a DLS (in 1/O form) whose input space
is U, output space is Y and state space is H. Then the feedback pair [IKC,F] (in
I/0 form) for ® is an ordered pair of linear operators K : H — Seqy(U) and
F :Seq(U) — Seq(U) such that

(i) P = [1‘,‘5 B}”} is a DLS (in I/0 form) with the input space U, the output
space U and the state space H.

(i) The operator T — F : Seqy(U) — Seqs(U) is a bijection, and the inverse
(Z — F)~'is an I/O map of a DLS.

The following proposition, together with Definition 18, explains the condition
(ii) of Definition 21. It is a direct consequence of Proposition 17.

Proposition 22. Let P = ["}5 B}'__*j} be a DLS and F its I/O map. Define
F := mgFmo, regarded as an operator in L(U), with the natural identification of
spaces range (mg) and U. Then condition (ii) of Definition 21 holds if and only if
I —F has a bounded inverse in L(U). In that case, mo(Z —F) tmg = (I—F)71.

As in Definition 19, we first introduce an extended DLS ®°** and another object,
the closed loop system Pg*.

Al Br

Definition 23. Let & = [C D

.

] be a DLS and [K,F] a feedback pair for

(i) The DLS
Al Bri

e

is the extended DLS (in I/O form) from ® with feedback pair [IC, F]. The
input space of @ is U, the output space is Y ® U and the state space is
H. For brevity, we write ®** = [®, [K, F]].
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(11) The closed loop extended system Pt is the 6-tuple of linear mappings

[ AT+ Bri(I - F)7'K B — F)~ '
ot~ | [ ¢4 DI - F)IK DI -F)"!
{ (T-F)"'K } {@—ﬂ‘l—f

[A(5) Bor*

e 3

between appropriate vector spaces Seq(U), Seq(Y') and Hilbert space H.
For brevity, we write & = [®, [IC, F]],.

It is a matter of easy checking that all the composite mappings in ®** make
sense for all j. Thus & is well defined 6-tuple of linear mappings, but we do
not yet claim that ®** is a DLS. The fact that ®$** is a DLS will be proved in
Lemma 24.

Now that we have defined the feedback pairs and related objects, we have to
associate a notion of feedback to them. We use the feedback pair [IC, F] roughly
in the same way as the feedback pair (K, F') in equation (1.21). We also use
the same symbols for signals as in Section 1.5. Let zp € H and @ € Seqy(U)
be arbitrary. The new output sequence of ®**, associated to the feedback pair
[KC, F], is given by

W(xo, @) := Ko + Fu € Seqy (U).
We define the feedback by requiring that the input signal @ = a(xo, ?) satisfies
ﬁ(l‘o, 6) =0+ UN)(Q:(), ﬁ(xo, T)))v

where 0 € Seqs (U) is an arbitrary external perturbation signal. By solving
(g, ) in the previous equation, we get the equivalent formula

(1.22) (xo,0) = (T — F) " (Kxo + )

because Z — F is assumed to be invertible on Seq(U). Now, @(xg,0) € Seq4(U)
for any initial state x¢ and external perturbation signal ©. Thus it is a perfectly
valid input sequence for the DLS ®°**, and the following closed loop connection
of signals for ®*** makes sense.

I
T (o, u) Al Brrd
g(an fl’) C D
P(zo. @) [/c] H
1 _

+
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As in Section 1.5, it is desirable to compute formulae for the state trajectory
{z;(z0,@)}j>0 and the output sequences y(zo, %) and w(zo, @), where the input
signal @ = u(zo,?) to @' is given by equation (1.22). By Lemma 20 for a
DLS ¢ in difference equation form, these are given by the state and output
trajectories of the closed loop DLS ¢, with the initial state zg and the input
signal 9. So as to the DLSs in I/O form, an easy computation, based on equation
(1.22), reveals that such a DLS must be ®¢** of Definition 23, if any DLS at all.
It remains to show that the 6-tuple of mappings @' is, in fact, a DLS in I/O
form.

Lemma 24. The system ®& = [®, [K, F|] of Definition 23 is a DLS. The input
space of ®& is U, the output space is Y @& U and the state space is H.

Proof. Tt is sufficient to show that the system

_ As(4) Bor*
‘I’O_{ c. D,

is a DLS, where the linear mappings are given by Definition ii. This is because
the linear mappings A, B, K and F form the DLS & of Definition 21, and
[K,F] is a feedback pair for ®®, too. In order to consider the lowest row of
®t in Definition 13, we can consider the middle row of the closed loop system
[<I>fb, K, .7-']} instead. We proceed to show that the linear mappings A, B, Co
and D, satisfy the conditions of Definition 13.

Because | we have KB = 7, Fr_ by property (v) of Definition 13 (K in place
of C). This and the causality of both F and (Z — F)~! implies the identity

(1.23) I-F)'KkBZ-F)'=T-F) s Fr_(I-F)!
= 7_T+(I— f)ilﬂ',
that will be used several times in the course of this proof.
We start by showing that the family of linear mappings { A7+B7* (Z—F) 1K} >0

is a discrete time semigroup in £(H). It is a triviality that this family consists
of bounded linear operators on H. Furthermore, we have for all j > 1

(1.24) (A+BT*(T — F)'K)(A) + Br*(T — F)7'K)
(@)
= AT 4 BrH(T - F) KA
(i1) (444)
+ ABT(T — F) 'K+ Br*(T — F)"'KBr*(T — F)~'K.

Now we study the terms (i), (ii) and (iii) of the equation (1.24) separately. Term
(i) satisfies

(1.25) Br* (I — F) 'KA? = Br*mo(Z — F) " '7 7K,
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where property (iv) of Definition 13 (K in place of C) and the causality of
(Z — F)~! has been used. Term (ii) satisfies

(1.26)  ABT(Z — F)"'K = Br*Ut)(T — F)7'K — Brimo(Z — F) 17K,

where the property (iii) of Definition 13 has been used. The last term (iii)
requires the most work. Now we have by the shift invariance of (I — F)~! and
formula (1.23)

(1.27) Br* (T — F)'KBr*(T - F)"'K
=B (I - F) "5 Fr_(T—-F)'rK
=B 7 (T - F) lr 9K
= Br*no(T — F) 'n_1HK,
where the last equality follows immediately from the definition of 5. Now sum-

ming up formulae (1.25), (1.26) and (1.27) and combining that with formula
(1.24), we obtain

(A+Br*(Z - F)'K) (A + BrI(T — F)~'K)
= (AT 4 BT — F)7IK),
for all 7 > 1. By induction, this is equivalent with
(A + Br(T — F)'K) = (A+ Br* (T — F)'K))’ =: A,
where A, denotes the generator of the closed loop semigroup. This proves the

claim about the semigroup.

In order to prove that B, := B(Z — F)~! is a valid controllability map satisfying
the conditions of Definition 13, we first check the causality of B,. We have

Boiy =BT —F) 7y = Ba (T - F) 'ay
= Bw_ﬁ+(Z— .7'-)_17?+ = 07
where we have used the causality of (Z — F)~!. In order to see whether B,

interacts correctly with the time shift 7* and the semigroup generator A, we
have to show that B,7* = A.Bs + Bom*m. We have

(1.28) Bor* =B(I — F) 'r* = Br* (I - F)~!
= AB(T - F)' +Br'm(Z - F)".
On the other hand, we have by the causality of (I — F)~! and equation (1.23)
A<>B<> + B@T*ﬂ'o
=(A+B(Z - 7)_1T*IC)(B(I — 7)_1) +B(Z - F) 'r*m
= AB(Z — F)~' + Br(Z — F)T'KB(Z — F)"' + B(Z — F)"'r"m
= AB(I - F) "'+ Br'a (T - F)'r + Br (T - F)'mo.
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The causality of (Z—F)~! and the basic properties of B now allow us to continue
=AB(ZT - F) ' + Br*no(T — F)'n_ + Brino(T — F) " 'r*mo

(1.29) =AB(Z - F) '+ Brimg(T — F)~ .

Now is it sufficient to compare the right sides of equations (1.28) and (1.29) to

see that B,7* = A.Bs + B,7*m. This proves that B, is a valid controllability
map for any DLS whose semigroup generator is As.

Next we check that the mapping C, := C +D(Z — F) 1K is a valid observability
map for a DLS whose semigroup generator is A,. It is clear that C, maps H
into Seqy(Y). To establish C, Ay = T4 7*C,, we calculate
(1.30) Colo = (C+D(I - F)'K)A+Br*(Z - F)"'K)
(4) (i1) D)
7 —1 * —1
=CA+D(IZ-F) ' KA+CBm™(Z-F) 'K
(iv)

+D(Z - F) KB (T - F)'K.

The term (i) clearly equals 7 7*C by applying formula (iv) of Definition 13.
Term (ii) can be seen to equal 7+ D(Z — F)~ 7, 7*K by applying condition (iv)
of Definition 13, and noting that D is causal. So as to term (iii) we note that
CB = 7:Dn_, by condition (v) of Definition 13. Then term (iii) takes form
7.Dr_ (T — F)"'r*K = 7. Dr_ (T — F) " 'a_7*K. The last term (iv) is again
of the form of equation (1.23), and equals 74 D7y (I — F)~tn_7*K, where we
have used the causality of D, too. Summing these formulae for all the terms (i)
— (iv) of formula (1.30) gives the required identity Co A, = T4 7*C.

So our final task is to check that the I/O map candidate D, interacts correctly
with the mappings As, Bo, C, and time shifts. Causality of D, is again no
issue, and neither is the fact 7D, = Dy7*. Our work lies in checking that
T+ Dem— = CoBs. The proof of this equality goes now in the familiar way by
using equation (1.23) and causality of D

CoBo = (C+D(T — F)'K)B(Z — F)~*
=CB(IZ—-F) ' +D(I - F)'KBZ-F)*
=1Dr (T -F) ' +Dr (T - F) '
=1 Dr (L = F) 'mo + 7D (T — F) e
=7.D(IT - F) 'n =7 Dom_.

Al Byt

c. D, ] is a DLS. O

Now we have proved that the quadruple ®, = {

Analogues for well-posed linear systems can be found in [98, Theorem 6.1] and
[89]. The proof in the latter reference follows these lines, too.
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We have proved that the state feedback in I/0 form gives a closed loop system,
which still is a DLS ®¢**, by Lemma 24. In Theorem 15 we stated that the
DLSs in difference form and I/O form have one-to-one correspondence. Then
the open loop system ® has a representation ¢ in difference equation form, and
so has the closed loop system ®¢*' a representation ¢, too. The final question
is, whether ¢’ is equal to a closed loop system (¢, (K, F')), for some feedback
pair (K, F)? And if so, then how how to relate the feedback pairs [K, F] and
(K, F)? The answer to these questions is what one would expect.

Definition 25. Let ® = [4' 577 ] = (A 5) = ¢ be a DLS. Let [K,F] be a

feedback pair for ®, and (K, F) for ¢.

We say that the feedback pairs [IC, F] and (K, F) correspond to each other if

(1.31) {j‘cj Bj;j} - (}3 I{f)

In this case, we write [KC,F] = (K, F).

If [IC,F] = (K, F), it is easy to find formulae connecting the linear mappings
K, F, K and F by applying Theorem 15 to equation (1.31).

Lemma 26. Let® = [f‘g ng} = (4 B)=¢ beaDLS. Let [K, F] be a feedback

pair for ®, and (K, F) a feedback pair for ¢.

Then [K,F] = (K, F) if and only if [2,[K, F]|, = (¢, (K, F)),.

Proof. We have to study when [®, [, F]], = (¢, (K, F)), or equivalently

A+ BT —-F)"K B(Z - F)"tr
(1.32) [ C+D(I-F)K ] { DI - F) ! ]
(Z-F)"K Z-F)t-1
A+B(I-F)"'K B(I - F)~!
= [C +D(I — F)IK] [ D(I —F)~! ]
(I-F)"'K (I-F)'—1I

under the assumption that ® = ¢.

Assume that [K, F] = (K, F). We are to show that the equality hold in (1.32).
We show only that the semigroup generators and observability maps in the right
and left sides of formula (1.32) are equal. The other parts are left for the reader.
For the semigroup generators we have

A+BT™ (I —-F) 'K =A+Br_17"m(Z — F) 7, K
=A+Br_y -7 m(T — F) 'mo - mok,
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where the latter equality holds by the causality of (I —F)~! (see Definition 21).
Now, by (1.31), we have K = moK and mo(Z — F) " 'mg = (I — F)~! where also
Proposition 22 has been used. Also B = Br_1, because ® = ¢. Thus

A+Br*(I-F)'K=A+B(I-F) 'K,
where natural identifications of appropriate intermediate spaces have been done.

We check that the observability maps in the right and left sides of formula
(1.32) are equal. Because we have already proved the equality of the closed loop
semigroup generators, it suffices to consider only the first component mappings
of the observability maps. We have

70(C+ DI — F)'K) = mC + 1D (T — F) 'n K
= moC + 7TOD7T0(Z — f)_lﬂolc,
where the second equality is by the causality of both D and (Z — F)~!. Now,

C = moC and D = myDmy, because ® = ¢. Also K = moK and m(Z — F) tmg =
(I — F)~! as above, because [K,F] = (K, F). It follows that

10(C+D(IZ - F)'K)=C+D(I - F) 'K,
again with the natural identifications of the intermediate spaces.

For the converse direction, assume that the equality holds in (1.32). By iden-
tifying range (m) and U, we have mo((Z — F)"! — I)mg = (I — F)~! — I) and
70(Z — F)"tmg = (I — F)~!. Claim (i) of Proposition 17 implies that

70 (L —F) " mo = (mo(T — F)mo) ™" = (I — moFmg) ™

But then (Z — moFm) ! = (I — F)~! and thus moFmy = F.

By causality and the above proved identity (I —moFm) "' = (I — F)~!, we have

m0(Z —F) 'K =m(Z —F) tmog K= (I —F)™' 7oK = (I - F)'K.

Because (I — F)~! € £(U) has a bounded inverse, it follows mK = K. Now
we have shown that moFmy = F' and moK = K. Thus [K,F] = (K, F) and the
proof is complete. O

In the end of Section 1.5, we considered the group structure of the feedback
pairs (K, F') in the difference equation form. We now give a formula for opening
a feedback loop by another feedback. Let ® be a DLS, [K, F] a feedback pair
for it and @' := [®, [K, F]], the corresponding closed loop DLS. Define the
ordered pair of linear mappings [I@,]:"], by setting K = —(Z — F)~"'K and
F =TI (T—F)"'. Clearly, apart from the minus sign, the pair of mappings
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[K, F] constitute the lowest row of the DLS ®$**, given in Definition 23. This
implies that [IC, .7:"} is a feedback pair for ®**. The closed loop extended DLS
(Ot) " = [[@, [k, F]], [, F]] is of the form

<&

A Br*I

ext) ext C D

(1.33) (@) = e p
-K -F

as can be seen by a straightforward calculation, based on the identity z-F )_1 =
7 — F. We conclude that any state feedback can be undone by another, inverse
state feedback.
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1.7 Stability notions of DLSs

In this section, we introduce an inner product space structure to certain sub-

spaces of the input and output sequences for a DLS ¢ = [“g BTD*J ] This gives

us the notions of “energy” and “cost” of such input and output sequences of ®,
and various related stability notions for @ itself, too.

Two kinds of stability notions are considered here. In Definition 27 we review
the stability notions of the semigroup generator A of ®, see Definition 27. The
latter kind of stability notions are considered in Definition 32, and they depend
on more than one of the generating operators of the DLS ®. We also study the
conditions under which the mappings C, Dmg and D74 of DLS & are closed,
densely defined and finally bounded.

Definition 27. Let A € L(H). Then

(i) A is power (or exponentially) stable, if its spectral radius satisfies p(A) <
1

7

(ii) A is strongly ¢P stable for p € [1,00), if for all x € H we have

DA < oo,
i20

(iii) A is strongly stable, if Az — 0 as j — oo,

(iv) A is power bounded, if sup;s [|A7||g < oc.

The semigroup stability notions as related to each other in the following way:

Proposition 28. Let A € L(H). Then, given the following enumeration of
propositions:

(1) 1Al ey <1,
(i) A is power stable,
(iti) ||A7|| ey < M &7 for a constant M < co and 0 < § <1,

(iv) ||Alz||g < C(x)d;, where C(x) < 0o in a set of the second category in H,
and )~ 0j < 00,

(v) A is strongly (P stable for some (and then, for all) p € [1,00),

(vi) A is strongly stable,
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(vii) there is an operator A € L(H) such that Az — Az € H for all z € H,
(viti) A is power bounded,

(ie) p(4) <1,

we have the following implications and equivalences:

(1) = (i1) & (i) < (iv) < (v) = (vi) = (vii) = (viit) = (ix)

Proof. The first implication (i) = (ii) is the inequality p(A4) < ||A4|]. The impli-
cation (ii) = (iii) is trivial, because

.
(1.34) p(A) = limsup ||AJ||2(H),

j—oo

and we can define ¢ := p(A) + ¢ < 1 for € > 0 arbitrarily small. The implication
(iii) = (iv) is trivial. The implication (iv) = (ii) is proved as follows. Define
the bounded linear operators Ty(z) := Z?:o (2A)7 on H for any |z| < 1 and
k > 1. Then we have for each x for which C(z) < co and m <[

l m
1 (T (2) = Ti(2)) allr < ) || A2 < C(%)Z@'-

j=m Jj=l

Because {0;} is absolutely summable, {T}(z)z} is Cauchy for all = belong-
ing to a set of the second category. The pointwise limit operator T'(z)z :=
lim; o Tj(2)x is bounded, [79, Theorem 2.7(b)]. It is easy to check that
T(z)(I — 2zA) = (I — 2A)T(z) = I and thus 1 ¢ o(A). Because |z| < 1 was
arbitrary, we have 0(A) C D and p(A4) < 1.

It is trivial that (iii) = (v). The implication (v) = (ii) is proved by the following
argument presented in [96, Proposition 1]. Assume that A is strongly ¢? stable.
Each of the mappings T,, : H — (P(Z; H) for n > 1, given by

Tpr = {x Az A%z --- A"2000 ---},

is bounded, and by the ¢? stability assumption, the orbits {T},x}n>0 C ¢P(Z4; H)
are bounded for all + € H. By the Banach—Steinhaus Theorem [79, Theorem
2.5], the set {Th}n>0 C L(H;¢P(Z4; H)) is uniformly bounded, and we have a
constant K < oo such that

1/p

(1.35) Dol | < Kl
i>0
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In particular, [|A7]|zg) < K for any j > 0. Then we have

n—1
. 1 i ad
A3allf, = — 3™ |47 Alal

KP — ; KP .
< S vl < =Dl
7=0

>0

By equation (1.35), we obtain ||A7z|[%, < K:p||x||% for all z € H, and then
|| A7 ||L(H) < E- * But this implies that [|[A™|| < 1 for n large enough, and thus
the power stablhty o(A™) C D. By using the Spectral Mapping Theorem [79,
Theorem 10.28], we conclude that p(A) < 1. This completes the proof of the

equivalence part of this proposition.

The implications (v) = (vi) = (vii) are trivial. The implication (vii) = (viii)
is an immediate consequence of Banach—Steinhaus Theorem, and the last im-
plication (viii) = (ix) follows from formula (1.34). This completes the proof of
the proposition. [l

For variants of claim (v) of previous proposition , see [96]. For power bounded
operators, see [69] and the references therein. See also [30].

Let & = [f‘g BTD*j} be a DLS whose input space is U, state space is H and
output space is Y. In Definition 10, the controllability map B : Seq_(U) — H
and the observability map C : H — Seq(Y) have been introduced by algebraic
constructions, without using any topological properties of any of the vector
spaces. So as to the I/O map D : Seq(U) — Seq(Y), the same comment can
be made. In Proposition 8, we have obtained an infinite sum representation
for the I/O map of DLS, where we have used the notion (topology) of the
componentwise convergence in vector spaces Seq(U) and Seq(Y"). In fact, such a
result could have been proved for general shift-invariant, causal linear mappings
on Seq(U), because all the necessary component mappings are represented by
well-defined finite sums by causality. We have required that the generating
operators A, B, C and D of the DLS ¢ = (4 B) are bounded; this gives us the
well-posedness of the DLS. Now we shall require boundedness of the mappings
B, C and several variants of D in certain Hilbert space norms, to introduce
various stability notions for the DLS & = [f‘g BTD*j ]

In this section, we take the input and output sequences from the inner product
spaces (2(Z;U) N Seq(U) and ¢%(Z;Y) N Seq(Y), respectively. The projections

T4, T—, To, T4, T—, T[;k and the bilateral shift 7 of Definition 4 are restricted

to these spaces. Then all these projections are orthogonal projections and their

operator norms are 1. The shift 7 becomes a unitary operation satisfying 77! =

*

7*. The following definition gives us vector subspaces of H and Seq(U) that
will be domains of linear operators.
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Definition 29. Let & = [f‘g ng} be a DLS. Define the following domain
spaces

(1.36) dom (B) := Seq_(U),

(1.37) dom (C) := {xg € H|Cxy € (*(Z,;Y)},

(1.38) dom (D) := {& € £*(Z;U) N Seq(U) | Di € 1*(Z;Y)},
(1.39) dom (D7y) = {a € *(Z,;U) | Drji € (*(Z,;Y)},
(1.40) dom (Dry) := {@ € range (7o) | Dot € £*(Z,;Y)},
(1.41) dom (Dr;) := t/dom (Dro) for all j € Z\ {0},

where (?(Z4;Y) and 7402(Z;Y) are identified in (1.39).

It easy to see that the sets of Definition 29 are vector spaces. We throughout use
the ¢2-topology on dom (B), dom (D) and dom (D74). The set dom (Dr;) has
the topology of U. This gives all these spaces an inner product space structure.
In dom (C) we use the topology of H, but later we introduce a stronger (inner
product) topology there.

Clearly the vector space dom (B) is dense in £2(Z_;U), and it does not depend
on the structure of the DLS ® in any way. The other spaces dom (C), dom (D),
dom (D7) and dom (D) need not be dense, and for DLSs “unstable enough”
they even might be empty. Trivially, the kernels of C and D are always in the
respective domains. If there is nothing else, then we say that the domains in
question are trivial. The following definition is to be expected.

Definition 30. Let & = [“g ng} be a DLS. The following restriction map-
pings are defined

B :=B|dom (B), C:=C|dom(C),
D :=D|dom (D), D74 :=D|dom(D7y),
Drj := D|dom (D7) for all j€Z.

These mappings are as follows: B is the topological controllability map, C is the
topological observability map and D is the topological 1I/O map of ®. Dwy is
the causal Toeplitz operator of D. The operators D7; are the impulse response
operator of ®. The sets dom (B), dom (C), dom (D), dom (D7) and dom (D),
as introduced in Definition 29, are the domains of the respective operators.

The ranges of these operators are defined in the natural way; e.g. range (B) :=
Bdom (B), range (D) := D dom (D), range (D7) := D7y dom (D7) and so on.
We shall make a notational difference between B, C, D, D74 and B, C, D, D7
only in this section of this book.

The bad news is that various topological pathologies can occur as far as a general
DLS & is concerned. Most of this section handles the cases when we have good
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news. We start by showing that three of the operators in Definition 30 are
closed. In particular, the closed graph property of C will be used in Section 1.8.

Lemma 31. Let ® = [f‘g BTD*JJ be a DLS. Then the operators C, D7y and Dr;
are closed for all j € Z.

Proof. We prove only the claim for the Toeplitz operator Dry. The proofs of
the other two claims are analogous. Let dom (D74) 3 @ — @ € (2(Z1;U) be a
convergent sequence in the norm of ¢2(Z;U), such that

Drya; — § € (2(Z4;Y)

in the norm of ¢?(Z;Y). We show that @ € dom (D7) and D7, @ = ¢, which
proves the closed graph property for Dx .

For each k > 0 we have
(1.42) T DTyl; — mpy as j — 00
in the norm of Y, with range (7) and Y identified. On the other hand, we have
(1.43) T DTty = mp DT
= mDm pu; — T Do = mpyDryu as j— oo

in the norm of Y, because 7Dy is a bounded operator on (*(Zy;U). The
boundedness follows because 7y Do )@ is given by the finite sum

k—1
mpDu = Z CAiBUk,i,1 + Duy,
=0

for all j € Z and @ = {u;};>0 € Seqs(U), by Proposition 3. Here A, B, C' and
D are the generating operators of ®, and range (7,) has been identified with Y.

Now equations (1.42) and (1.43) imply, by the uniqueness of the limit in Y, that
DTt = 7y for all k > 0, or equivalently D74 = . But then, because
§ € 1%(Z,;Y), we have @ € dom (D) and § = Dr, 4. This completes the proof
of the lemma. O

The fundamental stability notions for DLSs are as follows.

Definition 32. Let ® = [4 8777 ] be a DLS.

(i) If dom (D7) = (*(Zy;U), then ® is I/O stable.
(ii) If dom (Dmy) = U, then ® is strongly H? (Hardy 2) stable.
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(i11) If B € L(dom (B), H), then ® is input stable.
(iv) If dom (C) = H, then ® is output stable.

(v) If all the above holds, and the semigroup generator A of ® is power
bounded, then ® is stable.

(vi) If @ is stable, and the semigroup generator A of ® is strongly stable, then
P is strongly stable.

Clearly I/O stability implies strong H? stability. An I/O stable Toeplitz op-
erator D7y is a bounded linear operator from dom (D7y) = ¢*(Z,;U) into
(?(Z;Y) because a closed operator with complete (closed) domain is bounded,
by the Closed Graph Theorem (see [79, Theorem 2.15]). In this case, the oper-
ator norm of D7y is given by

|7 le2(z ) —e2(z15v)

= sup {[[D7+ a2z, vy | @ € C(Z4;U) |[illzz, 0y = 1}
If the ¢%(Z;U) norm of the input sequence is regarded a a measure of energy,
then ||D7y ||s2(z,v)—¢2(z4;y) 1S the energy gain of D7 . If the Hilbert spaces U

and Y are separable, then the I/O stability is equivalent with the requirement
that the transfer function D(z) is bounded in D, see Proposition 55.

By analogous considerations, an H? stable DLS has a bounded impulse response
operator Dmg : U — ¢%(Z;U), with the natural identification of range (mo) and
U. The basic properties of H? stable DLSs are given in the Lemmas 33 and 35.

Lemma 33. Let & = [,ag‘ ng} = (A B) be a DLS. Enumerate the statements
as follows:

(i) 2 >0 |ICAVBJ|* < oo,

(ii) ® is (strongly) H? stable,

(iii) 0*(Z4;U) C dom (D71) and Dy € LN (Z4;U), (3(Z43Y)),

(iv) Dy is a densely defined closed operator on (*(Z;U).
Then (i) = (i1) = (1) = (iv).

Proof. The first implication (i) = (ii) is trivial because

Dm0z, .0y = [1Duol* + D [|CA Buo||®
320
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for all 4 = {uj}j>0 € Seqy(U). Here A, B, C and D are the generating
operators of ®.

To prove the implication (ii) = (iii), we note that any @ € ¢*(Z,;U) can be
written as @ = )~ m;#, where the sum converges in the norm of MZy; ).
The triangle inequality gives

D712z, vy < D IDsll ez, )
>0
<Y NPT llu—e@z, v Il = 1Prollu—e vy Y Imsdllo,
320 >0

where the last equality is by the shift invariance of D. Now .. [|m;ul[v =:
||@l|¢1(z,;0) and the claim follows. The final implication (iii) = (iv) is trivial
because ¢*(Z;U) is dense in (?(Z;;Y). O

The condition (i) of Lemma 33 can be called the uniform H? stability. The
strong H? stability is characterized by the equivalent conditions of Lemma 35.
However, we need a preliminary result.

Proposition 34. Let & = [ch B ] be a DLS. Then Adom (C) C dom (C).

T*3
D

Proof. Let * € dom (C) be arbitrary. Then Cz € (*(Z,;Y) C Seq(Y) by
Definition 29, and CAz = 74 7*Cx € Seqy(Y), by claim (iii) of Lemma 12. But
now, because both 7, and 7* are of norm 1 in ¢?(Z;Y), it follows that CAx €
(*(Z4;Y). By Definition 29, Az € dom (C), and thus Adom (C) C dom (C). O

Lemma 35. Let & = [ch ng} = (& B) be a DLS. Then the following are
equivalent:

(i) BU C dom (C),
(#) range (B) C dom (C),
(iii) @ is strongly H? stable.

Proof. Assume now that claim (i) holds. Let @ = {u;};>0 € Seq4(U) be arbi-
trary. Denote the corresponding trajectory by z;(0,%) = Br*4 € dom (C) for
j > 0. Clearly z0(0,%) = 0 € dom (C). Assume that it has already been proved
that 2;(0,%) € dom(C) for some j > 0. Now z;41(0,4) = Ax;(0,a) + Buj,
where Axz;(0,4) € dom(C) by Proposition 34. But Bu; € dom(C) because
claim (i) is assumed to hold. Because dom (C) is a vector space, it follows that
zj4+1(0,1) € dom (C). We have now shown that

Br_7*4% € dom (C),
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for all j > 0 and for all & € Seqy(U). But clearly
dom (B) := Seq_(U) = {m_7"a|j >0, @ € Seq, (U)},

and claim (ii) follows. It is a triviality that (ii) implies (i). Thus claims (i) and
(ii) are equivalent.

Assume that (i) holds, and let @ = {u;};>0 € Seq(U) be arbitrary. Because
BU C dom (C), then CBuy € (*(Z4;Y) for all up € U. But then Dmoa =
Dryt+7CBug € (3(Z4;Y) for all & = {u;};>0. Because the component ug € U
is arbitrary, it follows that dom (Dmp) = U and claim (iii) follows.

It remains to prove the implication (iii) = (i). Let @ = {u;};>0 € (*(Z4;U) be
arbitrary. Then

(1.44) Dmott = Dmot + 7CBug.

Trivially Dmot € (?(Z4;Y), and Drot € (2(Z4;Y) by the assumed claim (iii).
It follows that TCBug € ¢?(Z;Y) and equivalently CBug € ¢?(Z;Y). But this
implies that Bug € dom (C). Because ug € U is arbitrary, claim (i) follows. O

Now we have dealt with the strong H? stability, and we proceed to consider the
I/0 stable DLSs. Two extensions of the Toeplitz operator D7y are given in the
following lemma.

Lemma 36. Let ® = [f‘g BTD*JJ be an I/0 stable DLS, and the operators D and

D7 as in Definition 30.

(i) The domain of D satisfies

(1.45) dom (D) = ¢*(Z;U) N Seq(U),

and Ditya = D for all @ € (*>(Zy;U). The domain dom (D) is dense in
*(Z;U), and

(1.46) Di = lim D7 774

j—oo
for all @ € dom (D). Furthermore,
(1.47) D[ldom(D)—¢2(Z15v) = IPT+|e2(z, s 0)—e2(24 )

(i)) The topological 1/O map D has a unique bounded extension to all of
(*(Z;U), denoted by D. The extension D satisfies

DIl (z:v)—e2(zev) = P74 le2 (2 0)— 221 v)-

Furthermore, D is shift-invariant and causal; i.e. Dr = 1D and
7'(',27_'('4, =0.
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Proof. Tt is easy to see that ¢2(Z;U)N Seq(U) = {t*a | j >0, @ € (*(Z;U)}.
If o € {794 | j > 0, @ € (*(Zy;U)}, then there is a j > 0 such that
4 € (3(Zy;U). Because ® is I/O stable, it follows that 7/Da = Dria =
Dyt € (3(Zy;Y). Because 7* is unitary, Da = 79 Dr,7miu € (3(Z;Y).
Because trivially @ € Seq(U), it follows that @ € dom (D). We have now shown
that ¢2(Z; U)NSeq(U) C dom (D). The converse inclusion dom (D) C ¢3(Z;U)N
Seq(U) is a triviality, and equation (1.45) follows, together with the density of
domain dom (D) in £%(Z;U). Because always dom (D7) C dom (D) C Seq(U)
and the operators D7y and D are restrictions of the I/O map D to the respective
domains, it follows that D7, @ = Da for all @ € ¢*(Z,;U) = dom (D).

In order to prove equation (1.46), let @ € dom (D) = ¢*(Z;U) N Seq(U) be
arbitrary. Then there is a j' > 0 such that 77 @ € (*(Z;U) and

Dii = Dii = AU DDty = T*(j/+j)2ﬁ-+7.j/+ja

for all j > 0. But then, the {7*U'*) D7, 77" *74} ;5 is a constant sequence,
and equation (1.46) follows. The equality of the norms (1.47) follows from the
unitarity of the shift 7 and equation (1.46). The unique bounded extension D
of D, of the same norm, exists by [42, Theorem I1.3.1]. An easy limit argument
is required to prove the causality and shift-invariance of the extension. We
consider this lemma to be proved. [l

In Lemma 9, it is shown that general shift-invariant causal mappings on Seq(U)
can be regarded as I/O maps of DLSs, provided that a certain growth bound,
related to the well-posedness of DLSs, is satisfied. The analogous results holds
also for the bounded, shift-invariant and causal operators on ¢2(Z;U).

Lemma 37. Let T : (*(Z;U) — (*(Z;Y) be a bounded operator, satisfying

Tr =7T and m_Tw, = 0. Then there is an I/O stable DLS ® = [f‘éj ng},

such that T = D on (*(Z;U). Here D is the (extended topological) I/O map,
given in claim (i) of Lemma 36.

Proof. Let @ = {u;}jez € ¢*(Z;U) be arbitrary. Then, by linearity and causal-
ity of 7, we have Tmou = {y;(uo)}j>0 € ¢*(Z4+;Y), where the component
mappings

Tj LU yj(U()) for ] > 0
are linear from U to Y. Now, for arbitrary @, we have
[ Tuolly = [lm; Tmotlle>(z. ;v)
< [ Tmotllez(zy vy < N7 Mle2(zivy— o2z lullo-

Thus T; € L(U;Y) for all j > 0, and the family {7}},>0 is uniformly bounded
by the norm of 7. By claim (ii) of Proposition 7, there is a unique shift-invariant
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and causal mapping D : Seq(U) — Seq(Y') such that for arbitrary @ € Seq(U)
we have

;D" — m;Di as n — oo

in the norm of Y, where the causal shift-invariant operators are given by D) :=
Yo Tj77. By Lemma 9 and the uniform boundedness of the family {7} ;>0,
the mapping D is an I/O map of a DLS.

We proceed to show that 7 and D coincide on ¢?(Z;U) N Seq(U). By the
construction of D, m; 7 mott = w; Dot for any @ € Seq(U) and j > 0. By the
shift-invariance of both 7 and D, ;7 m,@ = m; D4 for any @ € Seq(U) and
j > k. It now follows for any @ € ¢2(Z;U) N Seq(U) and j € Z that

T = T M _ oo 50 = WjTZWkd = Z (m; T )
k<j k<j

= Z (WjD’]Tkﬂ) = 71']‘D’l~l,
k<j

where all the sums are finite. We conclude that 74 = D1 for all @ € £2(Z;U) N
Seq(U). Because 7T : (*(Z;U) — (*(Z;Y) is bounded, Di € (*(Z;Y) for all
@ € (?(Z;U) N Seq(U). In particular, Dy € £2(Zy;Y) for all 4 € (2(Z1;U),
and thus dom (D71 ) = 3(Z;;U). We conclude that D is an I/O map of an
I/0O stable DLS.

By claim (i) of Lemma 36, dom (D) = ¢*(Z;U) N Seq(U) and D : dom (D) —
(*(Z;Y') is bounded. Because D coincides with 7" on the dense set dom (D), its
unique bounded extension D must equal 7. This completes the proof. O

By Lemma 37, we can use the expressions “I/O map of an I/O stable DLS” and
“bounded shift-invariant causal operator on ¢2(Z;U)” synonymously.

In this section, we have introduced different notations for different versions of
controllability, observability and I/O maps. In order to give precise definitions
and rigorous proofs, this has been unavoidable. From now on, we work with
considerably lighter notation. We consistently write C instead of C, and B
instead of B. For the domains, we write dom (C) and dom (B) instead of dom (C)
and dom (B). Ranges are defined by range (C) = Cdom (C) and range (B)
Cdom (B); i.e. these refer to the topological versions of C and B.

The causal Toeplitz operators Diy : Seqr(U) — Seqi(Y) and Diy
dom (D7y) — ¢?(Zy;Y) are both denoted by D7,. The domain dom (D7) is
denoted by dom (D7) and range (D74 ) = Dipdom (D7y). Analogously, the
impulse response operators D : range (1) = Seq4(Y) and D7y : range (mp) —
(?(Z;Y) are both denoted by Dmp.
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If ® = [“g BTD*J] is an I/O stable DLS, then both the linear mappings D :
Seq(U) — Seq(Y) and D : (2(Z;U) — (*(Z;Y) are called I/O maps of ® and
denoted by D. This should not cause confusion, because D and D coincide on
(?(Z;U)NSeq(U) = dom (D), and are thus unique extensions of the restriction:
D : Seq(U) — Seq(Y) by causality and D : ¢2(Z;U) — (?(Z;Y) by continuity.
Both the operators are also (in their respective spaces unique) shift-invariant
and causal extensions of the Toeplitz operator D7y : £3(Zy;U) — (*(Z4;Y).
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1.8 Graph topology of the state space

Let ® = [1‘(‘; BTD*j ] be a strongly H? stable DLS. In this section, we study certain
topologies of the state space H of ® in detail. If we are only interested in the
I/O map of @, the vector space dom (C) alone is the essential part of the state
space H, see Lemma 35. Clearly, D7, @ can be computed for all & € Seqs (U),
by using the state space realization ®, without ever referring to any vector in
H \ dom (C). However, dom (C) need not be closed in the norm of H, and
thus it cannot generally be used as a (restricted) state space of a DLS. To deal
with this problem, we can do two things. Firstly, we can replace dom (C) by
its closure in H. In this case, C : dom (C) — ¢*(Z4;U) becomes a possibly
unbounded, densely defined closed operator which is still an observability map
of a DLS. Secondly, we can construct a stronger Hilbert norm into the vector
space dom (C) which makes C : dom (C) — ¢?(Z;U) not only bounded, but
an observability map of an output stable DLS ¢2, too. Moreover, we have the
equality of the I/O-maps D7y = Dye74 on Seqs(U). The closed graph property
of C is the key in the construction of the new Hilbert space topology, see [42,
Chapter 2].

Let us consider the limits of state trajectories. Suppose ¢ = [“(‘; BTD*J] be a

strongly H? stable DLS. Because range (B) C dom (C), it follows that range (B) C
dom (C), where the closure is taken in the norm of H. Now dom (C) is a Hilbert
subspace of H, and it is tempting use it as a a state space of a modified version of
the DLS ®. We want to see how the possible limits of trajectories behave under
this restriction. Clearly, if @ € Seqy (U) is such that 2 (0, @) := lim;j_o, Br*/a
exists, then 2o, (0,4) € dom (C). If, in addition, @ € ¢*(Z;U), then in fact
Zoo(0,1) € ker (C). Then we have for all j > 1

C:L'j (0, ﬂ) = T*jﬁ[j7oo]D7T[07j_1]ﬂ = T*jﬂ'[jpo] (Dﬁurﬁ - D?T[jpo]ﬂ) .

Because 7j 010t — 0 in £1(Z;U), it follows that Dy eqjt — 0 in (3(Z1;U)
because D7y : (1(Zy;U) — ¢2(Z4;U) is bounded, by claim (iii) of Lemma 33.
Because D740 € (*(Z4;U) by claim (iii) of Lemma 33, also 7[j o) DT40 — 0.
Thus limj_o Cz;(0,a) = 0 for all @ € ¢1(Z4;U) for which the limit 2. (0, @)
exists. Because C is closed by Lemma 31, it follows that Cz.(0,%) = 0 and
Zoo(0,1) € ker (C). Clearly, the same reasoning could have been made for I/O

stable ® and @ € ¢*(Z4;U).

We assume that dom (C) = H for the rest of this section. Then C is a densely
defined closed operator in H. Based on the above discussion, there is no great
loss of generality. Because ® is strongly H? stable, we have dom (C) # 0. If
D = 0, then we have range (B) C ker (C). In particular, this is the case when
dom (C) = ker (C) and ker (C) = dom (C) = H because the null space of a closed
operator is closed.
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We proceed to consider the natural Hilbert space norm of dom (C). The neces-
sary technical tools are Definition 38 and Lemmas 39, 40 and 41.

Definition 38. Let & = [4’ BT’ | be a DLS.

(i) The inner product { , Yg in dom (C) is defined by
(,9)E = (v, y) g + (C2,Cy)r2(z, ;v)-

(i) By E denote the vector space dom (C), when equipped with the inner prod-
uct {,)E.

It is easy to check that (, )g is an inner product in dom (C). As usual, the inner
product of E provides the corresponding norm ||z||g = (z,2) . This norm of
E is called the graph norm of the observability map. Clearly,

llz|lg <|lz||g forall =€ E,

and the equality holds if and only if x € ker (C). The set ker (C) is a closed
subspace of both £ and H. The following consequences of the closed graph
property of C are basic.

Lemma 39. Let ® = [4) 57| be a DLS, and let E be the inner product space
giwen in Definition 38. Then

(i) E is a Hilbert space,
(ii) C € L(E;3(Z43Y)) and |[Cl|p—r2(z,v) < 1,
(i1i) C:=moC € L(E;Y) and ||C]|p—y < 1.

Proof. In order to show claim (i), it is sufficient to show that E is complete.
Let {z;} C dom(C) = E be a Cauchy sequence in E. Because the norm of
E majorizes the norm of H, it follows that {z;} is also a Cauchy sequence
in the topology of H. Similarly, the sequence {Cx;} is a Cauchy sequence in
(*(Z4;U). It follows that the sequence {z;} has a limit # € H and {Cz;} has
a limit § € £2(Z,;Y), by the completeness of both H and ¢(Z,;Y). Because
C is closed by Lemma 31, it follows that 2 € dom (C) = E and y = Cx. Now we
can write

llzj = all% = [lo; — @[ + ICz; = Callfs(z,.v) — 0

as j — oo. Thus the arbitrary Cauchy sequence {z;} has a limit x € F, and
the completeness of E follows. Claim (ii) follows because

1C2[22(z, vy < 2lffr +1IC2[2 2, vy = Il

for all z € E, x # 0. Claim (iii) follows from claim (ii), because 7y is of norm
1. The proof of this lemma is now complete. O
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Under the same assumptions, we can also say several facts about the semigroup
generator A when restricted into F.

Lemma 40. Introduce the same notations as in Definition 38. Then

(i) A maps E into itself, and
(ii) A|E € L(E).

(iii) If A is a power bounded of L(H), then A|E is a power bounded element
of L(E). Furthermore,

sup;>ol[(A|E) ||z < max (supj>ol |47 ||n, 1).

(iv) For all x € E we have
||A72||gr — 0 = ||Alz||g — 0.

If A is strongly stable, then A|E is strongly stable.

Proof. Because E = dom (C) as the algebraic vector space, claim (i) is given by
Proposition 34. Claims (ii) and (iii) follow immediately from the calculation

|Aia|2, Al +1ICA 2| g, )
Izl Tl +1C2l% 2, .y
A + 7 Cal R 4, vy
12l13 + IC2 ]|z, v
A NZ iy 2l + 1IC] 122 2, vy

2l + 11C2[%2 2, )

< max (|| A7 z(m), 1)

To prove claim (iv), note that for arbitrary « € E we have
A2l = [|A2]|f + |77 Call oz, v

Now the first term of the right hand side approaches zero by assumption.
The second term approaches zero, because Cx € (?(Zy;Y) by Definition 29
of dom (C) = E. This completes the proof of the lemma. O

One could regard claim (iv) of the previous lemma as a partial converse to the
obvious implication

(1.48) |zl — 0= ||zj[lg — O

for all sequences {z;} C E. If there is an equivalence instead of implication in
(1.48), then the bijective inclusion mapping from the Hilbert space (E, || - ||r)
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onto the normed vector space (dom (C),|| - ||x) is a bounded with a bounded
inverse, by [79, Theorem 1.32]. Furthermore, the norms || - ||z and || - ||z on
dom (C) are equivalent, which happens if and only if dom (C) = dom (C) is a
closed Hilbert subspace of (H,||-||g). If dom(C) = H is assumed a priori,
then the output stability of ® follows. We conclude that the topology of E
is in general genuinely stronger that that inherited from H, and the full con-
verse to formula (1.48) is in general not true. The input operator B and the
controllability map B behave expectedly, too.

Lemma 41. Let ® = [f‘g ng} be an H? stable DLS, whose input operator is
B. Then

(i) The input operator B maps U into E boundedly. The norm estimate
1Bl 2.5y < [I1BIZw.amy + 1Pm0l G2z, v
holds.

(i) Assume, in addition, that ® is I/O stable and input stable. Then B €
L(dom (B); E) and

||B||c210m(B)A>E < ||B||c210m(B)A>H + ||D||iom(’D)4>Z2(Z;Y)'

Proof. Because E = dom (C), it follows from Lemma 35 that B maps U into E.
It follows from Definition 32 and formula (1.44) that

[|CBuo|le2(z. vy < ||Dmotl|e2(zy vy < [IPTollu—e2(zy vy ||wolly < o0
for any @ = {u;};>0 € Seq(U). Furthermore, for arbitrary ug € U we have
|| Buo||% = || Buollz; + [ICBuo|2(z, ;v
< (11BIZ .y + DTl 2z v ) ol

and claim (i) follows. In order to prove claim (ii), let @ € dom (B) C dom (D)
be arbitrary. Then ||12||?2(Z,U) < o0 because dom (B) = Seq_(U) C ¢*(Z_;U),
and

1Bal|% = [1Ball7 + 1CB[ (2, 1)

< 1Bl + |17+ Dl z, )
< (11B1Bosy - + D1y zovy ) 1l ez

because both dom (B) and dom (D) have the norm of £2(Z; U). This completes
the proof of the lemma. O
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Actually, the I/O stability is not required to make the conclusion of claim (ii).
It would have been sufficient to assume that the Hankel operator 74 Dnm_ :
(*(Z_;U) — (*(Z4;U) is bounded.

Given a strongly H? stable DLS ® = [“g Br?] = (4 5), we have constructed a
restricted state space E = dom (C), equipped with the Hilbert space norm |||| .
The restricted generating operators satisfy A|E € L(F) and C|E € L(E;Y), by
Lemmas 39 and 40. Even the input operator satisfies B € L(U; E), by Lemma
41. Tt is now possible to define the DLS ¢¢ whose generating operators we have
constructed.

Definition 42. Let ¢ = (é B be a strongly H? stable DLS, whose input space
is U, state space is H and the output space is Y. The graph topology DLS ¢9,

associated to ¢, is the DLS
69— AlE B
‘ C|/E D)’

where E is the vector space dom (C), equipped with the Hilbert space inner prod-
uct of Definition 38. The space U is the input space, Y the output space and E
the state space of ¢9.

The basic properties of ¢& are collected to the following theorem.

Theorem 43. Let ¢ = (4 B) be a strongly H? stable DLS.

(i) The graph norm DLS ¢9 is given in I/O form by

oo [(AIBY B
“|cE D\

The DLS ¢9 is an output stable DLS. ¢9 is I/O stable if and only if ¢ is.

(ii) If the semigroup generator A of ¢ is power bounded, then so is the semi-
group generator A|E of ¢9. If A is strongly stable, then so is A|E.

(i1i) Assume, moreover, that ¢ is I/O stable and input stable. Then ¢9 is I/0
stable and input stable.

Proof. To prove claim (i), we only prove that Dgs = Dy on Seq(U). The cases
of observability and controllability maps are similar. By formula (1.7), it is
sufficient to show that CA’Bu = C|E - (A|E)? - Bu for all u € U and j > 0.
Because A : E — E by claim (i) of Lemma 40, it follows that (A|E)! = A’|E
for all j > 0. Because B : U — E by Lemma 41, it follows that (A|E)’ - Bu =
AJBu € E for allu € U. But then C|E-(A|E)? - Bu = C A7 Bu, and the equality
of I/O maps follows. The output stability of ¢ is shown in claim (ii) of Lemma
39. Claim (ii) follows directly from claims (iii) and (iv) of Lemma 40. Claim
(iii) is shown in claim (ii) of Lemma 41. This completes the proof. O



1.8. GRAPH TOPOLOGY OF THE STATE SPACE 47

We complete this section with a discussion of the presented results. Let ¢ be
strongly H? stable DLS. By Theorem 43, we can change ¢ to an output stable
DLS ¢2 by a simple restriction and renorming of the state space H of ¢. The
properties of ¢& are almost identical to those of the original ¢, However, the
state space is genuinely restricted, except for a trivial case. The drawback is
that we cannot consider all initial states xg € H of ¢ with the aid of ¢2, but
only those which give an ¢?(Z;Y’) output with the zero input.

The lack of output stability of ¢ tells us that the state space of ¢ is “too large”
or “inconveniently normed”, and a better norm should be chosen for the state
space. We regard it as a assumption to require that the H? stable DLSs are,
in addition, output stable. The Riccati equation theory of output stable DLSs,
as presented in Chapters 3, 4 and 5, does not require an introduction of new,
topologies of the state space. In other words, once the original state space
(H,|| - |lz) is replaced by (E,||-||g) of Definition 38, the full description of
the ¢ and the related Riccati equation can be conveniently done in this fixed
topology.
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1.9 Stability of the closed loop DLS

In this section we study the feedbacks of DLSs with the additional requirement
that the input and output sequences lie in the Hilbert spaces ¢?(Z,;U) and
(?(Z4;Y). We restrict the notion of feedback pair as presented in Section 1.6
to take these additional requirements into consideration. We study both I/O
stable and stable systems, and how the open loop stability is preserved in the
closed loop system.

Definition 44. Let ® = [“g BTD*J] be a DLS, and [IC, F] a feedback pair for the

DLS ® in the sense of Definition 21.

i) The feedback pair [IC, F] is 1/O stable if ®® := [A? BT | js an I/0O stable
K F
DLS and

(1.49) dom (C) C {xo € H|Kxo € £*(Z,;U)} =: dom (K).

(i1) The feedback pair [IC, F] is output stable if dom (K) = H.
(1ii) The feedback pair [IC, F] is stable if it is I/O stable and output stable.

(iv) The feedback pair [K,F] is outer if (Z — F)~! is an 1/O map of an I/O
stable DLS.

If the semigroup generator A of ® is power stable, then all feedback pairs for ®
are stable but only very exceptional of those are outer. Because the mapping /C
is the observability map of the DLS ®™, and all observability maps are closed,
it follows that dom (K) = H is equivalent with K € L(H,¢*(Zy;U)). The
meaning of inclusion (1.49) is that K is not allowed to be “more unbounded”
than C. Tt follows that for an output stable DLS, any I/0O stable feedback pair
is stable. A feedback pair [, F] is stable if and only if K : H — (*(Z;U)
and F : (?(Z;U) — (*(Z;U) map boundedly. Note that ® need not be input
stable for a stable feedback pair [K, F].

Clearly, [IC,F] is I/O stable and outer if and only if the Toeplitz operator of
the I/O map (Z — F)7y : £?(Zy;U) — €*(Zy;U) is a bounded bijection and
inclusion (1.49) holds. Such I/O maps are needed in this section, and we give
their basic properties now.

Definition 45. Let X be an I/O map of an 1/O stable DLS.

(i) If range (X71) = (?(Zy;U), then X is outer.

(ii) If, in addition, X7 is injective and range (X74) = (*(Z1;U), then X is
outer with a bounded inverse.
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Between Banach spaces, bounded bijections are exactly those bounded operators
that have bounded inverses. Thus, the I/O map X is outer with a bounded
inverse if and only if the Toeplitz operator X7, is a bounded bijection on
62(Z+; U)

Proposition 46. Let X be an I/O map of an I/0 stable DLS. Assume that X
is outer with a bounded inverse.

(i) The Toeplitz operator X7 has a bounded inverse on ¢*(Z;U), denoted by
(X74)~t. The feed-through operator X := moXmo € L(U) has a bounded
inverse, and the algebraic inverse X~ of X on Seq(U) exists as an 1/O
map of a DLS. In fact, (X7y) ' = X 17, on(*(Z4;U), and X~ is I/O
stable and outer with a bounded inverse.

(ii) The I/O map X has a unique bounded extension from dom (X) = (*(Z; U)N
Seq(U) to all of £?(Z;U), denoted by X. The operator X : (*(Z;U) —
(%(Z;U) is shift-invariant, causal and a bounded bijection on (*(Z;U).
The bounded inverse X~' equals the unique bounded extension of X1
from dom (X~1) = (*(Z;U) N Seq(U) to all of (*(Z;U). The operator
X1 03Z;U) — (3(Z;U) is shift-invariant, causal and a bounded bijec-
tion on (*(Z;U).

(iii) The Toeplitz operator m7_Xn_ : {*(Z_;U) — (>(Z_;U) is a bounded bi-

jection, and its inverse equals m_X " 1m_.

Proof. We start with claim (i). We have already stated that X7 has a bounded
inverse (X7, )~ on £2(Z,;U). We want to conclude that X := my X7 has a
bounded inverse. We first consider the surjectivity. Let wg € U be arbitrary,
and denote @ = {w;};>0 € ¢*(Z4+;U) a sequence such that w; = 0 for j > 0.
Because the Toeplitz operator X7, is surjective, there is a @ € £?(Z,;U) such
that w = X7 u. But then,

wy = mp X740 = mogXTou = Xug,

by the causality of X, and the natural identification of range(my) and U.
Because wq is arbitrary, it follows that X is surjective. Assume that X is
not injective. Then there is a ugp € U such that mgXu = Xug = 0, where
@ = {u;j};>0 € (*(Z4;U) is the sequence satisfying u; = 0 for j > 0. Because
X is bounded, my (X7, 1) € ¢*(Z4;U). Because X7, is surjective, there exists
a i € (*(Zy;U) such that

Xﬁ+ﬂl = —7?+T*(Xﬁ+a) = —T*7T+(X7T('+’ITL).
But now

X7_T'+ (ﬁ—i—Tﬂ/) = X’/'_T+’EL+ TX7_T+’EL, = X’/'_T+’[l — 7T+X7_T+’l~t
= moXT+u = moXTmou = Xug = 0.
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Thus (@4 7@') € ker (X¥7y) which is contradiction against the injectivity of
X7+. We have concluded that X € £(U) is a bijection. So it has a bounded
inverse X ! € L(U).

Because X is the feed-through operator of any realization of X' (and such re-
alizations exist), claim (i) of Proposition 17 implies that the inverse mapping
X1 Seq(U) — Seq(U) exists. Let @ € (?(Z4;U) C Seq(U) be arbitrary.
Then, by the definition of the inverse operator, @ = X7, (X7y) 'i. Because
@ € (*(Zy;U), it follows that

X \Fi= X = X xR (Xry) N = wy (X)L

Because @ is arbitrary and (X7.)"'a € (*(Zy;U), it follows that
X7, = (X7y)7 !, as invertible operators on ¢(Z;U). Because X7y is
a bounded bijection on ¢?(Z,;U), so is its inverse (X7,)~!. But the latter
equals the Toeplitz operator X ~'7,, and thus the I/O map X! is outer with
a bounded inverse.

We prove claim (ii). From the shift-invariance of X and boundedness of X7
it follows easily that X : £2(Z;U) N Seq(U) — ¢*(Z;U) is bounded because the
shift 7 is unitary ¢2(Z;U). The density of £2(Z;U) N Seq(U) in (*(Z;U) gives
the unique bounded linear extension of X to all of ¢2(Z;U), denoted by X. Tt
is a matter of a simple limit argument that the extended X is shift-invariant
and causal. It remains to check that X : ¢*(Z;U) — (2(Z;U) is a bounded
bijection. We start with its coercivity. Let @ € ¢?(Z;U) be arbitrary, and define
Uy = T[_j o)t for all j > 0. Then {@;};>0 C £*(Z;U) N Seq(U) and 4; — @ in
(?(Z;U). Then, because T is unitary, we have

X520y = 1 XFLT U5 22450

> K - [0z, 0) = K - ||z

where the existence of the constant K > 0 follows from the coercivity of the
Toeplitz operator X7, . Because X is continuous, ||Xa;||ez(z,v) — ||Xil]e2(z;0)

as j — oo, and it follows that the limits of the norms satisfy ||X'@||s2(z0) >
K-||t||¢2(z;1r)- Thus the extension X is coercive on ¢2(Z,; U). Because range (X74.)
= (%(Z;U), the shift-invariance of X implies that

Uj>o{m*7¢*(Z4;U)} C range (X) C range (X) := X(*(Z; U).

But then range (/? ) is dense and, by the coercivity of X, it follows that range (/? )
= (*(Z4;U). Tt also follows that X is injective, by the coercivity. Thus X is a
bounded bijection on ¢2(Z,;U).

We proceed to show that X~! equals the unique bounded extension of the
I/O stable I/O map X! from (?(Z;U) N Seq(U) to all of £%(Z;U). Let w €
?*(Z;U)N Seq(U) be arbitrary. Then there is a @ € ¢2(Z; U)N Seq(U) such that
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W= Xt =Xa Now

X 'o—-X Mo =x""Xa- X" Xa=a—u=0.
Thus X~! is an extension of X!, and claim (ii) follows.

We prove the last claim (iii) by showing that the bounded linear operator
n_Xln_ :03(Z_;U) — (*(Z_;U) is the inverse of 7_Xm_. We have

T Xl Xr_=a_ X' A7 — 7r_/?_17’r+ X7

=T_ —W,é?flfnr SXm_

where all operators are bounded on ¢?(Z;U). But because X! is causal on
A(Z;U), m- X', =0, and 7 X~ '7_ - 7_X7n_ = m_ follows. Similarly,
7 _Xrn_ -7 X 'n_ = 7_, and because m_ is (identifiable with) the identity
operator on ¢2(Z_;U), the proof is complete. O

As has been discussed after Definition 32 for general I/O stable I/O maps, we
use the same symbol X for the original I/O map X : Seq(U) — Seq(U) and
X : (*(Z;U) — (*(Z;U). An immediate conclusion of claim (i) of previous
proposition is the following corollary.

Corollary 47. Let X be an I/O map of a DLS. Then X is outer with a bounded
inverse if an only if X =1 : Seq(U) — Seq(U) exists and is outer with a bounded
1muverse.

Now we have made the necessary preparations and proceed to consider the
stability of the closed loop DLSs. In Theorem 48 we connect an I/O stable
feedback pair to an I/O stable DLS. In Theorem 51 we do the same thing
with a stable DLS and a stable feedback pair. Stability properties of the open
loop and closed loop semigroup generators are considered in Proposition 49.
Throughout this section, we use the following notation for the mapping of the
closed loop DLS

[ AL Bori
(1.50) P = [ [C, D,
L ICo «7:0

[ AT+ Bri(T—F)"'K B —F)~ 1t
= C+D(I-F)K D(IZ-F) !
[ (Z-F)"K } [ Z-F)t-1

Theorem 48. Let & = [f‘g Bg‘j} an I/O stable DLS. Let [K,F] be an I/0
stable feedback pair for ®. Then the following holds.
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(i) The (open loop) extended DLS ®°** = [®, [K, F]|, given in Definition 25,
is I/0 stable, and the domain of its observability map satisfies

(1.51) dom ({ e D — dom (C).

(i) Assume, in addition, that [IC,F] is outer. Then the closed loop extended
DLS & = [®,[K, F],, given in Definition 23, is I/O stable, and the
domain of its observability map satisfies

(1.52) dom ([ ,% D — dom (C) N dom (K.) = dom (C).

Proof. The cartesian products of observability maps C; : dom (Cy) — £2(Z.;Y7)
and Co : dom (Ca) — ¢%(Z,;Ys) satisfy

(1.53) dom ([ g; D = dom (€;) Ndom (C2),

by Definition 29 and noting that ¢3(Z ;Y1) ® (*(Z1;Ys) = (*(Z1;Y1 @ Ya).
Claim (i) follows because dom (C) C dom (K) by Definition 44.

We proceed to prove claim (ii). The closed loop mappings in ®¢** are given by
Co:=C+DI-F)'K, Ko:=(I-F)'K,
Dy:=DI-F)"', Fo=T-F)"'-1I,

by formula (1.50). We first show that ®$** is I/O stable. The Toeplitz operator
of its I/O map satisfies on Seq(U)

I LR A A B g A

by the causality of D and (Z — F)~!. Now, D7, and F7, are bounded on
(*(Z4;U), by the assumptions that both ® and [K, F] are I/O stable. Because
[K,F] is outer, (Z — F) ' 7, maps (2(Z;U) onto (2(Z;U) boundedly. By
Definition 29, dom ([?ﬂ Ty) = {*(Z4;U), and the I/O stability of ¢ follows.

The first equality in formula (1.52) has already been established in formula
(1.53). Let xp € dom (C) be arbitrary. By Definition 44, it follows that Kz €
(*(Z4;U). But now

Koxo = (T — .7:)_17_T+/C£L'0 € ZQ(ZJF; U)

because (Z — F)~' 74 maps (2(Zy;U) onto (2(Zy;U) boundedly. Thus zy €
dom (K,). Because D7 is bounded from ¢%(Z.;U) into £3(Z;Y), it follows

Coxo = Cxo + D Koxp € 62(Z+; Y)7
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and so zg € dom (C,) N dom (K,).

For the converse direction, let xy € dom (C,) N dom (K,) be arbitrary. Then
Koxo € (?(Zy;U) and D7 Koz € (%(Z1;Y) because @ is 1/O stable. Also
Corg = Cxg + DT Koxo € (*(Z1;Y). Tt immediately follows that Cxg €
(*(Z4;Y) and z9 € dom (C). This completes the proof the theorem. O

Note that the closed loop mapping F, is I/O stable if and only if [KC, F] is outer.
In all other cases, perturbations to the closed feedback loop cause instability in
the feedback loop. However, the closed loop I/O map D, = D(Z — F)~! can
be 1/0 stable even if neither D nor (Z — F)~! are I/O stable. In this case, the
feedback stabilized the DLS ®. In Chapter 4, we consider a particular case,
associated to nonnegative solutions of a Riccati equation, when a DLS ® and
its feedback pair [IC, F] are stable, [KC, F] is generally not outer but nevertheless
D, is I/O stable.

As has been considered in connection with equation (1.33), any state feedback
can be undone by using another, inverse feedback pair. I/O stable and outer
feedback pairs behave as follows.

Proposition 49. Let ® be a DLS, [K,F] a feedback pair for it, and ®* =
(@, [IC, F], the corresponding closed loop DLS. By

K, F]:=[-Ks, —Fo]=[-(Z-F) 'K, T—(T—-F)

denote the inverse feedback pair of [IC,F].

(i) [K,F] is an oulput stable and outer feedback pair for ® if and only if
[K,F| is a stable feedback pair for ®t. [K,F] is an output stable and
outer feedback pair for ® if and only if [K,F] is a stable feedback pair
for ®. [, F] is a stable and outer feedback pair for ® if and only if [KC, F)
is a stable and outer feedback pair for .

(ii) Assume, in addition, that ® is I/O stable. Then [K,F] is an 1/O stable
and outer feedback pair for ® if and only if [IC, .7-"} is an I/O stable and
outer feedback pair for ®L.

Proof. We have already seen in connection with equation (1.33) that [KC,F]
is a feedback pair for ®**. Claim (i) follows immediately from the formulae
connecting [, F] and [K,F]. We proceed to prove claim (i). Assume that
[K,F] is an I/O stable and outer feedback pair for the I/O stable DLS .
Because [K, F] is outer, the mapping (Z — )~ is an I/O map of an I/O stable
DLS, by Definition 44. Because clearly (Z — F) " = Z — F holds on Seq(U),
it follows that F is an I/O map of an I/O stable DLS. Also, (Z — .7?)71 is an
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I/O-stable I/O map because it equals Z—F on Seq(U), and [K, F] is I/O stable.
The domains of the observability maps satisfy

dom ([ ,%; D — dom (C) C dom (K) = dom (K) ,

where the first equality is by the I/O stability of ® and claim (ii) of Theorem
48, and the inclusion is by assumption that [C, F] is an I/O stable feedback pair
for the DLS ®. The final equality follows because K = —(Z — F)~ 17, K where
(Z — F)~1#; is a bounded bijection on ¢?(Z,;U). We have now checked that
[IC, F] is an 1/O stable feedback pair for ®**.

To prove the converse direction, assume [K, F] is an I/O stable feedback pair
for ®¢**. We first show that the closed loop DLS @ itself is I/O stable. It

I/O map is [E_g:g:} : Seq(U) — Seq(Y ®U). The 1/O map D : (*(Z;U) —

(*(Z;Y) is bounded because ® is assumed to be I/O stable. The I/O map
(Z —F)1:03(Z;U) — (*(Z;U) is bounded because (Z — F)~! =7 — F and
[, F] is 1/0O stable. Finally, the I/O-map F : £2(Z;U) — ¢*(Z;U) is bounded
because F =T — (Z — F)~! and [K, F] is outer. It now follows that ®** is 1/O
stable.

We can now proceed as in the first direction of this proof, but using the I/0
stable DLS @t in place of ® and the I/O stable [K, F] in place of [K,F]. It
follows that the inverse feedback pair [K’, F'] of [K, F| is an I/O stable feedback
pair for the closed loop extended DLS (@i"t)zm = [[@,[K, F]], [K,F]]. By for-
mula (1.33), [, 7] is also an I/O stable feedback pair for the DLS ® because
the semigroups and controllability maps of these DLSs are equal. It is an im-
mediate consequence of the identity (Z — F)~! =Z — F that [K', F'] = [K, F].
Now claim (ii) is proved. To see that claim (i) holds, it is enough to note
that K := —(Z — F)~!K is bounded from H into ¢*>(Z;U) is and only if K is
bounded from H into ¢2(Z,;U), because (Z — F)~ 7, is a bounded bijection
on (%(Zy;U). O

The next theorem shows us, how the stability of the semigroup is preserved
under the closing of the feedback loop. The role of input stability should be
carefully noted.

Theorem 50. Let & = [‘g B2 ] be an input stable DLS. Let [K, F] be a stable
and outer feedback pair for ®. By A, denote the semigroup generator of ¢ =
(@, [, F]]. Then

(i) A is strongly stable if and only if A, is strongly stable, and

(i) A is power bounded if and only if A, is power bounded.
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Proof. We prove the “only if” part of claim (i). Assume that A is strongly
stable and z¢ € H is arbitrary. Then

Alzg = Ay + Br*i Koxo.

It is enough to estimate the second term on the right hand side and see that it
gets small if j is increased. Because K, = (Z — F) 'K and [K, F] is stable and
outer, it follows that Kzg € ¢2(Z;U). We have

(1.54) ||BT* Kozol|la < [|BT 0, 51Kool|
+ ||BT*j||£2(Z+;U)—>H : ||7T[J+1,oo]lcox0||£2(z+;U)-

The second term on the right hand side of equation (1.54) gets small by increas-
ing J because Koz € £%(Z1;U) and B is bounded. We estimate the first term.
By claim (ii) of Lemma 12, we have

j—1
1B 70, pyiil |l < ||A7Br_ - o pyiil | + || Y A" B(mpo, pyit) i1l m
=0
= > ABuji|lp=4""" (Z A’BuJ_i> Irs
i=j—J—1 i=0

for any @ € ¢?(Z4;U) and j > J. Letting j — oo, the right hand side approaches
zero because A is strongly stable. This proves that A, is strongly stable, thus
establishing the “only if” part of claim (i). We outline the proof of the “if” part.
By claim (i) of Proposition 49, we see that [KC, F] is a stable and outer feedback
pair for @, Also, %' is input stable because its input operator satisfies

. = B(Z—F)"! and [K, F] is outer. Now the semigroup generator of the closed
loop extended DLS (@2“)2“ = [[<I>, K, F, [IC,]?H is strongly stable, by the
argument presented above. However, it also equals A; the semigroup generator
of ®. Now claim (i) is proved. In order to prove claim (ii), we calculate

AL ey — 1A | 2| < 1AL — A7 2
< |1Bllezz_.v)—m) |IKs || —02(z_ 7y < o0

Thus either both A, and A are power bounded, or neither are. This completes
the proof of the theorem. O

Note that if [, F] is an output stable and outer feedback pair for an input
stable ® with a strongly stable semigroup generator A, then A, is strongly
stable. The proof of the “only if” part in claim (i) of Theorem 50 does not use
the I/0O stability of ®. We now consider the case when the feedback pair [/, F]
is not only I/O stable, but stable and outer. Roughly, outer feedback pairs give
stable closed loop DLSs ®¢*t.
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Theorem 51. Let & = [4/ 877 | be an I/O stable DLS, and [K,F] an 1/O
stable and outer feedback pair for it. Define @ := [®, [, F]] and P =
[, [, F]],.-

(i) Both ®°** and ®* are 1/0 stable.

(11) ® is input stable if and only if @' is input stable if and only if P is
input stable.

(i1i) ® is output stable and [KC, F] is stable if and only if @ is output stable
if and only if < is output stable.

(iv) ® and [K,F] are stable if and only if ®' is stable if and only if ®* is
stable.

(v) ® is strongly stable and [KC, F] is stable if and only if ®°** is strongly stable
if and only if ®TY is strongly stable.

Proof. Claim (i) is claim (i) of Theorem 48. We prove claim (ii). Because
[KC, F] is I/O stable and outer, the anticausal Toeplitz operator 7_ (Z — F)~!7_
is a bounded bijection with a bounded inverse on ¢*(Z_;U), by claim (iii) of
Proposition 46. Claim (ii) follows because B, = B(Z—F)~ ! = B-n_(Z—F) 'n_,
and both the DLSs ® and ®°** have the same controllability map.

The first equivalence of claim (iii) is trivial. We prove the “only if” part of the
latter equivalence. Assume that ® is output stable and [KC, F] is stable. Then
Ko = (Z—F)"'K:H — (?(Z;U) because [K, F] is output stable and outer. It
follows that C, = C + DK, : H — (*(Z4;U) is bounded because ® is both I/O
stable and output stable. Thus the observability map [,CCZ ] cH — (2(Zy;UBY)
of ®&*t is bounded, and ®* is output stable. To prove the “if” part, assume
that ®t is output stable. Then both C, and K, are bounded. It follows that
C = Cs — DK, is bounded because ® is I/O stable. Thus ® is output stable.
Because K = (Z — F)K, and [, F] is I/O stable, it follows that [KC, F] is output
stable and hence stable.

In claim (iv) it is trivial that ® and [K, F] are stable if and only if ®°** is stable.
Assume that ® and [K,F] are stable. Then claims (i), (ii) and (iii) of this
theorem imply that ®%* is I/O stable, input stable and output stable. Claim
(ii) of Theorem 50 implies that A, is power bounded, and thus ®*' is stable.
Assume that ¢ is stable. Then the I/O stable ® is input stable and output
stable, by claims (ii) and (iii) of this theorem. Claim (iii) also implies that the
I/0O stable feedback pair [KC, F] is in fact stable. Now claim (ii) of Theorem 50
implies that A is power bounded. Thus ® is stable and claim (iv) follows.

The proof of claim (v) is analogous to claim (iv), only claim (i) of Theorem 50
must be used instead of claim (ii) of Theorem 50. O
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1.10 Transfer functions and boundary traces

In this section, we introduce some necessary tools from the operator-valued
analytic function theory, measure theory and harmonic analysis.

Transfer functions

For the I/O map D of a DLS ® = ¢ := (4 8), formula (1.7) is given. The
bilateral shift operator can be formally replaced by a complex variable z, and
the formal sum is obtained

(1.55) D+ CA'BZ*.
i>0

Because A is bounded by the definition of the DLS, this sum converges for |z| <
[|A=1]|7t, thus defining an analytic £(U;Y)-valued function D(z) in a neigh-
borhood of the origin. In fact, D(z) = D + 2C0(I — 2A)~!B for |z| < [|[A7Y]|7L.
The analytic function D(z) is called the transfer function of ®. Because all I/O
maps of DLSs have transfer functions analytic in a neighborhood of origin, we
say that the the DLS is a well-posed linear system. The well-posedness makes
it possible to add and multiply two transfer functions of appropriate type in a
common neighborhood of the origin where both are analytic. We remark that
the corresponding continuous time notion of well-posedness is deeper, see [89].
Because the power series coefficient (centered at the origin) of an analytic func-
tion are unique, we have one-to-one correspondence between the I/O maps of
DLSs and operator-valued functions, analytic in a neighborhood of the origin of
the complex plane, see Lemma 9.

In the following definition, we consider signals instead of systems.

Definition 52. Let Z be a Hilbert space.

(i) The sequence i = {u;}jcz, € Seqy(Z) is well posed, if the power series

converges to an analytic function in some neighborhood of the origin.

(i) The mapping F, : @ — U(z) is the z-transform.

The set WSeqy(Z) of well-posed sequences is a vector subspace of Seqy(Z). It
is a matter of taste whether z-transform should be defined to be analytic in a
neighborhood of the origin or of the infinity. It seems that in the function theory
the former alternative is used, and in the control theory the latter is preferred.
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Proposition 53. Let D be an I/O map of a DLS, and D(z) its transfer func-
tion. Let u € WSeqy(U) and u(z) its z-transform. Let g € Seqy(Y). Then the
following are equivalent:

(i) §j = Da
(i) § is well-posed, and §(z) = D(z)u(z) in some neighborhood of the origin.

Proof. Assume claim (i). Because both D(z) and @(z) are analytic in a some
common neighborhood of the origin, so is the Y-valued function f(z) := D(z)a(z).
Identify the unilateral shift 7 by the multiplication by the complex variable z.
By comparing the expression of both Da and D(z)a(z), with the aid of formulae
(1.7) and (1.55), it is clear that the power series coefficients f; of f equal the
components y; of §. So § € WSeq4(Y) is well posed and (ii) follows. The
converse direction is similar. O

Corollary 54. Let ¢1 and ¢o be DLSs with compatible input and output spaces.
Then Dy, ¢,(z) = (Dg, Dy, )(2) = Dy, (2)Dg, (2).

Proof. Let @ € WSeq(U) be arbitrary. Then Dy, 4,% and Dy, % are well posed
sequences by Proposition 53, and

(Dg14,©)(2) = Dy, 45 (2)1i(2) = (Dg, (D, ))(2)

= D¢1 (Z)(anﬁ)(z) = D¢1 (Z)D¢2 (Z)ﬁ(z)v
where all the equalities are by Proposition 53, except the second which is by
claim (ii) of Proposition 17. Because 4 is arbitrary, the claim follows. (|

We conclude that the algebraic structure of corresponding I/O maps and trans-
fer functions is equivalent, when only the well-posed input sequences are con-
sidered. In particular, because I/O map is known if its action on sequences
€ WSeq(U) satisfying m;a = 0 for j # 0, no uniqueness problems can arise
if we restrict to well posed inputs. We have ¢*(Z;U) C WSeqy(U). This is
trivially true because @ € ¢?(Z;U) is a bounded sequence, and thus the power
series >0 ujzj converge for all z € D by a simple argument.

At this point, it is necessary to introduce the Hardy spaces HP(D; L(U;Y))
(operator-valued) and H?(D;U) (Hilbert space -valued) for each 1 < p < oc.
They are defined as the Banach spaces of analytic functions in D with the norms

1D ey = 510, 5 / D)2y

- 1 .
L = / a(re)7, db.
0
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Out of these, the cases p = 2 are most important to us. The space H2(D;U) is
Hilbert, with the inner product

2
. ~ : 1 ~ 0\ = i
(@) 5oy = Jim 5= [ (atre),o(re)),, do
0
and the Parseval identity
(1.56) (@(2),9(2)) g2y = (U 0) 2z 0y -

The interpretation of equation (1.56) is that the z-transform F, : @ — (z) is
an isometric isomorphism of the Hilbert spaces ¢2(Z.;U) and H*(D;U). For
further information, see [77, Section 1.15] and [46, Chapter III].

Now that we have identified the z-transforms of finite energy signals, we identify
the transfer functions of I/O stable DLSs. For this end, we meet one more
Hardy space, namely the celebrated H*>(D; L(U;Y)). We say that D(z) €
H>(D; L(U;Y)) if it is L(U;Y)-valued analytic function in the whole of D,
and

D) (i 2(vivy) = sup 1P 2wy < oo

Proposition 55. Let D be a I/O map of a DLS, such that all the Hilbert
spaces U, H and Y are separable. Then D is I/O stable if and only if D(z) €
H>(D; L(U;Y)). Furthermore, ||D(2)| g m;cw;v)) = IPlle2(z )02z v)-

Proof. This is the contents of [77, Theorem 1.15B]), or [27, Theorem 1.1, Section
IX, p. 235], to mention few possible references. In [77], the input and output
spaces are written to be the same space. However, by using the Cartesian
product Hilbert space W = U @Y as both input and output space, and extend-
ing the operators T' € L(U;Y) to T' = (2 9), the notational inconvenience is
resolved. O

For the representation of bounded causal shift-invariant operators by H°° func-
tions, see also [91] and [97]. Related to the operator-valued H?(D;L(U,Y))-
space, another less known variant, called the strong H%(D; £L(U,Y)) is defined
as follows:

Definition 56. The strong H*(D; L(U,Y)) (briefly: sH?(D; L(U;Y))) is the

set of L(U;Y)-valued analytic functions D(z) in D, such that D(z)ug € H*(D;Y),
for allug € U.

Clearly sH?(D; L(U;Y)) is a vector space. The following proposition gives a
hint why sH2(D; £(U;Y)) is important to us.



60 CHAPTER 1. DISCRETE TIME LINEAR SYSTEMS

Proposition 57. The DLS ¢ := (A B) is strongly H? stable if and only if the
transfer function Dy(z) € sH2(D; L(U;Y)).

Proof. Let ¢ be a strongly H? stable DLS. We first show that the transfer
function Dy(z) is analytic in the whole of D. We have for arbitrary @ :=

{uj}j>o € Seq+(U)

| Duolly + Y~ ||CA? Bug|[3,
j=>0

= [{Duo} U{CA ' Bug}jz1ll72z, vy = [Dsmoil|72(z, vy < 00

Because @ is arbitrary, we have sup; ||C A7 Bug|ly < oo for all ug € H. Now
Banach-Steinhaus Theorem implies that the family {C'A7B};>¢ is uniformly
bounded, and clearly the power series Z;io CA'B2I converges for all z € D.
The power series expansion of transfer function Dy(z) is given by

Dy(z) =D+ Y CA™'Bz, zeD.

jz1

By the strong H? stability, {C A7 Bug}j>o C ¢*(Z4;Y) for any ug € U. The
Parseval identity implies now that Dy(2)ug € H?(D;Y) for each ug € U. So
Dy(z) € sH2(D; L(U;Y)). The converse direction is similar. O

Nontangential limits of transfer functions

We have seen that the I/O maps of DLSs and well-posed signals have a one-
to-one correspondence to their transfer functions and z-transforms, respectively.
Furthermore, the I/O stability and finite signal energy notions behave well under
the z-transform. The following question arises: what essentially new does the
replacement of the bilateral shift 7 by the complex variable z bring us? A
(partial) answer is: point evaluations of the transfer function D(z) at all points
of analyticity z. This gives us the notion of zeroes and poles of the transfer
function, at least in the case when all the Hilbert spaces U, H and Y are finite
dimensional.

The notions of zeroes and poles are not central in this book, and if it was only
for this reason, we would not need to define the transfer functions in the first
place. However, there is another reason to introduce transfer functions that
is important to us. Namely, there are restricted classes of (transfer) functions
D(z) and (signals) @(z), analytic for z € D, that can be evaluated in a useful
sense at the boundary points e € T = 0D, too. In these classes, the notion of



1.10. TRANSFER FUNCTIONS AND BOUNDARY TRACES 61

the nontangential limit functions or, equivalently, boundary traces D(e’) and
@(e?) can be defined by

D(eie)uo _ hm D(Zj)uo for all wg € Uv

it
zj—e

a(e”) = lim_a(z),
z;—et?

for all such e € T, where the limit exists for all ug € U and all sequences
D>z — e’ € T lying inside some nontangential approach region, as defined
in [25, p. 6], [78, Theorem 11.18], or any other book of basic function theory.
We remark that the operator limit D(e?) is taken pointwise, in the strong
operator topology. If D(z) is matrix-valued, then the strong nontangential limit
is actually a nontangential norm limit, because in a finite dimensional space
pointwise convergence implies norm convergence. We proceed to define the
classes where boundary traces ii(e”) and D(e’) are available in a practical
sense.

Suppose now that 4(z) € H?(D;U) for 1 < p < oo, and D(z) € HP(D; L(U;Y))
for 1 < p < 0. By [77, Theorem 4.6A], if U, Y are separable, the nontangential
limit functions, denoted by @(e?) and D(e?), exist a.e. e’ € T modulo the

Lebesgue measure of the unit circle T. Actually this is true in much larger
classes N(D;U), N(D; L(U;Y)), Ny(D;U), N:(D;L(U;Y)), defined in the
following.

Definition 58. Let X be U or L(U;Y).

(i) Then N(D;X) is the set of analytic X -valued functions f(z), such that

2m
sup /log+||f(rei9)||x df < oo.

0<r<1

The set N(D; X) is called the Nevanlinna class, and its elements are called
the functions of bounded type.

(i1) Hy(D; X) is the set of analytic X -valued functions f(z), such that

27

sup / g(log.||f (re®)|x) d6 < oo,
o<r<l1

where g is a strongly convex function. The space Hy(D; X) is called the

Hardy-Orlicz class.

(i11) Ny(D;X) :=UHy(D; X), where the union is taken over all strongly con-
vex functions g.
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A function g : R — Ry is strongly convex (in the sense of [77, p. 135]) if
it is convex, nondecreasing, satisfies lim;_., g(t)/t = oo, and for some ¢ > 0
there exists M > 0 and a € R such that g(t + ¢) < Mg(t) for all t > a.
All the sets Hy(D; X), No(D; X), N(D; X) are vector spaces, and Hq(D; X) C
Ni(D;X) ¢ N(D;X). For additional information, see [77, Chapter 4]. In
particular, choosing g(t) = eP! gives the HP?(D;X) space, for 0 < p < oo.
Because H*(D; X) C H?(D;X), also the bounded analytic functions are of
bounded type.

These spaces are introduced because for f(z) € N(D; X), the boundary trace
function f(e®) exists almost everywhere on T. The set of the correspond-
ing boundary traces is denoted, quite naturally, by N(T;X). The mapping
ND;X) > f(2) — f(e) € N(T;X) is one-to-one and linear. Further-
more, the operator products of such functions behave expectedly: If F(e?) €
N(T; L(U;Y)) and G(e%) € N(T;L(U)), then F(e?)G(e?) € N(T; L(U;Y)).
If f(e??) € N(T;U), then F(e?)f(e”?) € N(T;L(Y)). Not only the sensible
products of bounded type functions are of bounded type, but also the bound-
ary trace of the product is always the product of the boundary traces. In the
infinite-dimensional cases these are nontrivial facts because the operator mul-
tiplication is not continuous in the strong operator topology — in the poetic
words of [77, p. 88]: “there is more here than meets the eye”. The proofs of
these results are based on a powerful representation for the Nevanlinna class
functions as a fraction of two H®° functions, with a scalar zero-free denomina-
tor. The H* case can then be handled more easily. For further information,
see [77, Theorem 4.2D and Theorem 4.5A].

Let us return to discuss the special case of HP(D; X )-spaces and the correspond-
ing boundary trace spaces H?(T; X ). Ultimately, the spaces H?(T; X) are iden-
tified with subspaces of certain Lebesgue spaces LP(T;L(U;Y))
(operator-valued) and LP(T;U) (Hilbert space -valued), for each 1 < p < occ.
In order to introduce the operator and vector Lebesgue spaces, it is necessary
to remind some notions of measure theory.

Definition 59. Let U and Y be separable Hilbert spaces. Let the measure space
(T, B,df) be the usual (Lebesque completion of the) Borel o-algebra of the unit
circle T, where df denotes the Lebesgue measure of T.

(i) The U-valued function f(e?), defined df-almost everywhere on ¢ € T,
is weakly (Lebesque) measurable, if for all u € U, the C-valued function
fu(e?) = <f(ei9),u>U is (T, B, df)-measurable.

(is) The L(U;Y)-valued function F ('), defined d9-almost everywhere on e €
T, is weakly (Lebesque) measurable, if for allu € U, y € Y, the C-valued
function F, ,(e) := (F(e")u,y), is (T, B,d)-measurable.
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If  f(e),g(e?), F(e?),G(e??) are weakly measurable, then so are
F(e)f(e?) and F(e?)G(e?), if the products make sense. Furthermore, the fol-
lowing scalar functions are measurable: (f(e'), g(ei9)>U, || f(e?)||ly and
I[F(e)||z@y). If r(e”) is a measurable scalar function and u € U, A €
L(U;Y), then 7(e?)u and 7(e*?) A are weakly measurable, see [24, Part I, Chap-
ter II1]), [46, Chapter III, p. 74], [77, comment on p. 81], and [91].

Definition 60. Let 1 < p < co. The Lebesgue spaces are defined as follows:

(i) LP(T;U) is the vector space of weakly measurable U -valued functions f(e*),
defined a.e. € € T, such that

27
7 1 i
[ / ()2, db < oo.
0

(i) LP(T; L(U;Y)) is the vector space of weakly measurable L(U;Y)-valued
functions F(e"), defined a.e. € € T, such that

2

||F(e 0)||II}1P(T;£(U;Y)) = % / ||F(e 0)||'pf[‘;[,(U;Y) df < .
0

(iii) L°°(T; L(U;Y)) is the vector space of weakly measurable L(U;Y)-valued
functions F(e'), such that

||F(ei9)||L°°(T;L(U;Y)) ‘= €ess supeweTHF(ew”C(U;Y) < 0.

Note that the scalar integrals appearing in Definition 60 are well defined, by
the assumed weak measurability. All the Lebesgue spaces are Banach spaces.
L?(T;U) is a Hilbert space with the inner product

27

/ (£(€7), g(e?)),, db.

0

(FE), 9 aiman = 5

Because of the nice properties of the weak measurability, much of the scalar
Lebesgue space theory can be carried over to the corresponding vector-valued
theory, by quite straightforward arguments. For example, because T is of the
finite Lebesgue measure, the Holder inequality implies that if 1 < p; < ps < o0,
then LP2(T; X) C LP'(T; X).

For 1 < p < oo, HP(T; X) can be regarded as a closed subspace of L?(T; X),
such that the Fourier coefficients of f(e’) (to be introduced in the next sub-
section) satisfy f; = 0 for all j < 0, see [77, Theorem 4.7C]. Furthermore, f(2)
can be recovered from f(e?) by both Poisson and Cauchy integrals. Finally,
the HP(D; X)-functions f(z) and their boundary traces f(e?) € HP(T; X) can
be and usually are identified by an isometry, see [77, Theorem 4.7D].



64 CHAPTER 1. DISCRETE TIME LINEAR SYSTEMS

Vector-valued integration and Fourier transform

Let U and Y be separable Hilbert spaces. In order to define the Fourier trans-
form in the Lebesgue spaces LP(T; L(U;Y)) and LP(T;U) for p > 1, we must
have an integration theory for these Banach space -valued functions. Note that
in previous subsection, only a scalar Lebesgue integration theory, together with
a characterization of weakly measurable Banach space -valued functions, was
required to define the spaces LP(T; L(U;Y)) and LP(T;U). Also recall that if
1 < p1 < pa < o0, then LP2(T; L(U;Y)) C LP(T;L(U;Y)) and LP2(T;U) C
LP1(T;U). It is well known that in the largest classes L'(T;L(U;Y)) and
LY(T;U), a vector-valued integration theory (and in fact many of those) can be
developed:

Proposition 61. LetU andY be separable Hilbert spaces. Let f(e*) € L'(T;U)
and F(e®?) € LY (T; L(U;Y)).

(i) There is a unique ¢ € U such that for all u € U

We call ¢ the weak Lebesque (Pettis) integral of f(e'®) and write

027r f(e?)df = c.

(i) There is a unique C € L(U;Y) such that for allu e U, y €Y

2

(Cu,y)y = /<F(ei9)u,y>y do.
0

We call C the weak Lebesque (Pettis) integral of F(e') and write

[2T F(e®)df = C.

Proof. For claim (i), see [46, Definition 3.7.1 and Theorem 3.7.1], and note that
U, as a Hilbert space, is reflexive. We outline the proof how claim (ii) follows
from claim (i). Let u € U. Then F(e?)u is a Y-valued weakly measurable
function, and by claim (i) there is a unique ¢, € Y such that

27

(cusy)y =/<F(6"9)u7y>y do

0

for all y € Y. It is easy to show that the mapping U > u +— ¢, € Y is linear,
and we define a linear mapping C' : U — Y by Cu := ¢,. It remains to be shown
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that C' is bounded. Let now u € U and y € Y be arbitrary. Then

27

27
| {Cu,y)y | §/|<F(ei9)u,y>y|d9§ IIUIIU-||y||Y~/|IF(€i9)IId9,
0 0

where the first estimate holds by the property of scalar Lebesgue integral, and
second by the Schwarz inequality. Because F'(e?) € L*(T;L(U;Y)), the integral
of its norm is finite, and it the follows that

ITllcwny = sup [{Cuy)y | SIIFE) | micwyy < o
llullo=llylly=1

We regard this proposition as proved. [l

Now that we can integrate, we are prepared to introduce the Fourier transforms.
Let f(e?) € LY(T;U) and F(e?) € LY(T;L(U;Y)). Trivially, the functions
e s e f(e?) € LY (T;U) and e — e¥9F () € LY(T;L(U;Y)) for all
j € Z, and we can uniquely define the weak integrals

27 27
e i 0y, —1j6 e i/ 0y —ij0 .
5= 27T/f(e Je b €U, Fy= 5o [ F(e)e 0 € LU;Y).
0 0

These integrals are called the Fourier coeflicients of the respective functions.
We call the formal series

f(ew> ~ ijei]ﬂ’ F(eie) ~ ZFjeijG

the Fourier series of the respective functions. Two Fourier series are identical
if all their respective coefficients f; or F} are identical. The mappings

F(e®) = {fitjez CU, F(e)— {F;}jez C LIU;Y)

are called the Fourier transforms of the respective spaces. It is easy to show
that the Fourier transform is a linear mapping, and the Fourier coefficient are
uniformly bounded: ||f;|| < ||f(ei9)||L1(T;U) < \/%Hf(ew)”Lz(T;U) and ||Fj|| <
IE ()| o ercwyvy) < V2r||F(e)||r2(r.c(0:v))- The questions of convergence
of the Fourier series (in various topologies) are generally highly nontrivial. In
this paper, the classes L?(T;U) and L?(T; L(U;Y)) are of particular interest.
The case of the Hilbert space is well known:

Proposition 62. The Fourier transform Fi; : f(€) — {f;};ez is an isometric
isomorphism of the Hilbert space L?(T; U) onto the Hilbert space (*(Z;U). The
Fourier series Y fje? converges to f(e®) in L?(T;U). The Parseval identity
holds

<f(ei9), g(ei0)>L2(T;U) ={f;} {gj}>e2(z;U) ‘
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The Fourier transform intertwines the shift T and the multiplication operator
Mg by the function £(ei?) = ¢ on T

fUMg = TfU.

The closed subspace H*(U) C L?(T;U) is mapped onto the closed subspace
3(Z;U) C 3(Z;0).

However, we need the following result on the operator-valued L?(T; L(U;Y)).

Proposition 63. Let U andY be separable Hilbert spaces, and u € U arbitrary.
Let F(e¥) € LY(T; L(U;Y)). Define the Y -valued function F,(e?) :== F(e?)u.
Then

(i) F.(e?) € LY(T;Y),

(ii) the Fourier coefficients {F;}jez of F(e) and {(F,);}jcz of Fu(e?) sat-
isfy
Fiu= (F,); forall jeZ,

(iti) the Fourier series 3, » (Fju) €% converges in L?(T;Y) to F(e)u.
Proof. Claim (i) is trivial. To prove claim (ii), fix u € U, j € Z, and let

y € Y be arbitrary. By the definition of weak integral, the Fourier coefficient
F; € L(U;Y) is an operator such that

27
1 o i
(1.57) (Fyuy)y = o= | (F(e¥)e™  u,y), df
0
27
1 i0 —ij6
(1.58) = %/<F(e Ju, )y e 70 do.
0

for all y € Y. By the definition of the weak Hilbert space -valued integral, the
Fourier coefficient (F,); € Y is an element such that

(1.59) By = 57 [ (Bl e ,),, do
0
1 27 A -
(1.60) = — <F(ew)u, y) e0 dp.
27r0/ v

for all y € Y. Comparing the right hand sides of equations (1.57) and (1.59)
implies that (Fju,y), = ((Fu)j,¥), for all y, or equivalently Fju = (F);.
Because u and j are arbitrary, this proves claim (ii). The last claim (iii) follows
from the previous claim and Proposition 62. O
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1.11 Notes and references

In the monograph [44] (Halanay, Tonescu, 1994) the authors state at the begin-
ning of the preface

Thus we have often found ourselves in something of a dilemma:
on the one hand many facts should be known and on the other
hand it is nearly impossible to give an adequate reference to all.

It is curious that after several decades of intensive research on linear dynamical
systems of various kinds, even the field of time-invariant systems appears still
to deserve the same comment. Analogous structures have been and are being
studied, more or less independently, by several authors under various formalisms.
This makes it a rather challenging task for a researcher to obtain even a most
humble general understanding of the modern system theory. Nevertheless, such
an understanding is quite necessary, as new mathematics should be built upon
old mathematics.

Discrete time linear systems and their I/O maps

Let us make a brief and definitely not an exhaustive survey into the literature,
with an emphasis on monographs. One of the early books on mathematical
system theory is [48] (Kalman, Falb and Arbib, 1969). This book is divided into
four parts, of which Parts I and IV, written by Kalman, are most interesting
to us. Part I is written in the language of matrix algebra, and basic definitions
and results of time-invariant linear discrete time systems are given. The state
estimation (Kalman filter) and regulator construction problem are solved for
such systems. In Part IV, a purely algebraic theory of discrete time linear
systems is developed as a beautiful application of the module theory. The I/O
maps of systems are seen as certain module homomorphisms over a polynomial
ring. The involved vector spaces can be over any field, also finite. Canonical
realizations for finite dimensional systems are given by using the restricted I/0
map (corresponding to the Hankel operator) and a certain factorial module as
state space. These ideas are presented in the first part of [35] (Fuhrmann, 1981),
too. In the final part of [35], the linear systems are considered whose state space
is an infinite-dimensional Hilbert space. Realization theoretic results for such
I/O maps and systems are given, and the failure of the state space isomorphism
techniques is indicated. Special realizations, built around the shift operator, are
constructed. Generally speaking, many ideas, modulo natural restrictions, can
be carried over from the polynomial models and the algebraic system theory
to the operator models and the infinite dimensional system theory on Hilbert
spaces, in a quite transparent manner. In fact, [38] (Fuhrmann, 1996) is an
exposition of the linear algebra, written by an operator theorist. The article
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[37] contains interesting historical notes and an outline of the algebraic system
theory. Also [4] (Baras, Brockett and Fuhrmann, 1974), [3] (Baras and Brockett,
1975), [31], [32], [29], [33] and [34] (Fuhrmann) are valuable references, even
though much of their contents can be found in the monograph [35].

Monographs on related but more general operator theory and harmonic analy-
sis are [90] (Sz.-Nagy and Foias, 1970), [77] (Rosenblum and Rovnyak, 1985),
[70] (Nikolskii, 1986), [27] (Frazho and Foias, 1990) and [28] (Foias, Ozbay and
Tannenbaum, 1996). These books contain, among other things, descriptions of
linear, causal and shift-invariant operators on Hilbert spaces and their appli-
cations to a number of system theoretic problems, including the H*® control
problem. Representations of shift-invariant operators by analytic functions are
considered in [97] (G. Weiss, 1991) and [91] (Thomas, 1997). However, these
works do not contain an (essential) contribution to the state space realizations
of analytic operator-valued functions, i.e. DLSs.

In the monograph [44] (Halanay and Ionescu, 1994), a formalism for time-variant
linear discrete time systems is developed, and a number of references and his-
torical remarks are given. Exponentially dichotomic or exponentially stable
evolutions are considered, see [44, Chapter 1, Section 3]. The aim of the book
is to solve the operator discrete time disturbance attenuation problem, which
is a time-variant version of the suboptimal (state space) H* control problem.
The systems are assumed to be exponentially stabilizable, and the required
closed loop system is exponentially stable, by the definition of the disturbance
attenuation problem. Naturally, this time-variant theory can be applied to
time-invariant power stabilizable and power stable problems as well.

Continuous time systems and their I/O maps

In continuous time, there is a number of possibilities to develop a linear state
space system theory. A classical approach is to consider the dynamical system

(1.61) Z'(t) = Ax(t) + Bu(t)
' y(t) =Cxz(t)+ Du(t), t>0

where A is a generator of a strongly continuous semigroup, and B, C and D
are bounded operators on Hilbert spaces. Such systems, together the associ-
ated linear quadratic optimal control and controller synthesis problems, are the
subject of monograph [18] (Curtain and Zwart, 1995). Also the matrix-valued
Callier—Desoer class of transfer functions is introduced; the original references
are [6], [7] (Callier and Desoer, 1978, 1980) and [10] (Callier and Winkin, 1986).
We remark that the impulse response of a linear system of type (1.61) is always
a strongly continuous function by the strong continuity of the semigroup. See
also [18, Lemma 7.3.1] for semigroups having a more general growth bound.
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This severely restricts the applicability of the dynamical system (1.61) with B
and C bounded.

To be able to cover a larger class of transfer functions, the more general class
of well-posed linear systems (WPLS) (abstract linear system in the sense of
Salamon and G. Weiss) is defined in roughly the same way as our DLS in I/O
form. Three equivalent axiomatizations are used, by Salamon, Staffans and G.
Weiss. Our formalism of DLSs has been created, with small modifications, from
that appearing in articles [82], [83], [84], [86], [85], [88] and the monograph [89]
(Staffans, 1995 — 1999). The general question is, to what extent a WPLS can
be written in the form of the differential equations (1.61) for some (possibly
unbounded) generating operators A, B, C' and D. This is analogous to the
relations between DLS in I/O form and in difference equation form, except that
a fair amount of extra complication is now present due to the unboundedness of
the generating operators and inclusions of various state (vector) subspaces with
various topologies.

We first consider the question how to make sense out of the equations (1.61) for
unbounded B and C. Let A be a generator of a strongly continuous semigroup.
If the input operator B and the output operator C are admissible for A (or
the semigroup generated by A) in the sense of [80], [81], (Salamon, 1987, 1989)
and [93], [94] (G. Weiss), then controllability and observability maps can be
associated to pairs (4, B) and (C, A), respectively. Such a triple of operators
(A, B,C) defines a family of (nonstandardly defined) transfer functions z
G(z), analytic in some right half plane, by setting

G(z) = (s = B)C(z = )~ (B~ A)T'B+G(p),

where z,3 € C, z # (8 are in the resolvent set of A. An extra well-posedness
assumption is imposed by requiring that these transfer functions are bounded
in some right half plane — such triples (4, B, C') are called well-posed. A well-
posed triple (A, B,C) defines a family of WPLSs because now even the I/0
map can be defined (but only in a nonstandard way). The nonuniqueness of the
WPLS comes from the fact that the bounded feed-through operator D has not
been fixed, for the reason that a general WPLS need not have a feed-through
operator in the first place, see [21] (Curtain and G. Weiss, 1989).

Conversely, a WPLS defines a well-posed triple of operators (4, By, C,) such
that a variant of the differential equation (1.61) holds. It is given by

(1.62) { '(t) = Az(t) + Bau(t)
y(t) = O (a(t) = (8 = A" Byu(t)) + G(B)u(t),

where C}, is the Lebesgue extension of C,, G(z) is any well-posed (nonstan-
dardly defined) transfer function associated to the triple (A, B,,C,), and 8 € C
is arbitrary in the resolvent set of A. The operators B, and C, are given by rep-
resentation theorems in [81] (Salamon, 1989), [21] (Curtain and G. Weiss, 1989),
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[94] and [93] (G. Weiss, 1989). See also survey [19] (Curtain, 1997). Stability
notions for WPLSs can be found in [76] (Rebarber, 1993) and [83] (Staffans,
1997). State feedback and output injection, stabilizability and detectability no-
tions, together with coprime factorizations of the I/O map are considered in
[84] (Staffans, 1998). The family of possible transfer functions for WPLSs is de-
scribed in [98] and [81]; in particular, all H> transfer functions can be realized
by WPLSs.

Unfortunately, the dynamical system (1.62) is not of the form of equation (1.62)
because we cannot generally write Cp, (z(t) — (8 — A) "' Bau(t)) + G(B)u(t) =
Crz(t) + (G(B) — CL(B — A)~'B,) u(t) without getting out of dom (Cr). Also
the transfer functions G(z) are not of the familiar form D + C(z — A)~!B. To
fix this problem, the generality of the notion of the WPLS has to be reduced.
Following [95] (G. Weiss, 1989), the subclass of the regular WPLSs is introduced
by requiring the existence of the limit

T

1
Dv = —lim [ y,(0)do,
0

defining a bounded feed-through operator D, where y, (o) is the step response
of the I/O map, corresponding to any constant input v € U. The transfer
functions of regular WPLSs (in the set of transfer functions of general WPLSs)
are characterized by a radial limit condition at +oco in [99] (G. Weiss, 1994), and
the state feedback structure is considered in [98] (G. Weiss, 1994). In Section
1.1 of Chapter 2, we shortly review the optimal control and Riccati equation
theories of regular WPLSs.

The Pritchard—Salamon systems are a well-known subclass of the regular WPLSs.
Practically all the results of the finite dimensional theory generalize to this class.
Basic references are [74], [75] (Pritchard and Salamon, 1985, 1987), [17] (Cur-
tain, Logemann, Townley and H. Zwart, 1994) and [92] (van Keulen, 1993). For
the characterization of the I/O maps of (slightly differently defined) Pritchard—
Salamon systems, see [52] (Kaashoek, van der Mee and Ran, 1997).

The discrete time and continuous time transfer functions can be mapped to each
other by using the Cayley mapping, see [20] (Curtain and Oostveen) and [71]
(Ober and Montgomery-Smith, 1990). By this technique, some continuous time
results can be converted to discrete time results, and vice versa.

Discussion of the DLS formalism

We conclude this section with a general discussion of the formalism presented in
this chapter. We have introduced two equivalent formalisms (DLS in difference
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equation form and in I/O form) to describe the same class of objects, namely
the well-posed, causal shift-invariant linear operators in discrete time. At first
sight, this might seem a little superfluous, and we now try to defend ourselves.

We note that all the operators A, B, C, D, B, C and D appearing in quadruples
(AB) and [1‘(‘; BTD*j] are separate functional blocks, present in any (linear)
state space model. The interaction between controllability, observability and
I/O maps can be conveniently described because these operators constitute the
DLS in I/O form in our formalism. What we have actually done is to collect the
operators of the same kind into two different structures: DLS in I/O form and
in difference equation form. In applications we use the structure that has less
notational overhead. In this framework, the discrete time theory is presented
in the analogous manner as the continuous time theory in [89] (Staffans, 1999).
Also nonlinear generalizations are admitted.

Our DLS formalism is rather heavy because it is two-fold. Of course, we could
use either only the DLSs in difference equation form, or DLSs in I/O form,
to obtain an equally powerful theory. If we abandon the difference equation
formalism, we would have much trouble in writing down the basic difference
equations of systems and the algebraic Riccati equations. If we leave out the
I/O formalism, then we would lose the notational analogy to the continuous
time WPLSs. Furthermore, we would be compelled to either use the mappings
B, C and D as separate objects, or to represent them by the corresponding
transfer functions. In the former choice, we would have lost only the (abstract
but useful) notion of the DLS in I/O form, but have the same notational burden.
In the latter case, we would end up in notational clumsiness, because the basic
operators would be written down as multiplication operators.

For DLS ¢ = (4 B) in difference equation form, the bilateral shift 7 is an exter-
nal object in the sense that the four operators defining ¢ have no “dynamical
properties”. In the same sense, the shift 7 is an internal object for the same
DLS & = [f‘g ng} in I/O form, because the mappings B and C intertwine the
shift 7 to the semigroup generator, and the I/O map D to the shift on another
space. Because the full theory of time-invariant well-posed discrete time sys-
tems can be written in two formalisms, it becomes an interesting question to ask
how a notion in one formalism is interpreted in the other. In this chapter, we
have considered the case of the DLSs itself and the state feedback. The output
injection structure, being dual to the state feedback structure, has not been
explicitly considered as it has no application in this book. In Chapters 2 and 3,
we see that the discrete time algebraic Riccati equation (DARE) (a difference
equation form object) is connected to the spectral factorization (an I/O form
object). In Chapter 4, the same work is done for the natural order relation of
the self-adjoint solutions of the DARE (a difference equation form object), and
the partial ordering of inner factors of the I/O map (an I/O form object). This
is what a decent DARE theory basically is: identifying corresponding objects
under sufficiently but not too restrictive technical assumptions.
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Chapter 2

Critical control problem

2.1 Introduction

In this chapter, we present and solve an abstract control problem, associated
to an I/O stable DLS ® = [4 B2 | and a self-adjoint, possibly nondefinite
cost operator J penalizing the outputs of ®. We first define a critical control
problem with the aid of & and J. Then, under proper technical assumptions,
we prove the equivalence of

e the solvability of a minimax cost optimization problem, associated to the
pair ® and J,

e the solvability of a certain inner-outer factorization problem for the I/O
map D, or equivalently, a spectral factorization problem of the Popov
operator D*.JD, and

e the existence of a special, critical solution of an associated (weak) discrete
time algebraic Riccati equation.

We make it a standing hypothesis that dom (C) = H throughout this chapter.
Because we do not generally assume the DLS & to be output stable, we must
present the algebraic Riccati equation in such a form that its solutions are
conjugate-symmetric sesquilinear forms. Under the output stability assumption,
the sesquilinear forms can be replaced by bounded self-adjoint operators on the
state space of ®.

The technical outline of this chapter is as follows. In Section 2.2 we define
and prove basic facts about the critical control problem, associated to ® and

73
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J. Section 2.3 is devoted to the study of (J, S)-inner-outer factorizations of the
(extended topological) I/O map D and S-spectral factorizations of the Popov
operator D*JD. In Section 2.4 we show that the critical control problem can
be solved in state feedback form if and only if D has a (J, S)-inner-outer fac-
torization, see Theorem 89. Under the same conditions, the sesquilinear form
P&t ) of Definition 76 satisfies the discrete time algebraic Riccati equation
of Definition 94, as shown in Section 2.5. The converse result is given in Sec-
tion 2.6. There the existence of a critical solution of the same weak algebraic
Riccati equation implies, under stronger technical assumptions, that the equiv-
alent conditions of Theorem 89 hold. Finally, the three equivalent conditions
are collected in Theorem 103, the main result of this chapter.

Most of the results of this chapter appeared in [55] (Malinen, 1997). A short
version [54] has been presented in the ECC97 conference (Brussels, July, 1997).
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2.2 Critical controls and operators

In this section, we associate a minimax control problem to a DLS & = [1‘(‘; ng ]
and a possibly nondefinite cost functional that evaluates the outputs of ®.

Let J € L(Y) a self-adjoint operator. This operator induces a nonstandard (i.e.
not necessarily positive definite) inner product on the output space Y of the
DLS ®. The operator J is called the cost operator, and the associated cost
functional is defined as follows.

Definition 64. Let @ = [%’ ng} be a DLS, and let J € L(Y), R € L(U) be
self-adjoint. Then the nonstandard cost for the output § = §(xg,u) of ® is

(2.1) J(xo, 1) := Z ((yj(zo, @), Jyj(xo, @)y + (uj, Ruj)y;),
5>0

whenever the sum converges either to a finite or infinite limit. Here u €
(*(Zy;U) is an input sequence, and xo € dom (C) is the initial state of the
DLS at time j = 0.

It is a known fact that the control sequence w can always be thought to be “free
of charge” because the input can be made visible in the output, by changing
the DLS ®. More precisely, define C' € L(U,Y xU), D' € L(H,Y x U), and
J e LY xUY xU) by

o-(©) v-() o6 3)

Then replace the original DLS ¢ = (4 B) by the extended system ¢’ = (é‘, gl ).
Now, if zx(zg, @) := C'z + D'uy, is the output of ¢, we get

<yj (330, ’0,), ‘]yj (J?(), ﬂ'»Y + <U'j’ Ruj>U = <Zk(m0a ’l]), ‘]/zk (J)Q, a»Y@X .

We conclude that there is no loss of generality if we set R = 0 in equation (2.1),
and this is what we always do. In this case equation (2.1) takes the form

(2.2) J(wo, @) = (Caig + D7y, J (Cxo + D)) po 7, oy -

Note that we use the same letter J for both the self-adjoint operator and for the
associated cost functional. Furthermore, in equation (2.2), the cost operator J
is extended to a self-adjoint static operator on £2(Z,;Y) in a natural way. We
shall make this extension throughout this book.

Proposition 65. Let J € L(Y) and & = [fg BTD*j} be an I/O stable DLS.
Then |J(z0, )| < oo for all g € dom (C) and @ € (*(Z4;U).
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Proof. If xg € dom (C) and @ € ¢?(Z;U), then by the definition of dom (C) and
I/0 stability, Czo + Da € £2(Z;Y). The claim immediately follows. O

If J is nonnegative, then one would be tempted to find an optimal control
sequence 1°P*(xg) that minimizes the cost J(zo, u°P*(xq)) for an arbitrary given
initial state xg. With the nonstandard case, the cost could be made as large or
small as we please, just by choosing a suitable input @. So, there is not much
sense in speaking about minimal or maximal cost. We are led to look for certain

control sequences, the critical control sequences in £2(Z;U).

Definition 66. Let ® = [4' 577 | be an 1/0 stable DLS, and let o € dom (C)

be an initial state. The control @' € (*(Z1;U) is critical at o if the Frechet
derivative of the function

(X(Zy;U) > J(x,7) €R

vanishes at @ = u'.

So, all the critical control sequences are saddle points of the cost functional
J(xo,a). For a fixed zy € dom (C) it is not a priori known whether there is
a critical control sequence at all, or whether the critical control is unique if it
exists. Let us first calculate a necessary and sufficient condition for a control to
be critical, and worry the existence and uniqueness questions later.

Lemma 67. Let = [ch ng} be an I/O stable DLS, and let o € dom (C)

be an initial state. Then the control sequence ' € (*(Z,U) is critical at xo if
and only if

(23) 7?+ID*JC Ty = —ﬁ+D*JDﬁ+ﬂ/.
Furthermore, the corresponding (critical) output sequence §(xo, ') satisfies

(2.4) 7. D* Jij(xo, ') = 0.

Proof. We have for all @ € ¢*(Z;;U) and x¢ € dom (C)
J(wo, @) = (Cxo + D74@i, J (Cxo + DALU)) g2, vy -

The control sequence @' is critical at g if and only if

d
—J(zo, 0" +ew)=0 at e=0
de

for all 1w € ¢2(Z;U). Here ¢ is a real-valued variable. By a simple calculation,

we obtain

d
E.](J?o, 11' + 6’(I))|E=0
= 2Re <'LD, 7?+D*JC$0 + 7?+ID* JDﬁ+a,>€2(Z+;Y) = O7

which gives equations (2.3) and (2.4). O
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We have to comment on the precise meaning of the notation 7, D*, appear-
ing in Lemma 67. Because the DLS & = ["g BTD”J is assumed to be I/0O
stable, the Toeplitz operator Dry : (?(Z,;U) — (*(Zy;Y) is bounded, see
Definition 32 and the discussion following it. As discussed after Definition 32,
Dty 1 42(Zy;U) — (2(Z4;U) can be extended (by shift-invariance and bound-
edness) to a unique bounded, shift-invariant and causal operator D : ¢?(Z;U) —
(*(Z;Y). Clearly, an I/O stable Toeplitz operator D7 can always be regarded
as a restriction of D to ¢?(Z,;U). It now follows from the boundedness of all
the operators that

(Dry)* = (D7y)* = 7. D"

For brevity, we write D instead of D throughout this book. This gives the precise
meaning to expression 7. D*. When we identify the cost operator J € L(Y') with
the unique self-adjoint static operator (I/O map) that it induces on ¢*(Z;Y)
by Proposition 6, also the expressions 7. D*JC and 7. D*JD7 appearing in
equations (2.3) and (2.4) get a precise meaning. The latter of these operators is
important enough to deserve a name of its own, given in the following definition.

Definition 68. Let ® = [f‘g BTD*JJ be an I/O stable DLS and J € L(Y) a cost
operator.

(i) The Toeplitz operator 7. D*JD7, € L(I*(Z1;U)) is the Popov operator
of ® and J.

(i) The DLS ® is J-coercive, if the Toeplitz operator 74 D* JD74 has a bounded
inverse on (?(Zy;U).

The name “Popov operator” comes from [47]. The Fourier transform of the
Popov operator is called the Popov function. In [45], the Popov operator is
known as the power spectrum operator. A fair amount of control theory has
been written around the Popov operator, see [100], [102] and the references
therein. By Lemma 71, the J-coercivity serves as a sufficient condition for the
existence of the unique critical control sequence at any xg € dom (C).

Proposition 69. Let ® be an I/O stable and J-coercive DLS. Then D7, :
(*(Zy;U) — (2(Z13Y) is coercive and range (D7) is closed. Similarly, JD7y :
(X(Z;U) — (2(Zy;Y) is coercive and range (JDTy) is closed. Furthermore,
D : (%(Z;U) — (*(Z;Y) is coercive.

Proof. To show the coercivity, assume for contradiction that there is a sequence
{a;} c *(Z4;0), ||a;le2(z,;0) = 1, such that Dria; — 0 as j — 0. Be-
cause D is bounded by the assumed I/O stability, so is 7. D*J. But then
74D*JD7 u; — 0 as j — 0. This is a contradiction against the J-coercivity of
the DLS ®. The claim involving JD7y is quite analogous. The coercivity of D
follows from its I/O stability, shift-invariance and the coercivity of D7, an in
the proof of claim (ii) of Proposition 46. O
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Now equation (2.3) calls for the following definition and Lemma 71.

Definition 70. Let J € L(Y) be a cost operator. Let & = [1‘(‘; BTD*j] be an I/0
stable and J-coercive DLS, such that dom (C) = H.

(i) The densely defined linear operator K : H > dom (K1) — (*(Z;U),
defined by

Kt .= — (7, D*JDr, ) ‘7, D*JC
is the critical (closed loop) feedback map, where dom (Ki*) := dom (C).

(ii) The densely defined linear operator K : H > dom (K') — (2(Z;U),
defined by

Kcrlt = WQICcrlt

(the spaces range (mg) and U have been identified) is the critical (closed
loop) one step feedback operator, where dom (Kcrit) := dom (C).

(iti) The densely defined linear operator C** : H > dom (C%) — (3(Z4;Y),
defined by

Ccrit =C 4 DICcrit,

is the critical (closed loop) observability map, where dom (Ccrit) := dom (C).

The domains are dense because our standing assumption that dom (C) is dense
in H. We shall not state this explicitly from now on. It is easy to see that the
above operators are well defined. If K¢t is bounded, we can identify it with its
continuous extension to the whole of H. By a simple manipulation, we see that

Ccrit _ (77'('_;’_ _ ﬁ+Dﬁ+(ﬁ+D*JDﬁ+)_1ﬁ+D*J)C =: :E[C7

where II is a bounded projection (by I/O stability and J-coercivity) in £2(Z; U)
that commutes with the cost operator J. The following lemma is a consequence
of Definitions 68 and 70, Lemma 67 and basic properties of DLSs.

Lemma 71. Let J € L(Y) be a cost operator. Let ® = [ch BTD”J be an 1/0
stable and J-coercive DLS.

(i) For each xo € dom (C) there exists a unique critical control sequence
~crit

U™ (xg) satisfying equation (2.3),
(ii) The critical control sequence it (xg) is given by

acrit (370) _ ’Ccrit To.
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The critical state trajectory is given by

x;rit(xo) = Al +B¢*jﬁcrit(xo) = ACrit(j)xO

where A (j) := AJ + Br*I K are linear mappings on dom (C) for all
7 > 0. The critical output sequence satisfies

gcrit (xo) = CiL'() + Dﬂcrit (xo) _ Ccritxo.

By our convention, A°"t(0) = A° = I, even if A is not invertible. The family
of linear mappings { A°"*(j)},>0) is in fact a semigroup on dom (C). This is the
subject of the following lemma.

Lemma 72. Let J € L(Y) be a cost operator. Let & = [f‘g B2 be an 1/0
stable and J-coercive DLS.

(i) The linear mappings A“(j) := AJ + Br* Kt . dom (C) — H for j > 1
satisfy
AT (5) dom (C) € dom (C).

(ii) The family {A™(j)};>0 of linear mappings on dom (C) is a semigroup;
i.e.
(2.5) ATI(G) = (A for all § >0,
Acrit(o) _ AO — I,

where At = ACTit(1),

i) The critical state trajectory {xS" (zg)} ;>0 at the initial value o € dom (C
7 Jj=z
is given by
(2.6) x?rit(mo) = (Acrit)jxo.

Proof. The proof of claim (i) is a consequence of the fact that the I/O stable
DLS & is strongly H? stable. By Lemma 35, range (B) := Bdom (B) C dom (C).
Because always m_7*K%tzy € dom (B) := Seq_(U), claim (i) immediately
follows. To prove claim (ii) we use a same kind of approach as in the proof
of Lemma 67. Fix 2y € dom (lCcrit) = dom (C) and j > 1. Let ¢ > 0 and
W € (?(Zy;U) be arbitrary. By @t (xg) := K%z denote the unique critical
control sequence, given by Lemma 71. Then we have

J(xg, 0 (20) + erd )
= <7T[07j_1] [Cl‘o + Dﬂcrit(xo)} ) J(_a ) _)>22(Z+;Y)
+ <7T[j,oo] [Cxo + D(ﬂcrlt(fﬁo) + ETJIZJ)] ,J (=, _)>€2(Z+;Y) ,
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because mp j_11D (i) = wg j_1177 T4 D(ew) = 0D is causal and w € (*(Zy; U).
A simple calculation, together with part (iii) of Definition 70, allows us to con-
tinue

(2.7) J(x0, 0™ (o) + eTi1)
= <7T[O’j71]ccritm0, Jccrit>[2(z+;y)
+ <7T[j,oo] [Ccritxo + ETjDUN)] ,J [Ccritxo + 67—ij}>
= <Ccrltx0’ Jccrlt>p(z+;y)
+ (D" IDG, @) 2 7, vy -

2(Z43Y)

+ 2¢ Re (7},00)C™"" 20, JT D), (Z4:7)

Now because @™ (z¢) is critical, we must have <£.J(zq, @ (zq) + er91@)) = 0

at e =0 for all @ € ¢2(Z;U), j > 0. It follows that

Re (7(j.0)C 2o, JT/ D) ,, 2z, =0

for all @. But then we have for all j > 0 and zp € dom (C)

7 D* I, mHCM g = 7, D* J7 7 (C + DK™ )ag = 0

and
7TF+D*JCAj£E0 = 7_T+D*J7_r+7-*jcx0 — _'/'_TJFD*J’/_DFDT*j’CcritxO
B _(ﬁ+D*JDﬁ+)T*j’Ccrit$0 _ ﬁ+D*J(ﬁ+Dﬂ_)T*chritx0.
Apply 7 Dr_ = CB to the last term on the right hand side. This gives

7. D*JC(A) + BriKet) g = — (7. D* Dy )T* Kz for 29 € dom (C) and
j > 1. This implies by part (i) of Definition 70

(2.8) ﬁ+T*chrit$0 —_ ’CcritAcrit (3)330

because A(j) := AJ 4+ Br*I Kt The rest of the proof is now a calculation.
For k£ > 0, 7 > 1 we have by Lemma 71

(29) Acrit(k)Acrit(j)(Eo _ Akx;;rit(xo) + BT*klccritAcrit(j){Eo
:Akxgrit(l'o)—I—BT*kTTJrT*j’Ccritxo,

where the last equality is by equation (2.8). The former part in the right of
(2.9) can be decomposed as

(2.10) Akx;;rit(xo) :Ak+j$0+AkBT*chritx0

=AM g0 + BT*(k-H)TF[O’j,l] KKt
The latter part in the right of (2.9) can be decomposed as

(2.11) Brka, rKCerityy = Brrtkta)jeerity BT*(k”)?r[o,j,ulCcritmo.
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Formulae (2.9), (2.10) and (2.11) together show that
Acrit(k)Acrit(j)J)Q _ Acrit(k +j).1?0

for all 29 € dom (C), and the proof of claim (ii) is compete. Claim (iii) is quite
clear, too. [l

Definition 73. Let the DLS ®, the cost operator J and A(j) be as in Lemma
72. The densely defined linear operator A : H > dom (C) — H, defined by
At = ATY(1) s the critical (closed loop) semigroup generator of ®. The
family of operators {(A%)7},5¢ is the critical (closed loop) semigroup.

If we write K ;= 1o/t then trivially A = A + BKt, We also define
the critical output operator C°' := 7oCit : dom (C) — Y. Clearly, C<i* =
C + DK®t, The following lemma describes the common algebraic structure of
operators ATt Crit and KCerit,

Lemma 74. Let J € L(Y) be a cost operator. Let & = [f‘g B2 be an 1/0
stable and J-coercive DLS. Then the following equations

(212) IccritAcrit _ 7T(+T*’Ccrit

(2.13) CcritAcrit _ 7—T+T*Ccrit

are valid on dom (C).

Proof. The proof of equation (2.12) is given in the proof of Lemma 72. To verify
claim (2.13), we calculate

CcritAcrit _ (C + DKcrit) Acrit —CA 4 CBT*ICcrit + Dﬁ+T*ICcrit
_ ﬁ+T*C + 7—T_+ID7T_T*ICcrit 4 77T+,D77T+T*K:Cfit

_ ﬁ+T*C + 7—T_+T*IDICcrit —_ 7—_(_4_7_*(:(:1&';7

where the identity 7, Dm_ = CB has been used. O

We have now given the algebraic properties of operators A°™t, It and Kt as
possibly unbounded linear mappings on the vector space dom (C). We remark
that C* and K are valid observability maps for a DLS whose semigroup
generator is A" and state space dom (C) = H, provided that certain continu-
ity requirements of these operators, associated to well-posedness of the DLS,
are satisfied. In particular, A% should be continuous in the norm of H. Gen-
erally this is not the case. Basic stability conditions for closed loop semigroup
generator At are given in the following lemma.

Lemma 75. Let J € L(Y) be a cost operator. Let & = [ch ng} be an 1/0
stable and J-coercive DLS.
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(i) ® is output stable = K™ € L(H;(*(Zy;U)) = Kt = moKoit ¢
L(dom (C);U) = BK®' € L(dom (C)) & A% € L(dom(C)), where
dom (C) is given the norm of H.

(ii) If @ is stable, then the critical semigroup satisfies {A“(j)};>0 C L(H),
and there is a constant C < 0o such that

1A ey < C VG =1,
i.e. A" is power bounded.
(iii) If @ is strongly stable, then
(Acrit)jxo —0 Vzo€ H,

i.e. A s strongly stable.

Proof. The only not completely trivial part of (i) is the equivalence. This follows
because on dom (C) we have

Acrit —_ A—l—BT*ICcrit _ A+B7T_T*7T('+K:Cfit _ A—f—BTFQICCﬂt,

where B is the input operator of ® and range (7p) and U have been identified.
The proofs of claims (ii) and (iii) are analogous to the proof of Theorem 50.
Note that the stability and .J-coercivity of ® imply the boundedness of K¢t :
H — (*(Z;U). Then proceed as in the proof of Theorem 50, by using Kt in
place of K. O

We remark that if K<t .= 7oK< € L£(dom (C);U) in claim (i) of previous
lemma, then K has a unique bounded extension to dom (C) = H. We denote
this extension by K too. Under the same conditions, also A“ can be
extended to all of H, and the extension is denoted by Ai*. The requirement
that K* € L£(H;U) is central in this work. It is sufficient but not necessary
to make A" bounded. On the other hand, it is a necessary condition for
the critical closed loop DLS ®°*' of equation (2.29) to be a (well-posed) DLS,
because the output operator and the semigroup generator of a DLS has to
be bounded. A trivial sufficient condition for K* € L(H;U) is that JC €
L(H,(*(Z,;Y)). Weaker sufficient conditions are not easy to give.

We end this section by introducing a conjugate symmetric sesquilinear form
Pgrit() ) on dom (C) x dom (C) C H @& H whose diagonal values give the critical
cost of the initial state xg.

Definition 76. Let J € L(Y) be a cost operator. Let ® = [“g 577 be an 1/0
stable J-coercive DLS. The conjugate symmetric sesquilinear form PS™(, ) in
dom (C) x dom (C) given by

Pocrit(xo7 x1) 1= <Ccritx07 Jccrit$1>g2(z+;Y)
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1s the critical sesquilinear form, associated to the DLS ® and the cost operator
J.

The sesquilinear form P§™t(, ) is a solution of an algebraic Riccati equation, see

Sections 2.5 and 2.6. The I/O stability of ® has an effect to the limit behavior
of the diagonal evaluation of PS™t(, ) along the state trajectories.

Proposition 77. Let J € L(Y) be a cost operator. Let ® be an I/0 stable and
J-coercive DLS. Then for all o € dom (C) and @ € (*(Z4;U)

P()Crit(xj(xovﬁ)vxj(xoaﬂ)) —0 as j — O0.

Proof. Fix @ € £*(Z4;U) and zo € dom (C). We first remark that
| P (wj (w0, @), w5 (20, @))| < ||| - [|C (w0, @)
< 1] 1 - [[Caz; (o, @) 12,

where II is the bounded projection that has been introduced after Definition 70.
It suffices to show that Cx;(xo, %) — 0. We have

(2.14) Cxj(zo, ) = C (Alzg + Brizm, a)
= 7,700+ CBrI T 0 = T*jw[jpo]Cxo + Ty Dr_mM T .

The first part of equation (2.14) approaches zero, because Cxg € ¢2(Z;Y). For
the second part, we decompose

(2.15) |[[(74Dr_7) Tyl |2z 0)
<@+ Dr—7m)mpo, myllez z 0y + (T DT—m )TN 41 001220 -

Let € > 0 be arbitrary. Fix N > 0 so large that

71,0008l e2(z 50y < €/ D] e2(z;0)—2(z:v))-

Because the shift 7 is unitary, we get the estimate ||(7 Dr_7*7 )y 41,0018 | <
€/2 for the second term in equation (2.15) for all j. We have for j > N

77'+,D7T_T*j7T[0’N]’ITL = 77T+D7'*j7'r[,oo’j,1] . 77[07N]11 = 77T+T*j (DTF[O’N]’&,) .

By the I/O stability of ®, Dy} € (2(Z4;Y) and the the first term in (2.15)
can be made less that €/2 by increasing j. It follows that the second term in
(2.14) approaches zero when j increases, and the proof is complete. [l

In the following proposition, the last one of this section, we separate the cost of
input into two parts, the first of which does not depend on the input sequence
u we are applying, but only on the initial value xy. The second part of the cost
depends only on the deviation from the criticality of the applied input sequence
.
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Proposition 78. Let J € L(Y) be a cost operator. Let ® = [“g ng} be an
I/0 stable and J-coercive DLS. Then the cost functional has the decomposition

(2.16) J(zo, @) = J (20,7 (20)) + J(0, @ — @™ (20))

for all input functions w € (2(Z;U) where i (xg) = Ktzy. Moreover, we
have

(2.17) P§* (o, w0) = J (o, 0 (20)),

where the sesquilinear form P(, ) is defined in Definition 76.

Proof. Define @ := @ — 4" (z0) € ¢*(Z+;Y). Then quite easily

(2.18) J(xo, @) = J(z0, 0™ (20) + W)
= J(zo,u™(x0)) + J(0,w)

+ 2Re(74D* J Cxg + T4 D* JDI (20), w>€2(z+;y)
But now the last term in the left of (2.18) vanishes because the critical con-
trol sequence 4"t(xg) satisfies formula (2.3). This immediately proves (2.16).
Equation (2.17) is immediate from the definition of Cit. O

We consider a special case for an I/O stable and J-coercive DLS ®, under the
additional assumption 7 D*JDw > 0. Then, by J-coercivity, 7. D*JDwy >
emy for some € > 0. It follows that

J(:L‘o, ﬁ) > Pocrit(xo, {Eo)
for all 29 € dom (C) and @ € ¢*(Z4;U) because
J(0,8) = (74 D IDR 8,8 g, ) > ]z, 0
for all w € ¢*(Z;;U). Furthermore, equality J(zo, %) = P&(zq, o) implies
that @ = u"*(z). This reveals the connection of the sesquilinear form P&t( )

to the unique solution of the cost optimization problem, associated to the DLS
® and the cost operator J.
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2.3 Factorization of the I/O map
and the Popov operator

Let ® = [4/ Br?] be an 1/O stable DLS and J € L£(Y) a cost operator. In
this section we consider certain factorizations of the 1/O map D : (3(Z;U) —
(*(Z;Y) and the Popov operator 7. D*JDry : (*(Z;U) — (*(Z4;U). The
present approach is similar to that given in [83] and [86]. We remark that all
the I/O maps considered in this section are I/O stable. Such I/O maps can be
regarded as bounded linear operator on the space £2(Z;U), see the discussion
presented at the end of Section 1.7. By Lemma 37, we could as well speak about
abstract bounded, shift-invariant causal operators on ¢2(Z;U).

Definition 79. Let J € L(Y) be self-adjoint, and let S € L(U) self-adjoint and
invertible. Let D and N be I/O maps of 1/O stable DLSs whose input space is
U and output space is Y. Let X be an I/O map of an I/O stable DLS whose
input space and output space is U.

(i) The operator E € L(U) is S-unitary, if E=' € L(U) and E*SE = S.
(i) The 1/O map N is (J, S)-inner, if N*JN = S.

(iii) The I/O map X is outer, if range (X7 ) = (?(Z4;U). If, in addition, X
is injective and range (X7, ) = (3(Z,;U), we say that X is outer with a
bounded inverse.

In fact, part (iii) of previous definition is a reiteration of Definition 45. Ba-
sic properties of outer I/O maps have been considered in Proposition 46. We
proceed to define the spectral factors.

Definition 80. Let J € L(Y) and S € L(U) be self-adjoint. Let D be an
I/0 map of an 1/0 stable DLS. The mapping X is a stable S-spectral factor of
D*JD, if

(i) X is an I/O map of an I/O stable DLS, whose input space and output

space is U,

(ii) X : Seq(U) — Seq(U) has an inverse X~' : Seq(U) — Seq(U) which is
an I/0 map of a DLS, and

(iii) D*JD = X*SX.

If, in addition, X1 is an I/O map of an I/O stable DLS, then X is a stable
outer S-spectral factor of D*JD.



86 CHAPTER 2. CRITICAL CONTROL PROBLEM

In this book, we consider only stable spectral factors and we will not state that
explicitly from now on. In Chapter 3, nonouter spectral factors of D*JD are
investigated. We also need factorizations of the I/O stable I/O map D.

Definition 81. Let J € L(Y) and S € L(U) be self-adjoint. Let D be the I/0
map of an I/0 stable DLS whose input space is U and output space is Y. Then
D has a a (J,S)-inner-outer factorization D = N X, if

(i) the operator N is a (J,S)-inner I/O map of an I/O stable DLS whose
input space is U and output space is Y

(ii) the operator X is an outer I/O map of an I/O stable DLS whose input
space and output space is U, and

(111) the operator equation D = NX holds.
We say that N is the (J,S)-inner factor of D, and X is the outer factor of D.

The operator S is called the sensitivity operator of the factorization in [87]. By
Proposition 46, X is outer with a bounded inverse if and only if the Toeplitz
operator X7, has a bounded inverse on ¢2(Z,;U). Expectedly, there is a
strong link between S-spectral factorizations of D*JD and (J, S)-inner-outer

factorizations of D.

Proposition 82. Let D be the 1I/O map of an I/0 stable DLS. Then the fol-
lowing are equivalent:

(i) D=NX is a(J,S)-inner-outer factorization of D, where X is outer with
a bounded inverse.

(i) X is a stable outer S-spectral factor of D*JD for some S € L(U), and
N =Dx~ L.

Proof. Let us first show that (i) implies (ii). Assume that D =NX is a (J, S)-
inner-outer factorization. Then

D*JD = X* (N*JN) X = X*SX

because all the operators are bounded. Because X is outer with a bounded
inverse, the bounded inverse operator X! on ¢%(Z;U) exists as an 1/O map of
an I/0O stable DLS, by claim (ii) Proposition 46. Now claim (ii) follows.

To show that (ii) implies (i), assume that we have the outer S-spectral factor-
ization D*JD = X*SX. Define N := DX ~!. Because both D and X! are I/O
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maps of DLS, so is their product N by claim (ii) of Proposition 17. It is trivial
that N is I/O stable. We have

NIN = (X7 (D*JD) (X ) = (X" (A" sX) X" = 5,

which proves that A is (J, S)-inner. It is trivial consequence of causality that
(X e ) X7y = X7 (X~ 17y) = 4. Thus (X7y) "1 exists on ¢2(Z4;U), and
it equals the bounded operator X 17, . Because X7 is a bounded bijection, X
is outer with a bounded inverse. It follows that D = NX is a (J, S)-inner-outer
factorization of D and X has a bounded inverse. The proof is complete. O

Not all operators of the form D*JD have S-spectral factorization for any S.
Those that have the factorization are more interesting to us. If we know one
(J, S)-inner-outer factorization of D for some S, then we know them all. This
is because all the (J,S)-inner-outer factorization can be parameterized by the
set of all S-unitary operators.

Proposition 83. Let J € L(Y) be self-adjoint and D be the I/O map of an
I/0 stable DLS. Let D = NX be a (J,S) -inner-outer factorization for some
S € L(U), such that the outer factor X has a bounded inverse. Then the set of
all possible (J, Sg)-inner-outer factorizations D = NgXg (with the outer factor
Xg having a bounded inverse) can be parameterized by

(2.19) Ng=NE, Xg=E'X, Sp=E*SE,

where E ranges over the set all boundedly invertible operators in L(U). In
particular, if we in addition require that Sg = S, the E is allowed to range over
the set of all S-unitary operators E € L(U).

Proof. We first show that for each invertible £ we have the factorization as
claimed. So let E € L(U) be boundedly invertible and D = NX be a (J, S)-
inner-outer factorization for some S € £(U). The operators Ng, Xz and X"
in equation (2.19) are I/O maps of I/O stable DLSs, and trivially D = NX =
NgXEg. We have

(2.20) N;JNg = (WE)*J(NE) = E*N*JNE = E*SE = S,

i.e. Ng is (J, Sg)-inner. It is trivial that X is outer with a bounded inverse.

In order to prove the remaining part, we must show that if there is another
(J, S")-inner-outer factorization D = N’ X", then it is of the form N/ = Ny and
X’ = Xg for some boundedly invertible £ € £(U). Because all the operator X,
X1, X and (X’)~! are assumed to be I/O maps of I/O stable DLSs, both the
operators U := X’X~1 and U1 := X(X’)~! are I/O maps of I/O stable DLSs,
by claim (ii) of Proposition 17. By definition, the following identity on ¢?(Z; U)
holds

(2.21) N =NU.
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Now, because N is (J, S)-inner, and A7 is (J, S’)-inner, we have

S = N*JN = (NUY JNU) = U (N TN WU = U*S'U,
which implies
(2.22) Ssu—t=u*s’,

where the operators are considered as bounded shift-invariant operators on
(?(Z;U). Both S and S are (extended to) static operators. U* is anticausal and
U1 causal. Tt is a triviality that the right side of equation (2.22) is causal and
the left side is anticausal shift-invariant operator. It follows that the both sides
of equation (2.22) are static in the sense of part (iv) of Definition 5. By Propo-
sition 6, U1 is equal to a componentwise multiplication by some E € L(U).
Because the same is true for U*, it follows that E has a bounded inverse. This
together with equation (2.21) implies N/ = N'E = Ny and also by the definition
of U we obtain X' = E~'X = Xg. Finally (2.22) gives S’ = E*SE = Sg. The
statement about the S-unitary parameterizations is trivial, and the proof of the
proposition is now completed. O

The existence of (J, S)-inner-outer factorization D = N X" affects the properties
of the Popov operator 7. D*JD7 . The following lemma is the main result of
this section.

Lemma 84. Let & = [“g Br7] be an I/O stable DLS. Let J € L(Y) be self-
adjoint and S € L(U) self adjoint with bounded inverse. Assume that the 1I/0
map D has a (J,S)-inner-outer factorization D = NX, such that the outer
factor X has a bounded inverse.

(i) @ is J-coercive.
(ii) The inverse of the Popov operator operator @1 D* JD7 . satisfies
(7+D*JDy )"t = (A Xy ) S (I () T ha ).
(iii) The critical operators AT, Cit and K can be written in forms
AT = A - BXTIT ST IR NP IC,
CMt =C - NS T N*IC,
et = —x~ts~lr, N*JC.

Proof. We prove parts (i) and (ii) at the same time. Given an arbitrary 7w €
(?(Z4;U), we try to solve 7,1 in equation

(2.23) 74 D*IDT L4 = T4 0.



FACTORIZATION OF THE I/O MAP 89

We first replace D by N'X and use the fact that A is (J, S)-inner to get
(2.24) Ty =Ty X SXT L0

Because the outer factor X is assumed to be outer with a bounded inverse,
its inverse X1 exists on ¢?(Z;U) as an I/O map of an I/O stable DLS, by
claim (ii) of Proposition 46. By the theory of the bounded linear operator, the
adjoint (X~1)* exists and satisfies (X~1)* = (X*)~!. Because the existence of
S~ € L(U) is assumed, the operator =17 (X*) " 7y : (2(Z;U) — 03(Zy;U)
is bounded, and we can multiply equation (2.24) from the left by it, to obtain

(2.25) (ST 1A (X)) D7 = ST H AL (X)) ry T AT ) ST
= SN A (X)X T ) SXT LG = X7y,

where we have used 7, (X~1)*7_ = 0, implied by the causality of the outer
factor X. Equation (2.25) is equivalent to

(2.26) Tia=X"1STr () rw

which is the equation of claim (ii). This 4@ is the only possible solution
to equation (2.23). In particular, it follows that 7,D*JD74 is injective on
(*(Zy;U). To check that 7,4 given by (2.26), indeed, is a solution, it suffices
to compute

- ’/'_T+X* (NJNSil)’/_T+(X*)717_T+’lZ) = (7_1'+X*(X*)717_T+) 7_T+’(I) - 7_T+U~)

So there is a solution for each 7w € ¢(?(Z;U), and it follows that 7, D* JD7
is surjective.

We have shown that 7, D*JD7, is a bounded bijection on ¢?(Z,;U), and it
follows that 7, D* JD7, has a bounded inverse; i.e. ® is J-coercive. This proves
the first two claims of the lemma. In order to prove the remaining claim (iii), is
is sufficient to apply the formula of claim (ii) to the formulae of Definition 70.
This completes the proof of the lemma. O

Corollary 85. Assume that D is an I/O map of an I/0O stable DLS ® having
a (J, S)-inner-outer factorization D = NX. Then outer factor X is outer with
a bounded inverse and S=* € L(U) if and only if ® is J-coercive.

Proof. To prove the “if” part, assume that ® is J-coercive. For a (J, S)-inner-
outer factorization D = N X we have 7. D*JD7; = 7, X*SX7T,. The outer
factor X is an I/O map of an I/O stable DLS, say ®'. Trivially, ® is J-coercive
if and only if ® is S-coercive. Proposition 69 implies that the Toeplitz operator
X7, is coercive. Thus range (X7 ) is closed and X7, is injective on ¢2(Z; U).
Because X is outer, range (X7, ) = range (XY7;) = (*(Z4;U), and it follows
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that X is outer with a bounded inverse. Because S = (X*)~! (D*JD) X! as
a static operator, and all the bounded operators (X*)~!, D*JD and X! are
boundedly invertible, so is S, as a static operator. It immediately follows from
Proposition 6 that S~' € L(U). The “only if” part is given by claim (i) of
Lemma 84. O
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2.4 Critical control and state feedback

Let J € L(Y) be a cost operator, an & = [f‘g BTD*JJ be an I/O stable and J-
coercive DLS. In this section, we give necessary and sufficient conditions for a
class of critical control problems to be solvable by state feedback. This class
is associated to ® and J as in Section 2.2, but now we additionally require
that we have a bounded critical one step feedback operator K¢t = moiCerit .
dom (C) — H, see part (ii) of Definition 70. Here dom (C) is given the norm of
H. We remark that this additional well-posedness requirement is imposed on
the common structure of ® and J, and not on these objects separately. The
formulations and proofs of the results are divided into two Lemmas 87 and 88,
and then stated in Theorem 89. Analogous considerations for the continuous
time well-posed linear systems can be found in [85].

Let ® be an I/O stable and J-coercive DLS, such that well-posedness assumption
K¢t € £(dom (C, H)) holds. Because dom (C) = H by our standing assump-
tion, we may (and always will) assume that K* € £(H) because a unique
extension exists, by the continuity and the completeness of H. Then, the crit-
ical closed loop semigroup generator A"t satisfying A"t = A + BK® on
dom (C), can also be extended to a bounded operator on H, see Lemma 75. By
Lemma 74, we see that the closed loop feedback map K is a valid observ-
ability map for any DLS whose semigroup generator is A°i*, provided that no
trouble emerges with the right hand column of the DLS in question. So as to
the closed loop critical observability map C'i* = C 4+ DK, the same holds.

After these preliminary considerations, we are led to ask the following question:
Given a cost operator J and an I/O stable and J-coercive DLS @, is there an I/O
stable and outer feedback pair [IC, F] for ® such that the closed loop extended
DLS ¢ := [®, [K, F]] outputs the critical state trajectory {5 (x0)} >0, crit-
ical output sequence §'*(z¢) and critical control sequence %*(xy)? Here

zo € dom (C) is an arbitrary initial state of ®, the sequences {5"*(20)};>0,

§(20) and a1 (20) are given by Lemma 71, and the external input sequence
to the feedback loop is ¥ = 0. The feedback connection and the signals are

illustrated in the following feedback diagram.

"
29 () Ai B
L \To) | T
g™ ) | [e] [p
,acrlt (xO) K F
_’_T v=20

Definition 86. Let J € L(Y) be a cost operator and & = ["g BTD”J be an I/0
stable J-coercive DLS.
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If the critical state trajectory {xS"%(xo)} and the critical sequences @t (zg) and

~crit

g (zo) are given by the signals of the closed loop extended DLS

Al BT —F)7'K Bri(Z - F)!
O = [@, [, F], = C+D(I-F)K ] { DI - F)! 7
(Z-F)'K T-F)'-1T

for some I/0 stable and outer feedback pair [IC, F| as explained above, we say
that the critical control problem (associated to ® and J) is solvable by state
feedback. Any such feedback pair [IC, F| is called a critical feedback for ® and J.
Any such ® is called a critical closed loop DLS.

We remark that even if a critical feedback pair exists, it (and consequently, a
critical closed loop DLS) is not unique. In the following Lemma, we associate
a critical feedback pair to each (J, S)-inner-outer factorization D = NX of the
I/O map. Such factorizations are parameterized in Proposition 83.

Lemma 87. Let J € L(Y) be a cost operator. Let ® = [ch BTD”J be an 1/0
stable DLS. Assume that

(i) D has a (J,S)-inner-outer factorization D = NX for some boundedly
invertible S € L(U), such the outer factor X is outer with a bounded
inverse, and

(i) Kt = 1ot dom (C) — U is bounded.
Then the following holds:

(i) ® is J-coercive.

(i) There is a unique I/O stable and outer feedback pair [IC,F] for ®, such
that the mappings K : H — Seq(U) and F : Seq(U) — Seq(U) satisfy
(2.27) Kzo = —S™ ‘7, N*JCxy for all z¢ € dom (C),

(2.28) Fi=(ZT—-X)a foral u€l*(Zy;U).

(i1i) The critical control problem, associated to ® and J, is solvable by state
feedback. Furthermore, [IC, F| is a critical feedback pair.

(iv) Assume, in addition, that ® is output stable. Then [IC,F] is a stable
feedback pair for ®; i.e. K : H — (?(Zy;U) is bounded. Furthermore, the
requirement Kt € £(dom (C),U) need not explicitly assumed.
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Proof. Claim (i) is an implication of Corollary 85. In order to prove claim (ii)
we first show that equations (2.27) and (2.28) in fact uniquely define a feedback
pair [KC,F] for ®. This is nontrivial because the right hand side of equation
(2.27) does not make sense for o € H \ dom (C) which is a nonempty set if ®
is not output stable. However, an observability map of any DLS is defined on
all of the state space, not just on a dense subset (here dom (C)) of it.

Define the linear operator K’ := —S~'7  N*JC on dom (C). Define the lin-
ear operator K := moK’ : dom (C) — U. By claim (i) of Proposition 46, the
feed-through operator X := moXmy € L(U) has a bounded inverse X ! =
moX 11y € L(U). Now we obtain on dom (C) the identity

X 'K = 1o X 1npK! = moX 71K

_ —71'0-)(715717_'('+./\/*JC _ WO,C(:rit _ }'{crit7
where the fourth equality is by claim (iii) of Lemma 84. Because K<t :
dom (C) — U is bounded by assumption, so is K : dom (C) — U. Because of

our standing assumption dom (C) = H, the operator K has a unique bounded
extension to an element of L(H;U), also denoted by K.

On the other hand, we have on dom (C)
K'A=-S"'7 N*JCA=-S ' N*7, 7 JC = -S~ 7 N*m*JC
= S a TN IC = —7 (ST RN IC) = T
where we have used the fact that N* is anticausal and shift-invariant, and S

is regarded as a static operator on ¢?(Z;U). It now follows for all j > 0 and
xo € dom (C) that

KA]{EO = Wo’C/AjiL'o = WoT*j’CliL'o = T*j’]TjIC/{E(),

and thus K'zg = {K A7z} ;>0 =: Kxg. Here K := Cy for any DLSs of the form
¢ = (4 B), where F € L(U) is arbitrary. In particular, K is a closed extension
of K', and dom (C) C dom (K). Because Z — X is shift-invariant and causal on
(?(Z;U) N Seq(U), it can be uniquely extended to a shift-invariant and causal
linear mapping F : Seq(U) — Seq(U), by using the causality. We now proceed
to show that the quadruple of mappings [1;45 B}*j] can be regarded as a DLS.

The output operator candidate for [‘;‘Cj B}* J] is the familiar K := mo/kC, which
belongs to L(H;U) as discussed above. Also F := moFmg = mo(Z — X)mp =
I — X € L(U), where range (mp) and U have been identified, and I denotes the
identity operator on U. By construction, K is an observability map of the DLS
(# B), which clearly equals [‘;‘Cj Br27] if the latter is a DLS at all. Finally, we
have on Seq_(U) C £*(Z_;U)

KB = —S_1ﬁ+N*JCB = —3_1771'+N*(771'+J,D7T_)
= —S_l’iTDrN*JDﬂ', = —S_l’/'_Dr(N*JN)Xﬂ',
=SSt Xn_ = -7, Xnr_ = -7, (T - F)n_ =7, Fr_.
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We have now shown that [1‘,‘5 B}*j ] isa DLS. It is I/O stable, because X is an1/O
map of an I/O stable DLS, by assumption. Because also dom (C) C dom (K), it
follows that the pair [, F] is an I/O stable feedback pair for ®. It is an outer
feedback pair because (Z — F)~! = X~ ! is an I/O map of an 1/O stable DLS.
Now claim (ii) follows.

The proof of claim (iii) i
DLS &% := [®, [K, F]]
given by

s now rather straightforward. The closed loop extended
is I/O stable by claim (ii) of Theorem 48, and it is

i

AL Bor*d

(I)iXt = Co D,
Ko Fo

A4+ Bri(IT —F)"'K Bri(Z—-F)!
= { C+D(IT-F)'K } [ DI — F)
(Z-F)'K T-F)'-1

For all ¢ € dom (C), it clearly follows that
Kowo = (Z — F) 'Kxg = —X 1S 17 N*JCxo = K™z = 0 (0),
by claim (iii) of Lemma 84 and Lemma 71. Then, also
AJzg = Al + BTkt g, = (Acrit)jato = xgm (x0),
and
Cozo = Cxo + DKty = ity = gjcm(xo),

by Lemmas 71 and 72. This verifies claim (iii). Claim (iv) is trivial, and the
proof of this lemma is complete. O

Let us now consider more carefully the case when the DLS @, in addition,
is output stable. In this case dom (C) = H and the linear operator K' :=
—S717  N*JC : dom (C) — ¢*(Z4;U) equals its (bounded) extension K : H —
(?(Z4;U) that has been constructed in the previous proof. Now, the corre-
sponding critical feedback pair is given by

K, Fl=[-5"'7eN*JC, T — X]
where X is regarded as the linear extension (by causality) of X| (¢2(Z; U) N Seq(U))
to all of Seq(U). The critical closed loop DLS @& = [®, [K, F]], is given by
[ AT - BX IS iR N*JC BX Lt
(2.29) Pt = C—NS—'m N*JC N
i XS lr N IC xX1-7

(Acrit)j BX—IT*j
— cerit N
i Kcrit X*l -7
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As we have noted earlier, Proposition 83 gives a parameterization for the critical
feedback pairs. In fact, all the critical feedback pairs are parameterized this way
because the previous lemma has a converse.

Lemma 88. Let J € L(Y) be a cost operator. Let & = [ch ng} be an 1/0
stable DLS. Assume that

(i) ® is J-coercive, and

(i) the critical control problem, associated to ® and J, is solvable by state
feedback.

Then the following holds:

(i) There exists a boundedly invertible S € L(U) such that D = NX is a
(J, S)-inner-outer factorization, where the outer factor X is outer with a
bounded inverse. One such factorization is characterized by

(2.30) Xi=(T—F)a forall € /(*(Z;U)NSeq(U),
(2.31) Nia=DX 'a forall @€ (*(Z;U)N Seq(U),

where [KC, F| is an 1/0 stable and outer, critical feedback pair for ®.
(i) K= oK - dom (C) — U is bounded.

Proof. Much of the work in the proof of claim (i) lies in making various exten-
sions and restrictions of linear operators. Let [[C, F] be an I/O stable and outer,
critical feedback pair for the DLS ®. Then equation (2.30) defines a densely
defined, bounded linear operator X : ¢2(Z;U) N Seq(U) — ¢*(Z;U) N Seq(U).
By density, X has a bounded extension to all of ¢2(Z;U), denoted by X. The
extended operator X is shift-invariant and causal, by a simple continuity argu-
ment.

Because the feedback pair [KC, F] is assumed to be outer, (Z —F)~! : Seq(U) —
Seq(U) exists, and it is an I/O map of an I/O stable DLS. It follows that
G:=Z—-F)t:03(Z;U)N Seq(U) — £?(Z;U) N Seq(U) is a bounded, densely
defined operator on ¢2(Z;U). By the definitions of X and G,

(2.32) GXi = XGii = i

for all @ € ¢%(Z;U) N Seq(U). As before, G has a bounded extension to all
of /2(Z;U), denoted by G. By continuity of X and G, identity (2.32) holds
for the extended G and for all & € ¢?(Z;U). Thus the bounded inverse X! :
(*(Z;U) — (*(Z;U) exists and equals G. Because X! coincides with the I/O
map (Z — F)~! on the dense set ((Z;U) N Seq(U), it follows that X1 is
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shift-invariant and causal, by continuity. We can now define N := DX __1 as a
bounded operator on ¢?(Z;U). From now on, we write X in place of X, too.
Clearly, such A and X satisfy equations (2.30) and (2.31).

It remains to be shown that D = NX is a (J, S)-inner-outer factorization for
some S € L(U). Because ® is I/O stable, by Proposition 82 it is sufficient to
show that X is an outer S-spectral factor of D*JD for some S € L(U); i.e.

(2.33) D*JD = X*SX.

Let the bounded shift-invariant operator Z : ¢3(Z;U) — ¢*(Z;U) be defined
through its adjoint

Z*:=D*JDX"' =D*JN.
We next show that Z* is anticausal; i.e. 7 Z*m_ = 0.
The critical closed loop DLS ®¢** = [®, [K, F]], associated to the critical feed-
back pair [C, F], is given by

A+ Bri(T — F)"'C B(T — F)~tr
o= | [Cc+DIT-F)'K DI - F)~
(T-F)'k T-F) -1

Because ®S** is a critical closed loop DLS, we have a unique critical output
sequence for all zy € dom (C), given by

(2.34) g (mo) = (C+ DT — F)'K) wo.
Let @ € dom (B) := Seq_(U) be arbitrary. Then 7_(Z — F) " 'n_a € dom (B)
by causality, and because always B = Br_ there exists

x(i) =BT - F) 'n_i=Br_(T—-F) 'n_a € range (B).

We have range (B) C dom (C), by Lemma 35 and I/O stability of ®. Thus
z(u) € dom (C) for any @ € dom (B), and we can set z9 = z(@) in equation
(2.34). This gives for the critical output sequence the expression

(2.35) 7 (z(@) = (C+DI -F)'K)- (BZ-F) ") n_a

=7, DI - F) 'n_au=7,DX 'r_i =7, Nr_i.
Here the third equality follows from claim (iv) of Lemma 12 because
(C+D(Z — F)~'K) is a component of the observability map and B(Z —F) ! is
the controllability map of the DLS ®¢**. The third equality holds because 7_a €

Seq_(U) C *(Z_;U) and X~ coincides with (Z — F)~! on ¢3(Z;U) N Seq(U).
Because z(u) € dom (C), we have by formula (2.4) of Lemma 67

(2.36) 7 DI (x(a)) = 0.
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Now the equations (2.35) and (2.36) together give for all & € dom (B)
7_T+D*JN7T7’EL = 7_T+Z*7T,ﬁ = 0,

by the anticausality of D*. Because dom (B) is dense in ¢?(Z_;U), it follows
that the bounded shift-invariant operator Z* is anticausal.

Because D*JD is self-adjoint, we have
D*JD=Z"X = X*Z,
or equivalently,
(2.37) (XD DX~ = (ZXx ) = zZzx

Because (ZX~1)* is anticausal and ZX~! is causal, it follows that
(X*)~ID*JDX ™! is a static operator. By Proposition 6, it is a componen-
twise multiplication by a self-adjoint operator S € L(U). Thus the spectral
factorization (2.33) follows.

We have now shown that X is an outer stable S-spectral factor of D*JD. Propo-
sition 82 implies that D = N'X is a (J, S)-inner-outer factorization, where the
outer factor X is outer with a bounded inverse. The sensitivity operator S has
a bounded inverse S~ € L(U), by the assumed .J-coercivity of ® and Corollary
85. This completes the proof of claim (i). The second claim (ii) holds because
for all zy € dom (C)

Kcntxo = WOICC“txO = 7T0(I — .7'-)71IC$0 = 71'0.)(‘717'(0 - moKxg

where the feed-through part of the outer factor has a bounded inverse, by Propo-
sition 46, and o/ : H — U is bounded, by the definition of the feedback pair.
This completes the proof. O

Now we are ready to present the first main result of this chapter. Under certain
conditions, the (J, S)-inner-outer factorization problem of the I/O map D of ®
is equivalent with the problem of solving the critical control problem, associated
to ® and J, by state feedback.

Theorem 89. Let J € L(Y) be a cost operator. Let & = [fg BTD”J be an 1/0
stable DLS. Then the following conditions (i) and (ii) are equivalent:

(i) a) ® is J-coercive, and

b) the critical control problem, associated to ® and J, is solvable by
state feedback. The critical feedback pair [KC,F] for ® is I/O stable
and outer.
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(ii) a) There is a self-adjoint boundedly invertible operator S € L(U) such
that D has a (J,S)-inner-outer factorization D = N'X, where the
outer factor X is outer with a bounded inverse, and

b) moN*JC € L(dom (C);U), where dom (C) is given the norm of H.

Furthermore, if the above conditions hold, then K< € L(dom (C);U), and
both the open loop extended DLS ®°*' ;= [<I>, [IC,}'H and the critical closed loop
extended DLS ®* are 1/0 stable. Assume, in addition, that ® is output stable.
Then the critical feedback pair [KC, F| is stable and outer, both ®*** and ®* are
output stable, and part (b)) of condition (ii) need not be stated explicitly.

Proof. The implication (i) = (ii) is given in Lemma 88. We prove the converse
implication (ii) = (i). By claim (iii) of Lemma 84 and causality of X~! we
have

Kcrit _ ,n_olccrit _ —7T0X717T0571 . WON*JC

where T X ~1my € L(U) is bounded with bounded inverse, by claim (i) of Propo-
sition 46. It follows that K" : dom (C) — U is bounded if and only if 7o N/*JC
is. Thus, condition (ii) implies condition (i) of Lemma 87. But now condition
(i) follows, by Lemma 87. The I/O stability of ®*** and ®¢** follows from The-
orem 48. The additional claim involving the output stability of ® is a trivial
consequence of Theorem 48 and the fact that an observability map is bounded
if and only if its domain is all of the state space. O

Further stability results for the critical closed loop DLS ®¢** and its semigroup
generator A" are given by Theorems 50 and 51.
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2.5 Weak algebraic Riccati equation

Let J € L(Y) be a cost operator and & = [f‘g Br7] be an 1/O stable and
J-coercive DLS. In the remaining part of this chapter, a weak form of a discrete
time algebraic Riccati equation is introduced. Such an equation is associated
to the minimax control problem that has been introduced in Section 2.2. More
precisely, we show that the critical cost sesquilinear form P§*t(, ), as introduced
in Definition 76, satisfies an algebraic Riccati equation, provided that D has a

(J, S)-inner-outer factorization. A converse result to this is given in Section 2.6.

Definition 90. Let J € L(Y) be a cost operator, and ¢ = (& B) be an 1/0
stable DLS. Let P(,): H x H D dom(C) x dom (C) — C denote a conjugate
symmetric sesquilinear form. Then the conjugate symmetric sesquilinear form
Ap(,) on U x U defined by

AP(U(), ’wo) = <DUO, JDU)()>Y -+ P(BUO, Bwo)

is the indicator of the sesquilinear form P(, ), associated to DLS ¢ and cost
operator J.

The indicator Ap(, ) is well-defined on the whole of U x U. The possible
problem would arise if we had to go outside the domain dom (C) x dom (C)
of P(, ) for some wug, wy € U. However, I/O stability of ¢ implies the inclusion
BU C dom(C), see Lemma 35. Even more can be said about the critical
sesquilinear form P§™(, ) of Definition 76.

Proposition 91. Let J € L(Y) be a cost operator. Let ¢ = (4 B) = [4) B ]

be an I/0O stable and J-coercive DLS. By P§"'(, ) denote the critical sesquilin-
ear form as defined in Definition 76. Then there exists a unique self-adjoint
operator Apene € L(U) such that the indicator sesquilinear form Aperi(, ) can
be represented by

Apgm (uo, wo) = <Apézrituo, w0>U y

where

Apesse := D*JD + (C**B)*J(C*"*B).
Proof. The claim immediately follows, once we remember that the I/O stability
of ¢ implies that CB € L(U,¢*(Z4;Y)). Then

KB = —(7, D*JD7.) '7, D*JCB,

is bounded, and so is C*"*B = (C + DK™) B, too. This makes it possible to
speak about (C'*B)* as an adjoint of a bounded operator. The self-adjointness
and uniqueness of A perie s clear. O
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The operator A prit is the critical indicator operator, associated to ® and J. In

the following lemma, we couple the critical sesquilinear form P&t(, ), its indi-
cator operator A prit and the critical one step feedback operator K*i* together.

Lemma 92. Let J € L(Y) be a cost operator. Let ® = (4 B) be an 1/0 stable
and J-coercive DLS, such that K := oK : dom (C) — U is bounded.
Let the critical indicator operator Apct):rit be given by Proposition 91. Then the

critical sesquilinear cost P§'(, ) satisfies the equations

(2.38) P (A% o, Bwg) 4+ (C™*xo, JDwy),, =0,

(2.39) Pgrit(AJ)Q, B’U}O) + <(Apgrit Kcrit + D*JC)J?(), ’wQ>U = 0,
(2.40) Apochcritxo =— ((CcritB)*JCcmA - D*JC) Zo,

for all zy € dom (C) and wo € U. Furthermore,
(2.41) P§TY (Ao, Azy) — P& (20, 1)
_ <((Kcﬂt)*AP§mKCfit - C*JC)J:O,J;1>H

for all zg,x1 € dom (C), where A" = A+ BK* and C'* := C + DK™t =
,n_OCcrit'

Proof. In order to establish equation (2.38), we consider the following perturbed
critical control sequences for arbitrary o € dom (C), @ = {w;};>0 € ¢*(Z4;U)
and e € R

K zg + € (mow + 7K Buy)

= m (K™zg + ed) + 7 (747K 20 + K Bewy)

o (Kcritxo + ew) + TICert (Acritxo + Bewy)

0 (ICcrit:co + eu?) + et (A:co + B(Kcritfco + ewo))
7o (@ (o) + ) + 70 (Amg + B(u§™ (o) + ewo))

where the second equality is by Lemma 74 and the critical control sequence
satisfies 0" (z) = {u§""(z)}j>0 = K"z for all z € dom (C), by Lemma 71.
This gives us the identity
(2.42)  J (w0, K™z0 + e(mow + 7K Bu))

= (Czo + D (u§™(z0) + ewo) , J(—,, =)y

+J (Azg + B (u§"(z0) + ewo) , a™" (Azo + B(uf™ (z0) + ew)))

= <Ccritm0 + eDwy, J(—,, —)>Y

+ Pt (Ao + B(ug™ (zo) + ewo), (—,, ),

= <Ccritm0 + eDwy, J(—,, —)>Y

+ perit (Acritmo +eBug, (—,,—)) |
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where the second equality follows because C'ltzy = Cxg + DKitzy = Cxo +
Du§(zg), and equation (2.17) of Proposition 78 holds.

Now we Frechet differentiate identity (2.42) with respect to € at ¢ = 0 where
W = {w;}j>0 € £>(Z4;U) is arbitrary. This Frechet derivative must equal zero
for any @, by the definition of the critical control %"t (xq) = Ktz appearing
on the left hand side. We obtain the equality

Re (Pgrit(Acritxo, Buwyg) + <Ccritx0, JDw0>Y) =0.
By replacing ¢ with ixg, we see that this is true for the imaginary part, as well.

Equation (2.38) now follows.

The proof of equation (2.39) is based upon equation (2.38). We have by a
straightforward calculation, starting from the definition of the indicator operator
APcrit
0
Aperie (K g, wo) := P§™ (BK g, Bug) + (DK wg, JDuwy),,
_ Pgrit(Acritx()’Bwo) + <Cvcritx07 JD’[U0>Y
— P(?rit(Axo, Bwo) — <D*JC£E0, U)()>Y .
This proves that equation (2.39) is equivalent to equation (2.38).
Equation (2.40) follows immediately from equation (2.39) and the definition of

P§Hit(, ). The proof of equation (2.41) is based on Lemma 74 and the first part
of this lemma. Lemma 74 implies

P(t):rit (Acritxo,AcritJ)l) _ <CcritAcritJ)Q, JccritAcritx1>
= <7T(+T*Ccrit$0, ’7T+T*Jccrit$1>£2(z+;y)
_ it it it it
— <Ccr1 a:o,JCC“ x1>42(z+;y) _ <Ccr1 a:o,JCC“ $1>
_ P(?rit(l'o,xl) _ <Ccritx0’ Jccritx1>y .

We conclude that that

(2.43) Pgrit(AcritxO, Acritl‘l) _ Pgrit(l‘o, xl) + <Ccrit$0, Jccrit$1>y =0

2(243Y)

Y

for all zg,z1 € dom(C). Now, a straightforward calculation, based on the
identities A°™* = A 4+ BK®* and C* = C' 4+ DK, gives

P (Azo, Azy) — P§M (w0, 21) + (C*JCxo,21)

— Pgrit(Acritl‘o,Acritxl) _ Pgrit(l‘o,l‘l) + <C«critxo7 Jccritx1>
_ Pgrit(BKcritxO, Acritxl) _ Pgrit(Axm BKcritxl)

— (DK, JC 1), — (Co, JDK 1),

— (Pgrit(BKcritxO,Acritxl) + <JDKcritJ,‘0, Ccritx1>y)

— (P (Azo, BK™xy) + (D*JCmo, K21 ),,)

Y
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where equation (2.43) has been used. By equation (2.38), the (conjugate of)
first term on the right hand side vanished. The second term equals

P§"(Azy, BK™ o) + (D*JCy, K™ ag),,
_ crit * ) crit
_ <(K )* A pere K" x0>U

by equation (2.39). This completes the proof. O

Under certain conditions, the indicator operator A perit has a bounded inverse in
L(U). At the same time we get a connection between the (J, S)-inner-outer fac-
torization of D and the indicator operator. This is the contents of the following
lemma.

Lemma 93. Let J € L(Y) be a cost operator, and & = [“g Bro]l = (48)
be an I/O stable DLS. Assume that the equivalent conditions of Theorem 89
are satisfied. By PS"(, ) denote the critical cost sesquilinear form. Then the
indicator operator Apeie € L(U) has a bounded inverse.

Proof. Because the equivalent conditions of Theorem 89 hold, it follows that ®
is J-coercive and the critical cost sesquilinear form P§"(, ) of Definition 76 is
defined. By Theorem 89, there is an (J, S’)-inner-outer factorization D = N’ X’,
where the outer factor X’ is outer with a bounded inverse and S'~! € L(U). By
claim (i) of Proposition 46, the feed-forward part X’ = moX'my has a bounded
inverse. Choosing F = X' in Proposition 83, we see that there is another (J, S)-
inner-outer factorization D = N'X, where the outer factor X’ is outer with a
bounded inverse and its feed-forward part satisfies mo X7y = I; here range ()
and U are identified, and I denotes the identity operator in L(U). Finally, the
sensitivity operator of the factorization is given by S = X’*S'X’  and this is
boundedly invertible because S is.

Let [K, F] be the critical feedback pair as in the proof of Lemma 87, correspond-
ing to the above constructed factorization D = NX. By &' = [®,[K, F]],
denote the critical closed loop DLS. Let @ = {u;};>0 € ¢*(Z4;U) be arbitrary.
By the basic properties of the DLS, the impulse response of the I/O map of ®¢*¢
is given by

(2.44) ((ID(_If—) f-l):lI> ol

- <(f£f s ijj) roi+ 7 (C +( ;D(_z;)@;/c> B - Pty

where (K, F) = [K, F] is the critical feedback pair in difference equation form,
and we have used Lemma 26 to find the feed-through operator of the closed
loop DLS ®¢**. In fact, the feed-through operator of the feedback pair satisfies
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F = 0 because F' = I — X and we have normalized the feed-through operator
X = mp X7y of the outer factor to the identity operator on U.

By Lemma 35 Bug € dom (C), and trivially mo@ € £2(Z;U) N Seq(U). Because
®Xt is a critical closed loop DLS, it follows that

(I - f)illcxo = ’Ccritx()’ (C + D(I — f)fllc) o = Ccritx07
for all g € dom (C), and in particular for g = Bug. Similarly, Fw = (Z — X)w

and (Z—F) 1 = X~ for w € ¢2(Z; U)NSeq(U), and in particular @ = moii.
The impulse response formula (2.44) for ®¢<* takes now the form

N B D B Ccrit
(2.45) <X1 _ I) Tol = <O) Tol + T <IC““) Buy.

We need only the lower row of equation (2.45) which implies
(2.46) X mot = mott + TK Bug = moti 4+ 70 (Buyg)
for all @ = {u;};>0 € £*(Z4;U).
By using the spectral factorization D*JD = X*SX, equation (2.46) implies
(2.47) J(0, moti + T (Bug))
= (D*JD(motu + T (Bug)), (—,, —))
= <SX(7T0’[~L + Tﬁcrit(Buo))a X(_v ) _)>€2(Z+;U)
= <SX(X‘177011),X(X_lwoa)>£2(z+;U) = (Sug, uo)y

2(Z24;0)

On the other hand, for all & = mott we have

(2.48) J(0, moti + T (Buyg))
= <DUO, JDU0>Y + Pocrit(BuO, BU()) = Apocric (UO, UO).

Now the combination of equations (2.47) and (2.48) gives
<SUO7 U’0>U = APSrit (’U,Q7 ’U,Q) = <AP5.m,’u,0, ’U,Q>U

for all ug € U, where S € L(U) is self-adjoint with a bounded inverse. The last
equality is by Proposition 91. By [79, Theorem 12.7], Apesit = S, and is thus
boundedly invertible. O

We proceed to discuss the critical feedback pair [IC, F] = (K, F'), associated to
the (J, S)-inner-outer factorization D = N'X, where the feed-through part of the
outer factor X is normalized to identity, as has been done in the proof of Lemma
93. We have already indicated that the feed-forward operator of this feedback
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pair satisfies ' = 0. By comparing the formula for K in claim (iii) of Lemma
84 and equation (2.27) of Lemma 87 for the observability map K of the critical
feedback pair, we see that the output operator of the critical feedback pair
satisfies K = Kt = 7" because moXm9 = I. Thus the critical feedback
pair, associated to this specially normalized factorization, satisfies [IC, F] =
(Kcrit, 0)

The proof of Lemma 93 reveals the system theoretic meaning of the indicator
operator Apec, too. Let @ = {u;};>0 € ¢*(Z1;U) be arbitrary. Cost of the
(external perturbation) impulse mi to the critical closed loop DLS @it =
[@, [IC, F]],, initially resting at zero initial state zo = 0, is given by

J(0, mo + Tﬂ,crit(B’Uo)) = <Ap(§rit'u0; UO>
U

because 1 = Bug. Of course, one can see this identity from the definition of
Apee and equation (2.17), too. Note that the indicator Apene does not depend
on the particular (J, S)-inner-outer factorization D = N X that has been used to
form the critical feedback pair. The sensitivity operator S is generally different
for different (J, S)-inner-outer factorizations. Always

APgrit - X*SX

where X = moXmg. If we normalize the outer factor by requiring moXmy = I,
we get the identity A perit = S.

Now we are ready to approach the main result of this section, namely Lemma
96. We show there that the critical sesquilinear form P§™(, ) satisfies the weak
discrete time Riccati equation, defined as follows.

Definition 94. Let J € L(Y) be a cost operator. Let ¢ = (4 B) be a strongly
H? stable DLS. We say that the conjugate symmetric sesquilinear form P(, ) :
dom (C) x dom (C) — C is a solution of the weak discrete time Riccati equation
(WDARE), associated to ¢ and J, if there exists Qp € L(H;U) and a boundedly
invertible self-adjoint Ap € L(U) such that

P(Az, Ax') — P(z,2') + (C*JCx,2") yy = (QpAp' Qpa,a')
(2.49) (Apu,u’),, = (D*JDu,u’), + P(Bu, Bu')
<pr//, UH>U _ <D*JCJ:”, UH>U _ P(AJ,‘”, Bu”)
for all u,v’ v’ € U and z,2',2" € dom (C). The operator Ap is the indicator
of the solution P(,). The linear operator Kp := A;lQp € L(H;U) is the
feedback operator of the solution P(, ).

By Proposition 34, Lemma 35 and the strong H? stability requirement, each
of the terms P(Azx, Az’), P(Bu,Bu') and P(Axz”, Bu"”) that appear in the
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WDARE are well-defined complex numbers. Given ¢ = (4 B), J and P(, ), it
is clear that at most one bounded operator can serve as the indicator operator
Ap in equation (2.49). Because of our standing assumption dom (C) = H, the
same holds also for the operator @p, too. We conclude that the indicator Ap
and the feedback operator Kp of any solution P(, ) are uniquely defined.

In general, WDARE (2.49) has a plenty of solutions. We need to classify these
solutions.

Definition 95. Let J € L(Y) be cost operator, and ¢ = (4 B) be an 1/0 stable
DLS. Let P(,) be a solution of WDARE (2.49).

(i) The solution P(, ) satisfies the ultra weak residual cost condition, if
P(Alxg, Alzg) -0 as j — o0
for all zy € range (By).
(ii) The DLS

(2.50) ori= (ko 1)

is the spectral DLS of the solution P(, ), associated to ¢ and J. Here Kp
is the feedback operator of the solution P(, ), given in Definition 94.

(iii) The solution P(,) critical, if it satisfies the ultra weak residual cost con-
dition, the spectral DLS ¢p is I/0 stable, and the I/O map Dy, is outer
with a bounded inverse.

Now the main result of this section:

Lemma 96. Let J € L(Y) be self-adjoint, and ® = [4/ Br7] = (A B) be
an I/0 stable DLS. Assume that the equivalent conditions of Theorem 89 are

satisfied, and by P§™t(, ) denote the critical sesquilinear form of Definition 76.

Then P§™t(, ) is a critical solution of the weak discrete time algebraic Riccati
equation of Definition 94.

Proof. Because the equivalent conditions of Theorem 89 hold, it follows that
® is J-coercive and P§it(, ) is defined. By Definition 90, Proposition 91 and
Lemma 93 there is an unique self-adjoint, boundedly invertible operator, namely
the critical indicator A perit such that

<Apgritu, u'>U = (D*JDu,u'),, + P (Bu, Bu)
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is satisfied. Because the conditions of Theorem 89 hold, the one step feedback
operator K* = w1t : dom (C) — U is bounded, and identifiable to its
bounded extension K'* € L(H;U). Define the operator @ perie := A perie K™ €
L(H;U). Equations (2.39) and (2.41) of Lemma 92 imply that PS"t(, ) is a
solution of WDARE (2.49).

It remains to be shown that PS'(, ) is a critical solution. By Lemma 35,
range (B) C dom (C). By Proposition 77, it follows that Pg'i(, ) satisfies the
ultra weak residual cost condition of part (i) of Definition 95. It remains to
show that the spectral DLS

(A B\ [ A B
Org =\ —Kpewe 1) = \oKeie 1

is I/O stable, and its I/O map is outer with bounded inverse.

Because the conditions of Theorem 89 hold, we have a (J, S’)-inner-outer factor-
ization D = N’ X’ for some S’ € L(U), where the outer factor X’ is outer with a
bounded inverse. As in the first part of the proof of Lemma 93, there is another
(J, S)-inner-outer factorization D = N X such that the feed-through operator
of the outer factor satisfies moXmy = I, the identity operator in £L(U). As in
Lemma 87, this factorization is associated to a critical feedback pair [/C, F] that
has been defined through equations (2.27) and (2.28). Because [/C, F] is a criti-
cal feedback pair, it is I/O stable and outer, by Definition 86. This means that
the DLS ® = [47 577 ] is I/O stable, and (Z — F)~* is an I/O map of an I/O
stable DLS. Because 7y = (Z —F) ‘7, - (Z—F)ry = (Z—F)7e - (T —F) 17y
on (%(Z;U), it follows that (T — F)7y : £2(Zy;U) — (*3(Z4;U) is a bounded
bijection. It follows that the DLS

, AT Br
¢ = {—/c T-7F)

is I/O stable, and its I/O map is outer with a bounded inverse.

However, the critical feedback pair is given in the difference equation form by
(K, F] = (K, 0), where K* € L(H;U) is the extension of the bounded one
step feedback operator mpK'it : dom (C) — U; for details see the discussion
following Lemma 93. It now follows from Theorem 15 that &' = gﬁpocm, and
thus the spectral DLS Ppgrie 1s I/O stable, and its I/O map is outer with a

bounded inverse. By part (iii) of Definition 95, P§™(, ) is a critical solution.
This completes the proof. O
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2.6 Solution of the weak algebraic Riccati equa-
tion

In this section we give a number of partial converses to Lemma 92. We show
that if WDARE (2.49) of Definition 94 has a solution P"i*(, ) of a special kind,
then the equivalent conditions of Theorem 89 are satisfied under some extra
conditions. The specialty of the solution Pi( ) is that it must be a critical
solution, in the sense of part (iii) of Definition 95. Such a critical solution of
WDARE is associated to the existence of a (J, A peris )-inner-outer factorization
the I/O map. However, stronger assumptions are required to guarantee that
the critical closed loop is well-posed, i.e. K< € £(dom (C);U). In fact, this
well-posedness problem, present for non-output stable DLSs, in fact, is deeper
than the factorization problem. We start with a preliminary proposition which
almost solves the question of the spectral factorization.

Proposition 97. Let ¢ = (4 B) be a strongly H* stable DLS. Let P(, ) be a
solution of WDARE (2.49). Let i = {u;}j>0 € {*(Z4;U) and zo € dom (C)
be arbitrary. Denote the corresponding state trajectory by xp = xp(xo, ) =
AFxo + Br*R4 for all k > 0.

(i) We have

(2.51) Pz, xr) — P(Tp41, Tht1)
= <J(ka + Duk)a (_a ’ _)>Y
— (Ap(=Kpzp +uk), (=, =)y

for all k > 0. For alln > 1, we have
(252) P((Eo, LE()) — P(:L’nJrl, $n+1)

= Z (J(Cz + Dug), (—,,—))y

Il
o

NE

(Ap(—Kpxyp +ug), (—,, =)y

=
Il
=]

(ii) Assume, in addition, that ¢ is I/O stable, and limy_,oo P(x,xr) = 0.
Then

(2.53)  J(wo,@) = Plwo,x0) + Y (Ap(—Kpxk +ur), (=, =)y,
k=0

where the sum converges.
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(i1i) Assume, in addition, that both ¢ and ¢p are I/O stable, g € dom (C) N
dom (Cy,), and limg_.oo P(x, ) = 0. Then

(2.54)  J(20,@) = P(z0,20) + (Ap(Copo + Dy, @), (=)o, ) -

Proof. Claim (i) is proved by first calculating

P(l‘k, {Ek) — P(:L‘kJrl,karl) = P(i[:k, {Ek) — P(Ai[:k —+ Buk, A{Ek —+ Buk)
= P(mk,xk) - P(Al‘k, Al‘k) - P(Axk, Buk) - P(Buk,Axk) - P(B’U,k7 Buk).

Because the sesquilinear form P(, ) satisfies WDARE (2.49), the previous equals

= ((C*JC — QpAR'Qp)zk, x1)

p+ D*JC)xy, uk)y + (uk, (Qp + D*JC)zy )y,
D*JD — Ap)uk, uk>U
<C*chk;xk>H + <D*chk,uk>U + <uk,D*JC’xk>U + <D*JDuk,uk>U)
<—Q33A1_>1QP$1€, $k>H +{(Qpzrk, ur)y + (uk, QpTr)y; — <APukauk>U)
J(ka + D’Ltk), (_a ) _)>Y - <A;’1(_prk + APuk)7 (_7 ) _)>U
where the last equality is obtained simply by grouping terms. This proves
equation (2.51), by replacing the feedback operator Kp = A;lQp. Equation

(2.52) is now an immediate consequence. Claim (ii) is proved by inspection of
equation (2.52). We have for each n > 1

+ ((
+ ((

(
(
(
(
(

_|_

Z <AP(—KP$I¢ + Uk)a (_a ) _)>U
k=0

= —P(x0,20) + P(@ns1,2n41) + Y (J(Cxy 4+ Dug), (., =)y
k=0

Because ¢ is I/O stable, 2o € dom (C) and @ € ¢*(Z;U), we have
{Cxy + Dug } x>0 = Cxo + Dt € 12(Z1;Y).
On the other hand, we have for each k& > 0
[(J(Cay, + Dug), (=, =)y | < lleev) - [ICo + Dusli-

It follows that the sum in the right hand side converges absolutely as n —
oo. By assumption, also P(2n11(20, @), Znt1(xo, %)) — 0 as n — oo for this
particular @. It follows that lim,, e Y p_o (Ap(—Kpzi + ug), (—,, —)) exists
and satisfies (2.53).

In order to prove the final claim (iii), note that the I/O stability of ¢p implies
for zo € dom (Cy,) and @ € ?(Z4;U)

{=Kpxp +urtr>0 = Cppro + Dyp Tyl € (*(Z,;U),
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by the definition of the spectral DLS ¢p. Then the sum in (2.53) is majorizes
by

|[{(Ap(—Kpay + Tur), (=, =)y | < [IApllzw) - 1| — Kpar + ukll?,

and it thus converges absolutely. O

Note that the intersection dom (C) N dom (Cy,) in claim (iii) of Proposition 97
is far from empty for I/O stable ¢ and ¢p. In particular, because B = By, and
for I/0 stable systems always range (B) C dom (C), it follows that range (B) C
dom (C) N'dom (Cy,). The connection between a solution of Riccati equation
system and a class of stable spectral factorizations of the Popov operator is
given below.

Lemma 98. Let J € L(Y) be a cost operator, and ® = [ch Bg‘j} be an 1/0
stable DLS. Let P(, ) be the solution of the Riccati equation system (2.49) of
Definition 94 such that the spectral DLS ¢p is I/O stable and the ultra weak
residual cost condition of part (i) of Definition 95 holds; i.e.

P(A*zg, A¥20) -0 as k— oo

for all xg € range (B). Then the following stable spectral factorization identity
holds on (*(Z;U).

(2.55) D*JD =D}, ApDy,.

Proof. The both sides of (2.55) are bounded, causal and shift invariant opera-
tors. Let j, k > 0 be arbitrary. For all @ € ¢2(Z;U) we have by definition

(2.56) J(O, W[O’j]ﬂ,) = <'D*J'D7T[0’j]’L~L,7T[0’j]’0,>p(z+;U) .

By linearity of P(xg,z1) in 29 we get P(0,0) = 0. Because we use inputs of
form (g ;4 and the initial state zo = 0, we have

xk(xo, W[O’j]ﬂ) = Ak (ij() + BT*jT{'[O’j]’EL) = Ak BT*jﬂ'[o’ﬂﬂ,

for all k& > j. Because the solution P(, ) satisfies the ultra weak residual
cost condition, limg .o P(z (w0, o j%), Tk (70, 7o j1%)) = 0. By claim (iii) of
Proposition 97 we have for all @ € ¢*(Z;U)

(2.57) J(O,?T[O’j]’&,) = <'D;PAPID¢P7T[0J]11,7T[0’j]’l~1,>€2(z+;U) .

By combining equations (2.56) and (2.57),

(10,7 D* I Do 51 — 710,71 Dy APDp 10,51 ) s ) 0,

2(Z5U)
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because i € (?(Zy;U) was arbitrary. It follows that the truncated Popov
operators satisty m jyD*JDm ;) = m0,1D}, ApDypmp 5 for all j > 0, by [79,
Theorem 12.7].

Clearly 7 := D*JD — D} _ApDy, is a self-adjoint shift-invariant operator on
(?(Z;U). For contradiction, assume that 7 # 0. Then there is @ € (*(Z;U)
such that ||74||s2(z,p) > 4v > 0. Because 7 is bounded, there is j; > 0
such that |[7m_;, j,jtlle2(z;0) > 2v. Similarly, there is a jo > 0 such that

7 —j2.ja) T 71,5110l e2(z;0) > v. Denote note j = max (ji, j2). Then

17— 4321 T Tli— i) Ulle2zivy = 17— g, g0) T =gy a1l e2(zi0) 2 v

But this is a contradiction against g ;;D* JDmo 5 = 7T[07j]D;PApD¢P 0,5, and
the proof is complete.

If the solution P(, ) is critical, then the factorization of Lemma 98 can be put
in a more familiar form:

Corollary 99. Let J € L(Y) be a cost operator, and ® = [f‘g BTD*J] be an
I/O stable DLS. Let P(,) be a critical solution of WDARE (2.49). Then
D =NX is a (J, Apes )-inner-outer factorization, where

N :=DD;!

¢Pcrit )

X = D¢pcm'

The outer factor X is outer with a bounded inverse, and the critical sesquilinear
form P§T( ) emists.

Proof. The the existence of the factorization follows from equation (2.55) and
Proposition 82. In particular, the outer factor X is outer with a bounded inverse,
by condition (iii) of Definition 95. The DLS @ is J-coercive, by Lemma 84
and the fact that Aperic is boundedly invertible. By Definition 76, the critical
sesquilinear form P§™(, ) exists. O

Note that when the conditions of Corollary 99 are satisfied, the I/O map Dy,
equals the outer spectral factor X' of D*JD, such that the feed-through operator
mo X7y = I. The previous results are collected in the following lemma, the main
result of this section. It is the first partial converse of Lemma 92.

Lemma 100. Let J € L(Y) be a cost operator. Let & = [1‘(‘; Br] be an
output stable and I/O stable DLS. Assume that the sesquilinear form Pi( ) :
dom (C) x dom (C) — C is a critical solution of WDARE (2.49).

Then the equivalent conditions of Theorem 89 hold. In particular, Apeic =
A perit where P§t(, ) is the critical sesquilinear form of Definition 76.



2.6. SOLUTION OF THE WEAK ALGEBRAIC RICCATI EQUATION 111

Proof. By Corollary 99, we have the (J, A perit )-inner-outer factorization D =
NX, where X = Dy ., and N = DD;;CIM. Also, the outer factor X is
outer with a bounded inverse. Because ® is output stable, dom (C) = H and
noN*JC : H — U is bounded. It follows that condition (ii) of Theorem 89
holds. In particular, the critical sesquilinear form PS'(, ) exists and satisfies
the WDARE (2.49), by Lemma 96. This gives us another (J, A pe:it )-inner-outer
factorization D = N'X’, where the outer factor X is outer with a bounded
inverse. Both the outer factors satisfy the normalization mg X7 = mg X 7y = I.
By Proposition 83, X = X’ and A peric = Apocm. The proof is complete. O

In previous lemma, we have made a rather strong assumption of output stability
of ® to ensure that the well-posedness condition moN*JC € L(dom (C);U)
holds. We now try to motivate why this has been necessary. We also give to
variants of Lemma 100.

Assume that the conditions of Corollary 99 hold, and by D = N'X denote the
(J, A peris )-inner-outer factorization. By writing the spectral DLS ¢p in I/O
form

A B Al Bt
o) = (LA B[ B

we define the observability map K = —Cy ., and the /O map F =7 —Dy ., -
Clearly, [KC, F] is a feedback pair for ®. By definition, (Z — F)u = Xa for all
@ € (*(Z;U) N Seq(U). Because ¢p is 1/O stable and its I/O map Dy ..., is
outer with a bounded inverse, it follows that [/C, F] is an I/O stable and outer
feedback pair for ®, provided we have the inclusion dom (C) C dom (C¢Pmt).
We make this additional assumption explicitly in Lemma 102.

We proceed to consider the operator
K' = —ApLm  N*JC : dom (C) — (*(Z4;U).

A similar calculation as in the proof of Lemma 87 implies that K'A = 7. 7*K’
ondom (C), and —K'B =7, X7_ = 71 (ZT—F)n_ ondom (B). If we could verify
that —A perie MoK’ = meN*JC : dom (C) — U is bounded, then the quadruple of
linear mappings

(2.59) [Aj Br+! }

K I-F

would be an I/O stable DLS, whose I/O map is outer with a bounded inverse.
Here the observability map K’ : dom (W) — (%(Z;U) is a closed extension of
K’ : dom (C) — ¢*(Z;U), and dom (C) C dom (K’).  From equation (2.58)
and the fact —K'B = 74 (Z — F)w— we conclude that

— APcrit (A;}rit Kperis + 7TON* JC) x

(2.60) = (moK' = moK)x =0 for all x € range (B) C dom (C)
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with the natural identification of range (7p) and U. Suppose now that we have
no a priori knowledge of the boundedness of moN*JC : dom (C) — U but
range (B) = H. Then AQ := (A;gﬁtKPcrit +7TON*JC) :dom(C) —» U is a
densely defined operator, whose null space contains the dense set range (B). We
cannot conclude that AQ = 0 because there exists a densely defined linear op-
erator on a Hilbert space, whose null space is dense. For example, define the

vector space by

dom (T) := {@t = {u;j};>0 € £*(Z+;C) | lim ju; exists}
j—oo

and the linear functional T : dom (T") — C by T{u;};>0 = limj_ o ju;. Then
T is densely defined, T' # 0 but Tw = 0 for all 4 that have only finitely many
nonzero components. Because such @ are dense in ¢2(Z, ;C), it follows that
ker (T) is dense. See also [79, Theorem 1.18].

Another variant of Lemma 100 is the following proposition.

Proposition 101. Let J € L(Y) be a cost operator. Let & = [f‘g BTD*J] be an

I/0 stable DLS, such that range (B) = H. Assume that the sesquilinear form
Pit( ) : dom (C) x dom (C) — C is a critical solution of WDARE (2.49), and
moN*JC : dom (C) — U is closable, where N := DD

(bpé‘.rit :

Then the equivalent conditions of Theorem 89 hold. In particular, mqN*JC €
L(dom (C);U).

Proof. As in the proof of Lemma 100, we have the (J, A Pgric)—inner—outer fac-
torization D = NX, where X =Dy __ ., and N = DD;;”“ . The outer factor X
is outer with a bounded inverse, too.

Suppose now that moN*JC : dom (C) — U is closable. Let dom(C) 3 z; —
0 be such that AQz; — u, where AQ = ALt Kpeie + moN*JC. Because

Perit
Apki K pee € L(H;U) by Definition 94 of WDARE, it follows that

||moN* JCx; — ul| < ||AQz; — ul| + ||[Aphs Kperizj|| = 0 as  j — oo.

Because mg/N*JC is closable, it follows that u = 0. Thus AQ is closable, and
it has a minimal closed extension AQ. By the discussion following equation
(2.60), AQ vanishes on the vector space range (B). Now, range (B) C ker (AQ)
and then AQ = 0 because the null space of a closed operator is closed. We
conclude that AQ = 0 and moN*JC = —A, L, Kpeie on dom (C). Tt follows that

Pcrit
moN*JC € L(dom (C);U). O

It is a consequence of the compactness of the unit ball in finite dimensional
spaces, that finite rank closed operators are bounded. Thus, assuming mgN*JC :
dom (C) — U to be closable is equivalent to assuming it bounded, if dim U < oo.
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If the approximate controllability assumption is strengthened, then we obtain
another analogue of Lemma 100.

Lemma 102. Let J € L(Y) be a cost operator. Let ® = [1‘(‘; ng] be an I/0

stable DLS. Assume that range (B) = E, where the Hilbert space E = dom (C) is
given in Definition 38, and the closure is taken in the norm of E. Assume that
the sesquilinear form P"t( ) : dom (C) x dom (C) — C is a critical solution of
WDARE (2.49), such that dom (C) C dom (Cy ..., )-

Then the equivalent conditions of Theorem 89 hold. In particular, moN*JC €
L(dom (C);U).

Proof. As before, we have the (J, Apgric)—inner—outer factorization D = N X,
where the outer factor X is outer with a bounded inverse. Our task is to show
that moN*JC € L(dom (C);U).

Because ® and the spectral DLS ¢peris share the same semigroup generator A,
we can form an extended DLS whose observability map is

[ : }:dochc ]>—>€2(Z+;Y@U).

¢pcrit ¢pcrit

As in the proof of Theorem 48, dom ({C%i.m D = dom (C), because dom (C) C

dom (C%Cm) is assumed. By Definition 38, the vector space dom (C) gets two
norms

el = llzl% + lIC2||%2(z, ), and
C

2
} x||£2(Z+;Y@U)
perit

lollg? =il +11| ¢,

= [lellf +1IC2l1 (2, vy + [ICopeuse 22z, 1)

By E and E’ denote the vector space dom (C), equipped with the norms || - ||
and || - ||gs, respectively. By Lemma 39, both F and E’ are Hilbert spaces.
Because ||z||g < ||z|| g for all z € dom (C), it follows that the inclusion operator
Inc: E' — E is a bounded operator. It is a bijection because E = E’, as vector
spaces. Thus the inverse operator Inc™! : E — E’ is bounded. We now have
for each z € E = dom (C) C dom (Cperit) the estimate

||CPCr“x||§2(Z+;U) < ||$||%1 + ||C$||?2(z+;y) + ||C¢Pcm$||§2(z+;U)
= |lzlfr = [[Ine™ al[f < [[Ine [ pr - |l2/lE-

We conclude that there is a constant M < oo such that [|Cy ..., Zl|e2(z 0y <
M ||z||g for all x € E.

It follows that ||Kpeicz|| < M ||z||g for all x € E. Because C : E — (*(Z;U)
is bounded by Lemma 39, so is the operator moN*JC. We conclude that AQ =
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Al;lmK perit + ToN*JC : E — U is bounded, and it vanished on the vector
subspace range (B) C dom(C) = E. By assumption, range (B) = E in the
norm of E. By continuity, AQ = 0 on F, and thus moN*JC = —A;ﬁm Kperiv on
dom (C) because E = dom (C) as vector spaces. Because A;Clm Kpaie € L(H;U),
we conclude that moN*JC € L(dom (C);U), where the original norm of H is
used on dom (C). This completes the proof. O

We remark that the inclusion dom (C) C dom (C%Cm) is necessary to make
(K, F] = [=Cp perse» L — Dg i, | an 1/O stable and outer feedback pair for ®, see
Definition 44. As a consequence of the approximate controllability assumptions,
it follows that the closed loop DLSs (¢, (K peic,0)), are critical in Proposition
101 and Lemma 102. So as to Lemma 100, the same need not be true.
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2.7 Equivalence theorem for the critical control

The main theorem of this chapter is a conclusion of Theorem 89 and Lemmas
92, 100. In Theorem 114 of Chapter 3 we give the same result in the particular
case that the DLS & is output stable, and the solution of the Riccati equation
are self-adjoint operators, rather than conjugate symmetric sesquilinear forms.

Theorem 103. Let J € L(Y) be a cost operator and ® = [fg Br an 1/O
stable DLS. Enumerate the conditions (i), (i) and (i) as follows:

(i) a) ® is J-coercive, and
b) the critical control problem, associated to ® and J, is solvable by

state feedback. The critical feedback pair [KC,F] for ® is I/O stable
and outer.

(ii) a) There is a self-adjoint, boundedly invertible operator S € L(U) such
that D has a (J,S)-inner-outer factorization D = NX, where the
outer factor X is outer with a bounded inverse, and

b) moN*JC € L(dom (C);U), where dom (C) is given the norm of H.

(iii) There is a critical solution P"t(,) of the weak discrete time algebraic
Riccati equation (2.49).

Then (i) < (ii) = (ii). If, in addition, the DLS ® is output stable, then (iii)
= (ii).

When the equivalent conditions (i) and (ii) hold, the critical sesquilinear form
PSHY(, ) of Definition 76 exists, it is a critical solution of WDARE (2.49) and
satisfies

Pgrit(mj(mo,ﬂ),xj(xo,d)) —0 as j— o0

for all xg € dom (C) and @ € (*>(Z1;U). If, in addition, the feed-through opera-
tor of the outer factor X is normalized to identity, then Apocm =S5.

For other sufficient conditions for the implication (iii) = (ii) to hold, see Propo-
sition 101 and Lemma 102. For analogous results, see [45, Theorem 2.1] for
equivalence of type (i) < (ii), and [45, Theorem 4.1] for equivalence of type (ii)
< (iii). In continuous time, we refer to [64], [83], [86], and [103].

In the light of claim (iii) of Theorem 103, sufficient conditions for the I/O
stability of ¢p in terms of the solution P(, ) would be useful. We remind that
for I/O stable and J-coercive DLS &, the critical sesquilinear form satisfies
P (zg (20, 0), 2k (10, 4)) — 0 for 29 € dom (C), @ € ¢*(Z;U), by Proposition
77. Under a nonnegativity assumption of the indicator, an additional speed
estimate appears to be the key observation.
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Proposition 104. Let ¢ = (4 B) be an I/0 stable DLS. Let P(, ) be a solution
of WDARE (2.49) such that its mdzcator Ap >0 and

P(2(0,4), 2 (0,4) — 0 for all @€ (*(Z,;U),
where xy, = 21 (0,%) = Br*7 .

Then the spectral DLS ¢p is 1/0 stable if and only if

oo

(2.61) Z (g, ) — P(Tht1, Tht1)| < 00

for all i € (*(Z4;U).

Proof. For any nonnegative, boundedly invertible operator T" on a Hilbert space,
we can estimate

T~ (2, 2) < (Tw,2) < ||T|| (2, 2) .

The latter equality is proved by (T'z, ) = ||Tz||-||z|| = |T||-||=||* = ||T||-(x, z).
The former inequality follows from the latter by choosing 7! in place for T,
and T2z in place for z. Because the nonnegative indicator of a solution P(, ) is
boundedly invertible, we can apply this with 7' = A p and obtain the equivalence:

(2.62) Do HAp(=Kpay +ur), (=, =)y | < oo
k=0

if and only if
(2.63) Y | {((—=Kpzx +ur), (=, =)y | = I{=Kpzk + urbizoll 2z, .0y < o0
k=0

We first show that inequality (2.63) is equivalent with the I/O stability of ¢p.
By Lemma 31, the causal Toeplitz operator Dy, 7 : dom (Dg,71) — (3(Z1;U)
is closed when equipped with the domain

dom (D, 1) = {it € (A(Z3U) | Dypisi € (2(Z43U)}.

By Definition 32, the spectral DLS ¢p is I/O stable if and only if dom (Dy 74 ) =
62(Z+; U)

Now, let @ € ¢?(Z4;U) be arbitrary and xy = zx(0,a) = Bsp,7 1 = Br*ia.
Then {—Kpxp + ur}r>0 = Dgp7+0 € Seqq(U), by the definition of the spec-
tral DLS. It follows that (2.63) holds for all @ € ¢(*(Z,;U) if and only if
dom (Dy,71) = (*(Z;+;U). We conclude that the inequality (2.62) holds if
and only if ¢p is I/O stable.
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So it remains to prove that the conditions of (2.61) and (2.62) are equivalent.
From equation (2.51), we obtain the estimates

|P(zk, Tk) — P(Trt1, Tt

< |- 1{Cak + Dug, (=, =)y | + [ {Ap(=Kpzk + ur), (=, =)y
| <AP(_Kka + uk)a (_a ) _)>U|

< I+ [{Cxp + Dug, (=5, =)y | + [P(@r, 2r) — P(Ths1, Thg)|

for all k£ > 0. The I/O stability of ® implies that {Cxr + Dug}tr>0 = DpT4 €
(*(Z4;Y), and the sequence {(Czy, + Duy, (—,,—))y }x>0 in equation (2.51) is
absolutely summable for all @ € ¢*(Z;;U). But then the sequence
{(Ap(=Kpzy +uk), (—,,—))y k>0 is absolutely summable if and only if
{|P(xk, xr) — P(Tk41,rt1)| >0 is absolutely summable. This completes the
proof. O

So by Proposition 104, only the condition in claim (iii) of Theorem 103 that ¢p
should be outer with bounded inverse remains less concrete. It is easy to see
that for power stable systems this follows from the familiar requirement that
P(, ) should be a (power) stabilizing solution of the Riccati equation: if both
p(A) <1 and p(A+ BKp) < 1 then ¢p is both I/O stable and outer (see [66],
[67]). For infinite dimensional power stable result we refer to e.g. [44], [72].
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2.8 Notes and references

Optimal control in discrete and continuous time

We make a short and superficial review on the literature and development of
various cost optimization problems for linear systems. Because in this book we
concentrate in the state feedback solutions, we consider only full information
problems. This means that the whole state space is assumed to be visible for
the optimal controller. Under favorable circumstances, such an optimal control
problem can be shown to be equivalent to finding a solution of an algebraic
Riccati equation. An example of an unfavorable situation is the failure of well-
posedness of the closed loop that appeared in Section 2.6 for general non-output
stable DLSs. For the continuous time WPLSs, it is generally not even possible
to write down an algebraic Riccati equation in a standard way because a feed-
through operator is needed for such an equation.

In the case when the proper algebraic Riccati equation can be written down, we
remark that the information structure of the optimization problem affects the
form of the algebraic Riccati equation. For the reason of notational simplicity,
we now consider the case when the DARE is presented in the “strong” form,
ie.

(2.64) A*PA— P+ C*JC = (D*JC + B*PA)" Ap' (D*JC + B*PA)
' Ap =D*JD + B*PB,

where the solutions P € L(H) are required to be bounded self-adjoint operators.
There is another variant of DARE

{ A*PA—P+C*JC = A*PB-A;'- B*PA

2.65
( ) Ap=D*JD + B*PB,

characterized by the fact that the cross term D*JC vanishes. The algebraic
Riccati equation of type (2.65), together with its continuous time analogue,
appears in linear quadratic control problems where J > 0, and a direct coercive
cost is imposed on the input. For this reason, we call the cross term free equation
(2.65) LQDARE, even if the cost operator J in indefinite. As discussed at the
beginning of Section 2.2, each LQDARE (2.65) can be reduced to the form of
DARE (2.64) by expanding the state space. The relation of these two equations
is briefly considered in Section 4.9.

After these preparations, let us proceed to consider the literature. The con-
tinuous time linear quadratic control problem, corresponding to the dynamical
system

(2.66) {x’(t) — Ax(t) + Bu(t)

y(t) =Cux(t)+ Du(t), t>0
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with bounded operators on Hilbert spaces, is solved in [48, Section 3.5] (Kalman,
Falb and Arbib, 1969). Both the time-variant finite and time-invariant infinite
horizon problems are considered, and the latter is regarded as a limit case of
the former. This leads to the use of both the Riccati differential equation and
the algebraic Riccati equation. Both the finite and infinite time linear quadratic
control problem is solved in [18, Chapter 6] (Curtain and Zwart, 1995) in the
case when A generates a strongly continuous semigroup, but B, C' and D in
(2.66) are bounded operators. Also a nice survey of the history is presented
there.

Early papers about spectral factorization techniques, feedback control and sta-
bilizing solutions of matrix algebraic Riccati equations are [66] (Molinari, 1973)
and [73] (Payne and Silverman, 1973) for discrete time, and [65] and [67] (Moli-
nari, 1973, 1975) for continuous time. The classical infinite-dimensional discrete
time operator Riccati equation reference is [45] (Helton, 1976) where LQDARE
with a nondefinite cost operator is considered. References to this paper appear
throughout this book, and we do not consider it here in length. For a nonlinear
variant, see also [2] (Ball and Helton, 1991). In the monograph [44] (Halanay
and Ionescu, 1995), the suboptimal (state space) disturbance attenuation prob-
lem is solved for exponentially stabilizable discrete time time-variant systems,
and the solution is presented with the aid of stabilizing nonnegative solutions of
two algebraic Riccati equations. The monograph [49] (Lancaster and Rodman,
1995) contains plenty of historical remarks and references. In particular, [49,
Chapter 16] contains the solutions of both the continuous and discrete time lin-
ear quadratic control problem, with the algebraic Riccati equation of the general
type (2.64) but an additional nondegeneracy condition is imposed, related to
the lack of cross term. This additional condition is satisfied by all LQDARESs
(2.65).

We proceed to consider the continuous time papers [74] and [75] (Pritchard and
Salamon, 1985, 1987). In the latter of these papers, both the finite and the
infinite horizon version of the linear quadratic control problems are covered for
Pritchard—Salamon realizations. The Riccati integral and differential equations
are derived for the finite horizon problem. The Riccati operator of the infinite
cost problem, giving the optimal cost of an arbitrary initial state, is recovered
by using a limit argument of finite horizon problems in the spirit of [48, Section
3.5]. It is shown that the Riccati operator is a minimal nonnegative solution
of an algebraic Riccati equation. The Riccati operator corresponds to the criti-
cal sesquilinear form P§™t(, ) of this paper. Under extra conditions, related to
stabilizability and detectability of the system, it can be shown that the Riccati
operator is the only nonnegative solution of the algebraic Riccati equation, and
that the closed loop semigroup is exponentially stable. The paper [74] gives the
solution of the linear quadratic control problem for retarded functional differ-
ential equations, using the tools of [75]. See also [43] (Grabowski, 1993), where
examples of time delay systems are considered.
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The infinite horizon optimal control problem can be solved in a conceptually
different manner; not by an approximation with finite horizon problems but by
solving a spectral factorization problem. The reader has surely noticed that the
spectral factorization approach is the one that we have taken in this chapter for
DLSs. Let us begin with the continuous time case when A generates a strongly
continuous semigroup, the generating operators B, C' and D are bounded, and
the transfer function is in the matrix-valued Callier—Desoer algebra. The pi-
oneering works are [11], [12] and [13] (Callier and Winkin, 1987, 1988, 1990)
where the optimal state feedback operator for the linear quadratic control prob-
lem is connected to a nonnegative solution of an algebraic Riccati equation, and
to an invertible spectral factor of the spectral (Popov) function. A necessary
and sufficient coercivity condition for the existence of such a spectral factor
(in the stable Callier—Desoer class) is given in terms of the determinant of the
spectral function, in case the impulse response of the system does not contain
delays. These ideas are extended in [14] (Callier and Winkin, 1992), and even
an example involving the heat equation is worked out in detail. In their later
work [15] Callier and Winkin extend the necessary and sufficient condition for
the existence of a spectral factor to systems whose impulse response is allowed
to have arbitrary delays.

So as to the WPLSs and the spectral factorization approach, the first works
for WPLSs are [82] (Staffans, 1995), [83] (Staffans, 1997) for stable (regular)
WLPSs and [103] (G. Weiss and M. Weiss, 1997) for stable (weakly regular)
WPLSs. For stable WPLSs in the sense of [83, Definition 1], it is shown in
[83] that the state feedback solution of the optimal control problem is equiva-
lent to a spectral factorization problem, without ever appealing to the possibly
unbounded input and output operators B and C. Furthermore, the Riccati op-
erator, corresponding to the critical sesquilinear form P$™(, ) of this chapter,
can be written down by an explicit formula. The trouble begins when an alge-
braic Riccati equation is to be written down; now the operators B and C are
needed. Furthermore, the WPLS must be regular, together with its adjoint, so
that the feed-through operator D is defined. However, even more is required.
Also the (outer, stable) spectral factor X of D must be regular, together with
its adjoint X*. Under these assumptions, an algebraic Riccati equation can
be written down, and the Riccati operator solves it, but surprisingly, the feed-
through operator X of the spectral factor appears in the equation. This was
first reported in [82] and [103]. The converse result for WPLSs, concluding the
existence of the spectral factor from the assumed existence of a critical solution
for the algebraic Riccati equation, is given in [64] (Mikkola, 1997). Some re-
sults of [83] on the optimal control are extended to the corresponding critical
control results in [85] (Staffans, 1998) when the unique saddle point of the cost
functional is to be expressed by a static state feedback law. The unstable linear
quadratic control problem is considered in [83] for jointly stabilizable and de-
tectable WPLSs in the sense of [84] (Staffans, 1998). The information structure
of the algebraic Riccati equation in [64], [83], [85] and [103] corresponds to that
of DARE (2.64) with a nonvanishing cross term.
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Let us compare the finite horizon approach and the spectral factorization ap-
proach. It appears in [75] that the unboundedness of the input and output
operators B and C' and the presence of a number of state spaces produce a lot
of extra trouble in the solution of the linear quadratic control problem. This is
true for the Pritchard—Salamon systems in particular, and a WPLSs in general.
It is a clear advantage of the spectral factorization approach that the use of
these unbounded operators can be avoided in the solution of the optimal con-
trol problem, since an algebraic Riccati equation need not be written down or
solved. It is also an advantage that it gives an explicit formula for the Riccati
operator rather than an existence result, as is the case with the limit process
involved with the finite horizon approach. However, a natural analogy to the
solution of the finite horizon problem is lost. A clear disadvantage is that the
spectral factorization approach relies on the possibility of (numerical) compu-
tation of the spectral factor which is a somewhat elusive object. However, on
the level of generality of WPLSs, even the (approximate numerical) solution
of a proper algebraic Riccati equation would be a formidable task. We remark
that there could exists practical ways of solving a spectral factorization problem
without resorting to a difficult continuous time algebraic Riccati equation. In
the scalar case, an outer (spectral) factor can be recovered from its boundary
values by a well-known integral formula, see e.g. [78, Theorem 17.17]. In the
operator-valued case, the Cayley transform of the transfer function to the unit
disk is possible, and the outer factor can then be found by the discrete time
methods, presented in this chapter.
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Chapter 3

Spectral Factorization

3.1 Introduction

Let ¢ := (A B) be an I/O stable DLS and J € L(Y) a cost operator. By
restricting the solution set of WDARE (2.49) of Definition 94 to sesquilinear
forms that can be expressed with the aid of bounded self-adjoint operators, we
obtain the corresponding discrete time algebraic Riccati equation (DARE),

A*PA— P+ C*JC = KiApKp,
(3.1) Ap = D*JD + B*PB,
ApKp = —D*JC — B*PA,

which will be introduced in Section 3.2. Even though DARE Ric(¢,J) can be
written for an arbitrary (even non-I/O stable) DLS ¢, in the rest of this book we
consider the special case when the DLS ¢ is output stable and I/O stable. Note
that by the additional output stability, the critical (closed loop) observability
map

CoM = Cy — T Dy (74 Dy JDymy ) 7y D} JCy : H — (*(Z4;Y)

is a bounded operator, provided that the equivalent conditions of Theorem 103
hold. Now the critical sesquilinear form

Pgrit($1,$2) = <JC§)ritx17C;ritx2>€2(Z+;y)

can be represented by the bounded self-adjoint operator PSit := (C:;rit)*J C;rit €
L(H). Furthermore, the operator P§™ satisfies DARE (3.1). We conclude
that replacing WDARE (2.49) by the less general DARE (3.1) is not entirely

123
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unsatisfactory because the theory of Chapter 2 can be written by using only
DARE (3.1), under a standing hypothesis of output stability. Recall that a
non-output stable DLS can be made output stable, by change of norm in the
state space as discussed at the end of Section 2.8. In this chapter, we develop a
more general spectral factorization theory for such output stable and I/O stable
DLSs and their DAREs.

Let us give a technical outline of this chapter. Given a DLS ¢ = (4 B) and a
cost operator J, DARE (3.1) is denoted by Ric(¢,J). If P € L(H) is a self-
adjoint solution of Ric(¢, J), we write P € Ric(¢, J). Thus the symbol Ric(¢, J)
represents both the equation itself and its solution set. If, in addition, ¢ is output
stable and I/O stable, we call equation (3.1) an H*DARE, and write ric(¢, J)
instead of Ric(¢,J). In Definition 106, we associate to each P € Ric(¢,J)
an indicator operator Ap and two additional DLSs: the spectral DLS ¢p and
the inner DLS ¢, centered at P € Ric(¢,.J). These three objects are central
in this book. In Section 4.2 they appear in the open and closed loop DLSs
when certain state feedbacks, associated to solutions P € Ric(¢, J), are applied
to ¢. The solutions of the H*DARE ric(¢, J) are classified in Definition 107
according to the stability properties of the spectral DLS ¢p, and in Definition
108 according to their residual cost behavior “at infinite time”. The smallest
subset of solutions for H>*DARE is denoted by rico(¢, J) — the set of regular
H® solutions P € rico(¢p, J). Our strongest results are given in this subset. In
Theorem 114 we specialize Theorem 103 for additionally output stable DLSs.
In this process, WDARE (2.49) is replaced by DARE (3.1), and we get rid of
all the well-posedness problems of the critical closed loop DLS that have been
discussed at the end of Section 2.6. The three equivalent conditions of Theorem
114 hold if and only if P§™" := (C§™*)* JCG™ € rico(¢, J). The existence of such
a solution P§'i® is almost a standing hypothesis for the rest of this book. Well
known sufficient conditions for the existence of P$™t € ricy(¢, J), relying on
the nonnegativity of J or DjJDy, are given in Proposition 117 and Corollary
118. In Section 3.4 we present some auxiliary results from the operator-valued
function theory. A result of particular importance to us is Lemma 130, which
allows us later to deal with an infinite-dimensional input space U, provided that
the input operator B € L(U; H) is restricted to be a compact Hilbert—Schmidt
operator. This result has some application in Section 3.5.

Section 3.5 contains two spectral factorization results, namely Lemma 138 (the
spectral factorization of truncated Toeplitz operators) and Proposition 139 (the
spectral factorization of the Popov function Dy (e?)* JDy(e?), constructed from
the boundary trace of the H? transfer function Dy(e?)). Despite of this, our
main interest lies in the characterization of the solution subset rico(¢, J) C
Ric(¢,J). So we must consider the output stability and I/O stability of the
spectral DLS ¢p for various solutions P € Ric(¢,J). The output stability of
¢p is easier, and it is treated in Proposition 136 by nonnegativity techniques.
The I/0 stability of ¢p is considered in Corollary 140 and the remarks following
it.
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In Section 3.6, a spectral factorization of the Popov operator
(3.2) D, JDy = Dj, ApDy,

is associated to each solution of the Riccati equation P € ricy(¢, J) satisfying
a certain residual cost condition. We say that such an operator Dy, is a stable
spectral factor of the Popov operator D} JDy. Also the converse it true: each

such factorization induces a solution P € ricy(¢,J), if range (By) = H. This
is the content of Theorem 142. We remark that the factorization of the Popov
operator does not require the cost operator J to be nonnegative, if we have an
a priori knowledge that ¢p is output stable and I/O stable. For nonnegative J,
this stability of ¢ p follows as in the previous Section 3.5, under proper technical
assumptions. If P = Pg"* := (C§™*)*JCG™" is the regular critical solution in
the sense of Theorem 114, then the factorization (3.2) is the Apeic-spectral
factorization Dy JDy = X*Apeie X', where the spectral factor X' := D%gm is

I/0O stable and outer with a bounded causal inverse. This leads to the (J, A perit )-
inner-outer factorization of the I/O map D, = NX, see Proposition 82. We
remark that if P € ricy(¢,J) but P # P§) then we do not always obtain an
analogous factorization of Dy, as a composition of two I/O stable I/O maps.
The circumstances related to the partial ordering of rico(¢, J) when we get such
stable factors, are considered in Chapter 4. Lemma 145 is an inertia result for
the indicator operators Ap, P € ricy., (¢, J) in a possibly indefinite metric. The
positive indicators are considered in Corollary 146.

In Proposition 147, the spectral factor Dy, in equation (3.2) is (Ap, Aperit)-
inner-outer factorized as Dy, = NpX, under the assumption that the original
DARE ric(¢, J) has a regular critical solution P§*it. Quite expectedly, the outer
factor of Dy, does not depend on the choice of the solution P € rico(¢, J). Real-
izations for the factors are computed. Section 3.6 is concluded with Proposition
148, where a realization algebra is developed for the inner factors Np.

A preliminary version of the contents of this chapter is [61] (Malinen, 1999).
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3.2 H®™ algebraic Riccati equation

In this section we give basic definitions of the discrete time algebraic Riccati
equation, associated to an output stable and I/O stable DLS ® and a possibly
indefinite cost operator J € L£L(U). The solutions P of such equation are classi-
fied according to stability properties of an associated DLS ¢p, see Definitions
106 and 107. An additional classification is done according to the residual cost
properties, as introduced in Definition 108. After that, inclusions of the various
solution sets are considered.

Definition 105. Let J € L(Y) be self-adjoint, and ® = [f‘g Br?] = (4 B) be
a DLS. Then the following system of operator equations

A*PA—-—P+C*JC =KpApKp
(3.3) Ap=D*JD + B*PB

ApKp = —D*JC — B*PA
is called the discrete time algebraic Riccati equation (DARE) and denoted by
Ric(®,J). The linear operators are required to satisfy Ap,AI_g1 € L(U) and

Kp € L(H;U). Here P is a unknown self-adjoint operator to be solved. If
P € L(H) satisfies (3.3), we write P € Ric(®,J).

We use the same symbol Ric(®,J) both for the solution set of a DARE, and
the DARE itself. This should not cause confusion. Clearly the equations (3.3)
can be put into form

(3.4) A*PA—-P+C*JC
= (D*JC + B*PA)* (D*JD + B*PB)~! (D*JC + B*PA).

This is the usual form of the DARE in the literature. Because Ap and Kp are
quite fundamental objects in our treatment, the system (3.3) is used instead.
For a given P € Ric(®, J), the operator Ap is called the indicator of P, and the
operator Kp is called the (state) feedback operator of solution P. The operators
Ap:= A+ BKp and Cp = C + DKp are the closed loop semigroup generator
and the closed loop output operator, respectively. Sometimes DARE (3.4) has
a trivial solution; if we can write (D*JD)~! = D='J=Y(D71)* then clearly
0 € Ric(®,J).

To each solution P € Ric(®,J), two additional DLSs are associated:

Definition 106. Let J € L(Y) be self-adjoint, and ® = [f‘g BTD*JJ =(4B) be
a DLS. Let Kp, Ap and Cp be as above.

(i) For P € Ric(®,.J), the DLS

A B
¢p = (_KP I)
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is the spectral DLS, associated to the pair (®,J) and centered at P.
(i1) For P € Ric(®,J), the DLS

oF = Ap B
' Cp D
is called the inner DLS, associated to the pair (®,J) and centered at P.

In this work, we consider DAREs Ric(®, J), such that ® is output stable and
I/O stable. These are called H*DARESs, and defined as follows:

Definition 107. Let the objects ®, J, Ric(®,J), P € Ric(®,J), and ¢p be
as in Definitions 105 and 106. Assume that ® is, in addition, I1/0 stable and
output stable.

(i) We denote the DARFE (3.3) by ric(®,J) instead of Ric(®,J). The DARE
ric(®,J) is called H® DARE.

(ii) If P € Ric(®,J) is such that the spectral DLS ¢p is I/O stable and output
stable, then we say that P € ric(®,J). We say that such P is an H>
solution of a H* DARE.

When we write inclusions and equalities like Ric(®, J) C Ric(®’,J’), Ric(P, J) =
Ric(®’,J"), then these symbols refer to the solution sets of the respective
DAREs. We remark that a H*DARE ric(®, J) could have a non-H* solu-
tion P. This this case we write P € Ric(®, J) instead of P € ric(®, J).

A number of residual cost conditions are required in our work.

Definition 108. Let the objects ®, J, Ric(®,J), P € Ric(®,J), and ¢p be as
in Definitions 105 and 106.

(i) If the residual cost operator

Lap:=s— lim A* PAJ

j—oo
exists as a bounded operator in L(H), we write P € Ricoo(®, J).

(i1) If Lap =0, we write P € Ricy(®, J). Such P satisfies the strong residual
cost condition.

(iii) If <Pij0,ij0> — 0 for all o € H, we write P € Ricooo(®,J). Such
P satisfies the weak residual cost condition.

(iv) If (PAizg, Alxg) — 0 for all xo € range (B), we write P € Ricyw(®,J).
Such P satisfies the ultra weak residual cost condition.
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We also define the solution sets rico(®, J) := Rico(®, J)Nric(P, J), ricop (P, J) :=
Ricoo(®, J)Nric(®, J), ricooo(®, J) := Ricooo(P, J)Nric(P, J) and ricy, (P, J) =
Ricyw(®,J) Nric(®, J). The elements of rico(®,J) are called regular H™ so-
lutions.

We remark that the residual cost conditions (i), (ii), and (iii) depend on the
structure of the solution P in the whole state space H. The ultra weak residual
cost condition (iii) imposes only requirements on P restricted to the (possi-
bly nonclosed) controllable vector subspace range (8). Recall that range (B) =
B(dom (B)) where dom (B) := Seq_ (U) consists of sequences in ¢*(Z_;U) with
only finitely many nonzero components. Equivalently, P € Ricy,(®,J) if and
only if lim;j_.c (PB7T*a,Br* ) = 0 for all {u;};>0 = @ € (*(Z4;U) having
only finitely many nonzero components w;. Solutions P € Ricy, (®,J) are of
particular interest in the factorization theory of Theorem 114 and Theorem 142.
The residual cost conditions (i) and (ii) of Definition 108 are convenient for the
Liapunov equation techniques. The following inclusions are basic:

Proposition 109. Let the objects ®, J, Ric(®,J), P € Ric(®,J), and ¢p be
as in Definitions 105 and 108. Then the following holds

(i) If A is strongly stable, then Ric(®,J) = Rico(P,J).
(ZZ) {P S RiCOQo(‘I‘, J) | P> 0} C RiCO(q), .]) C RiCQOQ(q), .])
(ZZZ) RiCO(‘I), J) U RiCOQo(q), .]) C Ricuw(<1>, .])

(iv) Ricoo(®,J) N Ricooo(P,J) C Rico(®,J). If range(B) = H, then
Ricoo(®,J) N Ricuw(®,.J) C Rico(®,.).

(v) Ifrange (B) = H and A is power bounded, then Ricy,(®, J) C Ricooo(®, J)
and {P € Ricyy(®,J) | P> 0} C Rico(P,J).

(vi) We have the inclusion:
{P € Ric(®,J)| lim (PBr*a,Br*a) =0 for alli € (*(Z1;U)}
j—oo

C Ricuw(®,J).

If @ is, in addition, input stable, then the inclusion is equality.

Proof. If A is strongly stable, then for all zo € H we have
|4 P Ay || < (|47 - ||P||- || A%zl for all j > 1.

By the strong stability of A, ||A7zo|| — 0 as j — oo. Furthermore, by Banach-
Steinhaus Theorem, sup; |[A?[| < oo and thus also sup;; [|A™|| < co. Thus
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[|A* PATzg|| — 0 for all zg and L p :=s — limj_o, A* PAJ = 0. This verifies
claim (i).

Assume that P € Ricooo(®P,J) is nonnegative.  Then it follows that
(PATzg, Alag) = ||P3 Alao||? — 0 for all zp € H. Again, by Banach-Steinhaus
Theorem, C' := sup,s, ||A”Pz|| < co. It now follows that |[A* PAJzg|| <
C - ||P2Aizg|| — 0, and thus P € Rico(®,J). Now claim (i) follows. Claim

(iii) is trivial.

Let P € Ricoo(®,J) N Ricooo(P, J). Thus L4 p exists, and for all o € H we
have

0= lim <Pij0,Aj:co> = lim <A*jPAj:c0,:c0> = (La,pxo, o) -
j—oo j—o0

Now, [79, Theorem 12.7] implies that La p = 0, and the first part of claim
(iv) follows. Because range(B) = H and P € Ricy,(®,J), it follows that
lim; o <PAj:c0,ij0> = 0 for all zp in a dense set. Thus Ls pzo = 0 in a
dense set, and vanishes, by continuity. Now claim (iv) follows.

To prove claim (v), assume that range (B) = H and sup;> ||A’|| < co. Because
P € Ricyy(®,.J), we have <Pij,ij> — 0 for all = € range (B). Let g € H
be arbitrary, and let range (B)  x — ¢ in the norm of H, as k — oco. Then
| <PAj{E0, Aj$0> |
< | <A*jPijk,:ck> | + | <A*jPAj{Ek, (LL'() — (Ek)> | + | <A*jPAj(£L'0 — xk),:c0> |
< (A PA 2 i) |+ sup |4 PAY|| - llao — |- (el | + laol ]
J>

Because {z1} is a convergent sequence, it is a bounded set. Because A is power
bounded, sup;- [|[A* PA7|| < oo. Then, by first increasing k sufficiently the
latter term get arbitrarily small, and the former term gets small as j is increased.
Now <Pij0,ij0> — 0 for all zyp € H, not just ¢y € range(B); or P €
Ricooo(®,J). The additional claim for P > 0 follows from claim (ii) of this
Proposition.

The inclusion part of claim (vi) is trivial. For the rest, let € > 0, @ € (?(Z;U)
and P € Ricy,(®,J) be arbitrary. Let K > 0 so large that ||, oc)/| < €/]|B]|
for all k > K, where the input stability is used. Then for j > k > K,

(3.5) |(PBr*a,Bra) |
<| <PBT*j7T[0,k,1]’EL,BT*jTF[O’k,Hf» |+ | <PBT*j7T[O’k,1]ﬂ,, BT*jw[k’m]@ |
+] <PBT*j7T[k7OO]ﬂ,, BT*jﬂ'[o,k,l]’a> |+ | <PBT*j7T[k’OO]’EL, BT*jTF[k’OO]’EL> |
< 2P| BI|- fall - ¢+ [P - & + | {PBrim ey Brimp 1y |.
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Now we estimate the latter term. Because j > k, BT*jW[O’k,l]d = ATz, where
xo = BT*kW[O7k_1]ﬁ € range (B). But because P € Ricy,, (P, J) by assumption,
<PAj’kx0,Aj*kxo> — 0 as j — oo. So there is J > K such that the latter
term satisfies |<PBT*j7T[O7k_1]1~L,BT*jW[O7k_1]1~I,>| < e for all j > J. Now the
claim follows from estimate (3.5). O

We proceed to consider the H* solutions. The symbols ric(¢, J) and ricoo(¢, J)
can be used synonymously, as far as they refer to the solution sets.

Proposition 110. Let ® be an output stable and I/O stable DLS. Let J be a
cost operator. Then ric(®,J) = ricoo(®,J), and we have

P—Lap=C"JC—C},JCs,.

Proof. By iterating on DARE (3.3), we obtain for all j > 0:

(3.6) P —(A"Y T PATT = (7,1C)" J (mp0,1C) — (710,11Cor ) Ap (70,Cor)
=C"J o€ = Copd - To41Cors

where we have written the adjoints by the assumed output stabilities. Clearly
C*JC = C*JImoj1C + C*JImj11,00)C. Now s —limj e Tj11,00)C = 0 because
C:H — (*(Z+;Y). Because C*J is bounded, s — lim;_, o C*J7j41,00)C = 0 and
thus s — hmj_,oo C*JTF[O’]‘]C = C*JC. Slmllarly S — hmj_,oo C;pAPTr[O,j]C¢P =
C;PAPC¢P. Now we see from (3.6) that the strong limit Lap :=
s — limj_o0 (A*)7T1PAIT! on the left hand side exists, and the claim follows.
Also the identity immediately follows. O

Note that the I/O stability of ¢ and ¢p played no part in the proof of previous
proposition.

The question to what extent the operators Ap, Kp (or, equivalently the indi-
cator Ap and the spectral DLS ¢p in case range (By) = H) uniquely define a
solution P € Ric(¢,J), is discussed in the following.

Proposition 111. Let ¢ = (4 B) be an 1/O stable output stable DLS. Let J
be a self-adjoint operator. Let Py, Py € Ric(p,J) be such that Ap, = Ap, and
Kp, = Kp,.

(i) If either Py or Py € Ricoo(¢,J), then they both are in Ricoo(¢,J). In this
case, P1 — P2 = LA,Pl — LA,p2.

(i) If, in addition, Py, P, € Rico(¢,J), then Py = Py. This is, in particular,
always the case when A is strongly stable.
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Proof. Tt follows from equation (3.3) that A*PiA — P, = A*P,A — P, and
immediately P, — Py = A*(Py — Py)AT = A*PLAT — AP, A7 for all j > 1.
Now, if A*'P,A7 — La p, € L(H) in the strong operator topology, A*/ Py AJ
converges in the strong operator topology, too. Now La p, — La.p, = Pi — P
and claim (i) follows. The other claim is trivial. O

Proposition 112. Let ¢ = (4 B) be a DLS and J € L(Y) a cost operator.
Let P € Ricoo(¢) be arbitrary. If B*LapB = 0 and B*LapA = 0 then
P =P - LA,p S Ric(qb, J), and Ap = AP/, Kp=Kp.

Proof. The claim immediately follows, by noting that A*L pA—Lsp=0. O

Under stronger assumptions, it in fact follows that L4 p = 0 and then P’ = P,
see Lemma 144. In this case, the indicator Ap and the spectral DLS ¢p uniquely
determine P € ric(¢, J).
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3.3 Critical solutions of H*DARE

Let J € L(Y) be a cost operator and & = [f‘g BTD*JJ an I/0 stable DLS. As has
been considered in Chapter 2 and concluded in Theorem 103, there are funda-
mental connections between the feedback solution of a certain critical control
problem, the existence of a certain factorization of the I/O map D, and the
existence of a critical solution of WDARE (2.49) of Definition 94. In the special
case, when ® is, in addition, output stable, this connection is the equivalence
of the following Theorem 114. In part (iii) of Definition 95, we have introduced
the notion of the critical solution of WDARE (2.49). So as to DARE (3.3), the

critical solutions are defined analogously.

Definition 113. Let J € L(Y) be a cost operator. Let ® = [4 51| be an
I/0 stable and output stable DLS. The solution P € Ricy.,(®,J) is critical,
if such the spectral DLS ¢perie is 1/O stable, and its 1/O map Dy ..., is outer
with a bounded inverse. If a critical solution P lies in rico(®,J), we call it

a regqular critical solution.

Theorem 114. Let J € L(Y) be a cost operator, and let & = [f‘g BTD*JJ be an
I/O stable and output stable DLS. Then the following conditions (i), (ii) and
(11) are equivalent:

(i) a) ® is J-coercive, and
b) the critical control problem, associated to ® and J, is solvable by state

feedback. The critical feedback pair [KC, F| for ® is I/O stable, output
stable and outer.

(ii) There is a self-adjoint, boundedly invertible operator S € L(U) such that
D has a (J,S)-inner-outer factorization D = N'X, where the outer part X
has a bounded inverse.

(iii) There is a critical solution P € Ricy.,(®,J) of DARE (3.3).

If, in addition, the feed-through operator of the outer factor X is normalized to
identity, then Apeic = S.

Proof. The equivalence of claims (i) and (ii) is a particular case of Theorem 89,
applied to an additionally output stable DLS ®. Note that the assumed output
stability trivializes the condition 7o N*JC € L(dom (C);U) of Theorem 89. To
study condition (iii), assume that the equivalent conditions (i) and (ii) of this
theorem hold. We first note that the critical (closed loop) observability map
CMt of equation

(3.7) CM = (I — 74 D(74+D*JDRL) "7y D*J) C
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is bounded, because all its operators are bounded. In particular, the inverse
of the Popov operator (7. D*JD7; )~ ! is bounded because ® is J-coercive, by
condition (i). The observability map C is bounded because ® is assumed to be
output stable. By Lemma 96, the conjugate symmetric sesquilinear form

Pgrit(x07x1) = <Ccritl‘o,.]ccritl‘1>

for all (zg,z1) € dom(C) x dom (C) = H x H, satisfies the weak algebraic
Riccati equation (WDARE) of Definition 94. Because C®''* is bounded, the
sesquilinear form P§™(, ) can be written P§™(zo, 1) = (P§™ 'z, 1), where
PgHit .= (CM%)* JCM* is a bounded self-adjoint operator. Now P¢'it satisfies the
DARE of Definition 105 because P§™*(, ) satisfies the WDARE of Definition
94.

The spectral DLS ¢P6:rit is I/O stable and outer with a bounded inverse, by
Lemma 96. Because C'* = (Z — #D(7,. D*JD7y) ‘7, D*J)C = UC, x¢ € H,
we have

||A*jp§ritij0|| _ ||A*jC*H*HC$0|| < ||C*|| - |)TT*TT]| - || 7*Cxo|| — O.

It now follows that LA,PS“‘ = 0, and in particular, P§''* € 7ricy(®,J) C
Ricyy(®,J). Claim (iii) immediately follows.

For the converse direction, assume that (iii) holds. We indicate how condition
(ii) follows. The solution P € Ricy,, (¢, J) defines a conjugate symmetric
sesquilinear form P<i*( | ) as above. Lemma 98 and Corollary 99 imply that D =
NDgy s N := DD;;““, is a (J, A perit)-inner-outer factorization, where the
outer factor has a bounded inverse. But this is condition (ii), thus completing
the proof of the equivalence part. To see that A perit = S, note that each critical
solution gives a (J, A peit)-inner-outer factorization of D, such that the feed-
through operator of the outer factor Dy, is identity. The equivalence of the
sensitivity operators S and Apers follows from Proposition 83, as in the proof
claim (iii) of Proposition 115. O

Note that Theorem 114 takes no position whether a critical solution P, when
it exists, is unique in the solution set Ricy, (P, J). We also remark that the
spectral DLS ¢ peric of a critical solution is not required to be output stable, and
thus P is not required to be a H* solution. However, the proof of Theorem
114 indicates that if a critical P'* € Ricy.,(®,J) exists, then also a regular
critical solution exists, and one of those can be given by an explicit formula
P§Hit .= (CeMit)* JCeMt where C'it is given by (3.7). It follows that a critical
solution P € Ric,,, (P, J) exists if and only if the regular critical solution
P§Hit € rico(®, J) exists. Note that the critical observability map C°™* does not
necessarily make sense as a bounded operator, if the conditions of Theorem 114
do not hold. Even if C™* is bounded and P&t = (C't)* JC1t is well-defined,
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we cannot conclude that it solves the DARE Ric(®,J) because its indicator
Apere := D*jD + B*P§"tB could fail to have a bounded inverse. To exclude
this possibility, we have required in Lemma 93 that the equivalent conditions of
Theorem 89 hold. Under the present output stability assumption, it is equivalent
to require that the equivalent conditions (i) and (ii) of Theorem 114 hold. We
conclude that a successful construction of the operator Pt = (Cetit)* jCerit
does not allow us to conclude that the equivalent condition of Theorem 114
hold. The special regular critical solution P§'* is considered in the following.

Proposition 115. Let & = [“(‘jj BTD*J] be an I/0 stable and output stable DLS,

and J € L(Y) be self-adjoint. Assume that a critical solution P € Ricy,(®,J)
exists. Then

(i) P§Tt := (CH0)* JCI* € rico(®, J) is a critical solution,

(i) the residual cost operator L yerie periv exists and vanishes, where ATt =
A + BKCI‘it = A + BKP(():rit, and

(i11) the indicators of all critical solutions are equal to A perie.

Proof. Because a critical solution P € Ricy.,(®,.J) exists, the equivalent
conditions of Theorem 114 hold. It has been shown in the proof of Theorem
114 that P§™t := (Cit)* JCM is a critical solution of DARE Ric(®, J), and it
satisfies the strong residual cost condition Ly perie = 0, too. We already know

that the spectral DLS ¢ pene is I/O stable by Definition 113. To show that Pyt
is an H® solution, it remains to consider the output stability of the spectral
DLS ¢ prit -

Let D = NX be a (J,A penit J-inner-outer factorization of Corollary 99, where
the outer factor X := Dy, is outer with a bounded inverse. The critical (one
0

step, state) feedback operator takes the form
Kot .= gocerit = _W0X71A;§ritﬁ-+N*JC =—A L. moN*JC,

crit
PO

where we have used claim (iii) of Lemma 84 and the fact that the feed-through
operator of X is identity. It follows that K € L£(H,U), because the DLS ®
is assumed to be output stable.

It follows from equation (2.40) of Lemma 92 that Ape Kot = —D*JC —
B*P§' A =Q perit in the whole of dom (C) = H. The invertibility of the indica-
tor Apgm implies that K<t = Kpocm, by Definition 105 of DARE. The fact that

we know this in the whole of H, and not only in range (B), is a specialty of this
particular critical solution P§"'*. We now conclude that the observability map
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Coperie = {—Kper Al }j50 = {=K " A7} ;>0 equals —K, where K is the observ-
0

ability map of the critical feedback pair [, F], see equations (2.27) and (2.28)

of Lemma 87. Because K = —Apene N JC, where N is the (J, A perit )-inner

factor of D, it follows that K : H — ¢%(Z;U) is bounded. We conclude that
@ pent is output stable, and P§Hit € rico(®, J).

The prpof of claim (ii) is analogous to the proof of Lap = 0. Because
Ccerit gerit — 7, 7*Cerit by Lemma 74, we have

crit

||(Acrit*)jpgrit(Acrit)jxol| _ ||(Acrit*)j (C )*Jccm (Acrit)jl‘QH

< €Y I - [[rgmiC™ @0l — 0

as j — oo. It now follows that Ly, perie = 0.

It remains to prove claim (iii). Assume that both Pf™* and Ps™'* are critical
solutions. Then, by Corollary 99, both the I/O maps Dy .. and Dy . are
Pr P3

outer factors in the (J, Aperit), (J, Apene)-inner-outer factorizations that they
induce, respectively. With the aid of Proposition 83, we conclude that there is
a boundedly invertible E € L(U), such that

—1
D¢pfrit =F D¢P5.rit y and Aplcrit = E*APQCTit E.

Because the feed-through operators of both Dy ., and Dy, are identity
1 2

operators, it follows that £ = I, D%fm = D%zmt and Apeit = Apeie. This

completes the proof. O

Without the approximate controllability assumption range (B) = H, we cannot
conclude that a regular critical solution is unique in the set rico(®, J). However,
the following uniqueness result is basic:

Corollary 116. Let J € L(Y) be a cost operator. Let ® = [f‘g ng] be an I/0

stable and output stable DLS, such that range (B) = H. Assume that a critical
solution P € Ricy,(®,J) exists.

(i) Then PS™t is the unique critical solution in the set Ricoo(®,J). If A is
strongly stable, then P§*' is the unique critical solution.

(ii) Assume, in addition, that P'* > 0. If P ¢ Rico(®,J), then
supy o [|(PE1)% A7]| = oo,

Proof. Let P§** be as in Proposition 115. By claim (iii) of Proposition 115,
we have Dy .. = Dy .. and Apeit = Apeic. Also the restrictions satisfy
ps porit ;
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KPcrit,

0 e —
tral DLSs ¢perie and Ppere equal to B. Because range (B) = H, it follows
KPSrit, == Kpcrit,.

range (B) = K perit

range (B) because the controllability maps both spec-

By the definition of a critical solution, P* € Ricy,(®,J). Now, if Pt
Ricoo(®, J), then Pt € Rico(®, ), by claim (iv) of Proposition 109 and the
approximate controllability assumption range (B) = H. Proposition 111 implies
that Pt € Ricoo(®, J) satisfies

Pt = PS4 Ly perie — Ly pesse = P5™,
because P§'it € ricy(®,.J), by Proposition 115. Now claim (i) follows.

By the definition of a critical solution, P* € Ricy, (®,J). Because Pt >
0, it follows that ||(P*)2 Aiz|| — 0 for all # € range(B). Assume that
Sup;> ||(Pr1)2 A7]| < co. Let range (B) 3 2 — = € H \ range (B). Then,

ity j crity & j crity & j
||(PC“t)2AJ$||§Sl>11(E)>||(P A - ||z — @l |+ [[(P)2 Al ].
Jj=

The first term on the right can be made small by increasing k, and the latter
by increasing j. It follows that lim;_ .o ||(Pcrit)%Aja:|| = 0 and then Pt ¢
Rico(®, J), by the Banach—Steinhaus theorem. This completes the proof. O

The rest of this section is devoted to the study of sufficient conditions that
guarantee that (one and hence all of) the equivalent conditions of Theorem 114
hold. We remark that this is practically a standing hypothesis in this work.
Proposition 117. Let J € L(Y) be a cost operator. Let & = [fg BT | be an
I/0 stable DLS whose input space U is separable. If 7 . D*JDwy > emy > 0 for
some € > 0, then the equivalent conditions of 114 hold. In particular, this is true
if ® is J-coercive and J > 0, or ® is J-coercive and there is P € Ticyy (P, J)
such that Ap > 0.

Proof. Assume that 7, D*JD7, is a nonnegative self-adjoint Toeplitz operator
on (?(Z;U) with a bounded inverse. By [77, Theorem 3.7], there is an I/O
stable I/O map G € L(¢*(Z;U)) such that 7, D*JDr; = 7,G*Gry. By this
trick we get rid of the output space Y. By [77, Theorem 3.4], 74 D*JD7 =
74+G*Gny = Ty H*H7 4, where H is outer in the sense of [77, Definition 1.6].
Now, two problems are present. Firstly, range (H7;) for the outer operator H
of [77, Definition 1.6] need not be even dense in ¢2(Z;U). It is required that
the closure of range (H74 ) reduces the unilateral shift and is consequently of the
form ¢?(Z;U’) for some Hilbert subspace U’ C U. Secondly, even if U’ = U,
we must have range (H74) closed, so that H is outer with a bounded inverse in
the sense of Definition 79. The latter of these problems is easy to resolve. By
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Proposition 69, the coercivity 74 H*H7+ > emry > 0 implies that the Toeplitz
operator H74 has a closed range.

To attack the former problem, note that U’ C U implies dimU’ < dimU. We
proceed to prove that also dimU’ > dimU holds. By H := moHnmg : U — U’
denote the feed-through operator of H. We show that ker (H) = {0}. For
contradiction, assume that Hug = 0 for some nonzero ug € U. Denote @ :=
{u;};>0 where u; = 0 for all j > 1. Then

(3.8) W= Hi = 7 Ha € (2(Zy;U')

and also 7% € (?(Z4;U’). Because range (H7y) = ¢*(Z1;U’), there is @' €
(?(Z;U) such that 7% = H7, @' and

(39) w = TH’]_T+’[~LI = HT’]_T+’[74/ = H7T+Tﬁl.

From equations (3.8) and (3.9) we conclude that H74 (@ — my7d’) = 0. Be-
cause T4 H*H74 is coercive, it follows that 7y (4 — my7a’) = 0 and thus
mo — mom+T8 = mou = 0. But then ug = 0, and this is a contradiction.
We conclude that H : U — U’ is an injection, and thus dim U’ > dim U.

Because dim U’ = dim U, there is a unitary E € L(U’;U) such that E*E = I.
Define X := E'H. This is a stable I-spectral factor of D*JD, see Definition 80.
Because H7 ., together with X7, is coercive on ¢2(Z;U), it follows that X is
an I/0O stable I/O map that is outer with a bounded inverse, see Definition 79.
By claim (i) of Proposition 46, X ~! is an I/O stable I/O map. By Definition 80,
X is a stable outer I-spectral factor of D*.JD, and by Proposition 82, D = N X
is a (J, I)-inner-outer factorization, where N’ := DX ~! and the outer factor X
is outer with a bounded inverse. Now condition (ii) of Theorem 114 holds.

If there is a solution in P € ricy, (®,J) such that Ap > 0, then we obtain the
factorization of the Popov operator 7. D*JD7y = 74D} JDy, 7+, by Lemma
98 or claim (i) of Theorem 142. We can now proceed as above, with D replaced
by 'qup. O

For a further comment on the nonnegativity of the indicators Ap, see Lemma
145 and Corollary 146. The following equivalence is now an immediate corollary:

Corollary 118. Let J € L(Y) be a cost operator. Let ® = [1‘(‘; ng] be an I/0
stable and output stable DLS, such that the input space U is separable. Then
the following are equivalent:

(i) 74 D*JD7, > emry for some € > 0.

(i) The Popov operator T4 D* DT, is nonnegative, and the equivalent condi-
tions of Theorem 11/ hold.
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Proof. The implication (i) = (ii) is in Proposition 117. The converse direction
is claim (i) of Theorem 114. O

The case the nonnegative Popov operator 7, D*JD7, occurs in applications,
e.g. in the study of linear quadratic optimal control problems and in the factor-
ization versions of Bounded and Positive Real Lemmas, see [86, Section 8]. In
the latter two applications, the cost operator J is not nonnegative. We remark
that it is practically a standing hypothesis of this work that the equivalence of
Theorem 114 holds.
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3.4 Function theoretic definitions and tools

In this section, we present some relevant results from the operator-valued func-
tion theory. Let ¢ = (4 B) be a DLS. We work in terms of the boundary
trace Dg(e'?) of the transfer function Dy (z) that must now be of bounded type
Dy(z) € N(D; L(U)). This requires the separability of the Hilbert spaces U
and Y. To obtain the full results, we must make a compactness assumption of
an input operator B of ¢, as we shall later see.

The adjoints of transfer functions are considered in Proposition 119. Several
types of inner transfer functions are given in Definition 120. In Proposition 121,
inner from the left transfer functions are characterized via the associated 1/0
maps and their Toeplitz operators. In Proposition 122, the inner functions are
characterized in the set H?(D; L(U;Y)), rather than in H>(D;£(U;Y)). In
Proposition 123, we remind that an inner from the left analytic function on a
finite dimensional space is inner from both sides. In Lemma 125, we show, under
a compactness assumption, that an analytic function ©(z) € H?(D;L(U)),
whose boundary trace ©(e?) is injective almost everywhere, has the property
that ©(e?) is boundedly invertible almost everywhere. In Corollary 126, we
obtain an infinite dimensional generalization of Proposition 123. This allows us
to conclude that certain inner from the left operator-valued transfer functions
are, in fact, inner from both sides. Transfer functions and boundary traces of
outer I/O maps are considered in Proposition 127.

The Hilbert—Schmidt class of compact operators is introduced in Definition 128.
In Lemma 130 and Corollary 131, we use the Hilbert—Schmidt property of the
input operator B to conclude that the transfer function of an output stable DLS
¢=(45)isin H*(D;L(U;Y)). In Lemma 134, we show that the nontangen-
tial limit Dy (e?) € L(U;Y) of an output stable, I/O stable and J-coercive DLS
¢ = (é 5) is invertible almost everywhere, provided that the input operator B
is a Hilbert—Schmidt operator and the feed-through operator D is boundedly
invertible. Under the same assumptions, the invertibility properties of the (ex-
tended topological) I/O map Dy : £*(Z;U) — ¢?(Z;Y) and its Toeplitz operator
Dyt : 03(Z1;U) — £%(Z4;Y) are considered in Proposition 135.

We start by introducing some function theoretic notions. Let ©(z) be an analytic
L(U;Y))-valued function in D. The adjoint function ©(z) is defined by

O(z) :=0(2)* forall zeD.

If ©(z) = ijocjzj for {c;j};>0 C L(U,Y), then O(z) = ijoc;zj. It
is trivial that for all 1 < p < oo, O(z) € HP(D;L(Y;U)) if and only if
©(z) € H?(D; L(U;Y)). The nontangential boundary limits of adjoint bounded
analytic functions behave expectedly.
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Proposition 119. Let 1 < p < oo and ©(z) € HP(D; L(U;Y)) be arbitrary,
and let ©(z) denote the adjoint function. Then O(e") = O(e=)* for almost
all €’ € T. Furthermore, there exists a set E C T of measure zero such that

s—1limO(z;) = 0(e") and s—1limO(z;)* = O(e")*

. 6 . 6
zZj—e€ zZj—e

for all € € T\ E and any sequence {#;};j>0 approaching nontangentially e,

Proof. Note first that the nontangential limit function ©(e?) exists as a strong
operator limit a.e. ¢ € T because O(z) € H?(D;L(Y;U)). Denote the ex-
ceptional sets of measure zero for ©(z) and ©(z) by E; and E,, such that the
nontangential limits ©(¢) and ©(e) exists in sets T\ E; and T\ E,, respec-
tively. Define the exceptional set F := FE; U E,, where bar denotes the complex
conjugation. It can be shown that the set Ej is measurable (in the Lebesgue
completed o-algebra of the Borel o-algebra of the unit circle T) and of measure
zero. It follows that the set E is of measure zero.

Let ¢ € T \ E be arbitrary. Let z; — € be an arbitrary nontangentially
approaching sequence. Trivially, the sequence of conjugates z; — e~ nontan-
gentially, too. By the definition of E, s — lim;_,o, ©(z;) = O(e'?) and

(3.10) s —lim O(z;)* =s —lim O(z;) = O(e~¥).

j—00 j—o0
But for a general sequence of bounded operator {T};};>0 C L(U;Y), such that
both the strong limits 7" := s —lim 7 and S := s — lim 7" exist as bounded
operators, we have

(u, (T" = S)y) = (Tu,y) — (u, Sy) = jlig}lo <Tjua y) — JEIEO <ua T]Tky>

= lim ((Tyu.y) = (v, Tjy)) = lim ({Tju,y) = (Tyu,y)) = lim 0=0,
where u € U and y € Y are arbitrary. It follows that S = T™*. From equation
(3.10) we conclude that ©(e~%) = ©(e?)* a.e. e € T. This completes the
proof. O

We proceed to introduce the inner functions with the aid of the boundary traces.
In Proposition 121 we state that this definition is in harmony with Definition
79 of inner I/O maps.

Definition 120. Let ©(z) € H>*(D; L(U;Y)), where U and Y are separable.
Then

(i) ©(z) is inner from the left if ©(e?’) € L(U,Y) is an isometry for almost
all ¢ € T,
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(ii) ©(z) is inner from the right if the adjoint function ©(z) is inner from the
left,

(i4i) ©(z) is inner if ©O(e™) is unitary a.e. e € T.

Clearly ©(z) is inner from the left if and only if ©(z) is inner from the right.
The nontangential limit ©(e?) of a function inner from the right is co-isometric
for almost all € € T. Also ©(z) is inner if and only if it is inner from the left
and right. In this case we can say, for clarity, that O(z) is inner from both sides
or two-sided inner. In [27, p. 234 and 242], ©(z) is inner (x-inner) if ©(e*) is
isometric (co-isometric, respectively) for almost all €’ € T. The same notation
is used in [90, p. 190]. In [77], inner function is an element of H*°(D; L(U)) such
that the values of the boundary trace are partial isometries almost everywhere,
and their initial spaces are constant, see [77, Theorem 5.3A and Example 1 on
p. 106]. The transfer functions of the isometric and unitary Toeplitz operators
of 1/O maps N7y : (?(Z;U) — (*(Z;Y) are of particular interest.

Proposition 121. Let N : (?(Z;U) — (*(Z;Y) be an (extended topological)

I/O map of an I/0 stable DLS, with U and Y separable. Then the following
are equivalent:

(i) N is (I,I)-inner in the sense of Definition 79,
(ii) N7y : 02(Z;U) — (3(Zy;Y) is an isometry, and

(i) the transfer function N (z) is inner from the left.
Furthermore, N7y is unitary if and only if N'(2) is a unitary constant function.
Proof. This is [27, part (c¢) of Theorem 1.1 and Corollary 1.2, Chapter IX]. O

In Definition 120, we have required that the inner function ©(z) is a priori in
H>(D; L(U;Y)). This makes it possible to speak about nontangential limits,
defined a.e. on T. Actually, it would have been sufficient to require that ©(z)
lies in H2(D; L(U;Y)) or even in N, (D; L(U;Y)).

Proposition 122. Let T(z) € H?*(D; L(U;Y)), with U and Y separable. As-
sume that the boundary trace satisfies esssupgiocr ||T(e?)|| < 0o. Then T(z) €
H*(D; L(U;Y)). In particular, if T(z) € H*(D;L(U;Y)) has the isometry-
valued boundary trace T'(e?) for almost all € € T, then T(2) is inner from the
left.

Proof. By the same comment that is present in the proof of Proposition 55, we
need to consider only the case Y = U. In this case, [77, Theorem 4.7A] proves
the claim because H2(D; L(U;Y)) C N4+(D; L(U;Y)). O
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On several occasions, it will be necessary to conclude that an inner from the left
function is in fact inner. If the Hilbert spaces U and Y are finite dimensional
with the same dimension, it is easy to show that inner from the left implies
inner from the both sides. This is because all isometries in a finite dimensional
space are unitary, by a basic dimension counting argument.

Proposition 123. Assume that ©(z) € H*®(D; L(U)) is inner from the left,
where dim U < co. Then ©(z) is inner from both sides.

If the involved Hilbert spaces are infinite dimensional, much less it true. How-
ever, a sufficient generalization of Proposition 123 holds, see Corollary 126.
The following preliminary result allows us to conclude from the strong oper-
ator convergence the convergence in the operator norm, under a compactness
assumption.

Proposition 124. Let K € LC(U) and k; € L(U) for all j > 0. Assume that
kju — ku for alluw € U. Then ||[kK — k;K||z@y — 0 as j — oc.

Proof. For contradiction, assume that |[xK — r;K|| ) does not converge to
zero as j — oo. Then there is a sequence {u;};>0 C U, ||uilly = 1, and a
subsequence {j(i)};>0 such that for all ¢ > 0 we have

(3.11) (& = &0 Kuillu = v

for some constant ¥ > 0. Because K is compact, there exists a subsequence
{ui(n) tr>0 such that Ku;) converges to a limit, say u € U. We now estimate
for all h >0

(5 = Kjamy) Kuimllu < (& = &amy)ullu + 115 = K56m)) (Kuigy — w)llu

< s = siomullo + (Il + suplislle ) -1 Kui — o
J1Z

The first term on the right hand side converges to zero because v € U and x; —
k in the strong operator topology. Because x; — & in the strong operator topol-
ogy, it follows from the Banach—Steinhaus Theorem that sup,~ ||%;|| ) < co.
We conclude that the latter term converges to zero, by the choice of the conver-
gent subsequence {Ku;p)}n>0. Thus ||(k — &;6(n)) ) Kuinylluv — 0 as b — oo,
but this is a contradiction against the existence of a nonnegative lower bound
v in equation (3.11). This completes the proof. O

Lemma 125. Let K € LC(U) and k(z) € H*>(D; L(U)) be arbitrary. Define

O(z):=I+k(2)K, zeD.
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(i) Then ©(z) € H*(D; L(U)). Furthermore, there is an exceptional set E C
T of measure zero, such that the nontangential limits

(3.12) O(e) = lim O(z;), O(e")* = lim O(z)*

. 6 . 6
Zj—e€ zZj—e

exist and converge in the operator norm of L(U), for all e ¢ T\ F and
for any sequence {z;};>0 C D that converges to e nontangentially. The
boundary trace satisfies

(3.13) 0(e) = I + w(e")K
for alle®® € T\ E.

(ii) Assume, in addition, that the boundary trace ©(e') is injective for almost
all € € T. Then ©(e") is boundedly invertible for almost all e® € T.

Proof. Tt is a triviality that ©(z) € H*(D; L(U)). Because k(z) € H2(D; L(U)),
there exists an exceptional set £ C T of measure zero, such that for all e €
T\ E, the strong limit

k(€)= s — lim k(z;)
z;—et?
converges, where {z;};>0 C D is an arbitrary sequence that converges nontan-
gentially to . Furthermore, the strong nontangential limit

O(e') := s — lim O(z;)

. 0
zZj—€

exists and satisfies equation (3.13) for all ¢ € T \ E. For the rest of the
proof, fix an arbitrary e € T \ E and a nontangential sequence {z;};>0 C D,
converging to .

Define x; = r(z;) and & := k(e??). Then k; — k in the strong operator
topology, and k; K — kK in the norm of £(U), by Proposition 124. But now
we have

10(2;) — ()| = (I — k(z)K) = (I — 6(e")K) ||z
= [|wK — £ K|y — 0.

We conclude that ©(z;) — ©(e) in the norm of L£(U), and immediately
O(z;)* — O(e)* in the norm of L(U), too. This completes the proof of claim
(i)-

We consider now claim (ii). By assumption, there is an exceptional set £/ C T
of measure zero, such that the evaluation of the nontangential limit ©(e?’) €
L(U) is injective for ¢ € T \ E’. For the rest of this proof, fix an arbitrary
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e € T\ (EUE'), where E is as in claim (i), and E U E’ is a set of measure
zero. The operator k(e??)K € L(U) is compact because k(e?) € L(U) and K €
LC(U). Because the spectrum of a compact operator consists of eigenvalues and
possibly the point zero, then either —1 € o, (k(e??)K) or O(e?) = I + k(e?®)K
is boundedly invertible. But if —1 € o,(xk(e?)K), then I + k(e??)K is not
even injective, which is against the choice of €. We conclude that ©(e?) =
I+k(e"?)K is boundedly invertible, and because ¢ € T\ (EUE’) was arbitrary,
the proof is complete. O

Corollary 126. Let x(z) € H?*(D; L(U)) and K € LC(U) be arbitrary. Assume
that the function

O(z) =0¢ + z6(2)K, ze€D.

is inner from the left, and ©¢ € L(U) is boundedly invertible. Then ©(z) is
inner from both sides.

Proof. Write ©,'0(2) = I 4+ 20, 'x(2)K, and apply Lemma 125. O

We remark that if dimU = oo, the class of inner functions, considered in the
previous Corollary 126, is rather restricted. The values of the boundary trace
O(e") are unitary operator of form ©g + zK ('), where K (z) is compact a.e.
€ € T. In this book, this restriction holds in all the instances where we must
conclude that an inner from the left function is inner from both sides. However,
even if we could deal with the more general inner functions, our results would not
be more general because we are compelled to make a compactness assumption for
other reasons (see Lemma 130), leading to this restricted type of inner factors.

Now that we have dealt with the matters concerning the boundary behavior
of the inner functions, we proceed to study the outer functions and general
transfer functions of certain DLSs. The basic properties of the outer I/O maps
have been considered in Proposition 46. Now we consider the corresponding
transfer functions and boundary traces.

Proposition 127. Let X : (>(Z;U) — (*(Z;U) be an I/O map of an 1/0 stable
DLS, which is outer with a bounded inverse. Then the following holds.

(i) X~1: 2(Z;U) — (%(Z;U) exists boundedly, and it is an I/O map of an
I/0 stable DLS.

(ii) X(2)~1 € L(U) exists for all z € D, and X(2)~1 = X71(2). Furthermore,
sup.ep || X(2) 7|2y < oo and thus X(z)~ € H*(D; L(U)).

(iii) If, in addition, U is separable, then the nontangential boundary limit
X (e") exists and is boundedly invertible for almost all ¢ € T. We have
X ()"t = x71(e?) for almost all € € T. In particular, X ()™t €
H>(T; L(U)).
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Proof. Claim (i) is shown in claim (i) of Proposition 46. To prove claim (ii), we
show that X(2)™! = X~1(2) for all 2 € D. Let ¢ be a realization such that
X =Dy. Then X! = D;,l = D(g/y-1, by Proposition 17, and Z = D(4)-1 Dy .
By Corollary 54, I = D(4)-1(2)Dg(2) and I = Dy/(2)D(4ry-1(z) for all z € D.
It follows that Dg(z) = X(z) : U — U is a bounded bijection and has a
bounded inverse X (z)~ !, for all z € D. Also X(z2)7! = D;,l () = x71(2) €
H>(D; L(U)), by claim (i). The last claim (iii) follows now from the theory of
boundary traces of H*-functions, see the discussion following Definition 58 or
[77, p. 88]. O

As we have stated earlier, functions in the Nevanlinna class N (D; X) can be ad-
equately described by their nontangential boundary limit functions for X = U,
X =L({U) or X = L(U;Y), when U and Y are separable Hilbert spaces. Un-
fortunately, a general sH?(D; £(U;Y)) function need not be in N(D; L(U;Y))
if dimU = oo. It is even more unfortunate that the strong H? stability of the
transfer function is an important notion because it is implied by the output
stability of any of its realizations. From the state space representation of a
transfer function, output stability of the realization is often best we can achieve
by Liapunov type methods.

In order to work with the boundary traces Dg(e'?) of an output stable DLS
o = (é B, we have to make an extra assumption. The question is about a
compactness assumption of the input operator B which, in a sense, forbids the
DLS ¢ to be “too” infinite-dimensional. With this restriction, we can conclude
that Dy(z) € H*(D; L(U;Y)) C Ny (D; L(U;Y)), by Lemma 130.

Definition 128. Let Hy, Hs be separable Hilbert spaces, and T € L(Hy, Ha).
Let {e;}j>0 be an orthonormal basis for H1. We say that T is a Hilbert-Schmidt
operator if

2 2
||T||HS(H1;H2) = Z ||T€j||H2(H1;H2)
j=0

is finite. In this case we write T € HS(Hy; H). The number ||T||gs(m,;m,) 15
the Hilbert—Schmidt norm of T.

Basic references about the Hilbert—Schmidt operators are [24, Chapter XI.6)
and [41]. Also [109, Chapter 1] is quite useful. It is customary to consider the
Hilbert—Schmidt operators on a single Hilbert space. Because Hilbert spaces
of same cardinality can be unitarily identified, this is only a technical prob-
lem. It can be shown that the class HS(Hi; H2) is well defined, and the
norm || - ||gs(m,;H,) s independent of the choice of the basis {e;};>0. All
Hilbert—Schmidt operators are compact, and each finite rank operator is triv-
ially Hilbert—Schmidt. The adjoint of a Hilbert—Schmidt operator is Hilbert—
Schmidt. The set HS(Hy; Hz) is a vector space, and the norm || - || gs(a,;m,)
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makes it a Banach space. In the matrix case, the HS(Hy; Hz)-norm is the fa-
miliar Frobenius matrix norm. The vector space HS(H;, H3) is a Hilbert space
under the inner product

[TlvTQ]HS(Hl,Hg) = Z <T16ja T2*ej>'

=0
If Hy = Ho, then HS(H;; Hs) is a Banach algebra where the involution T' — T™*
satisfies ||T'||gs(a,) = [|T*||ms(a,)- The Hilbert-Schmidt operators are exactly

those compact operators T" whose singular values satisfy Z 500 (T)? < oo,
where the singular values are defined as the eigenvalues of the radlal part |T| :=
(T*T)z. In fact, ||T||HS(H17H2) 25007 (T)2. The singular values are know
as s-numbers in [41], and characteristic numbers in [24]. There is a number of
equivalent characterizations for the singular values of a compact operator. It is
a matter of taste, which one is chosen to be the definition. The following result
is important enough to stated formally, and can be found in [24, Corollary 5 in
Chapter XI, Section 6].

Proposition 129. Let T € HS(H1;Hy) and S € L(Hz;Hs). Then ST €
HS(Hy; Hy) and |[ST|| s (ty;m,) < S| emasms) T asmy;ms) -

Our first application of the Hilbert—Schmidt operators is the following lemma.

Lemma 130. Let O(z) € sH*(D; L(U;Y)), with U and Y separable. Assume
that the linear mapping

(3.14) U>uw O(2)uc H*(D;Y)
is a Hilbert-Schmidt operator. Then ©(z) € H*(D; L(U;Y)).

Proof. Let {e;};>0 be an countable orthonormal basis for the separable U. De-
fine the analytic functions ©;(z) := ©(z)e;. Each ©;(z) belongs to H2(D;Y)
because O(z) € sH2(D; L(U;Y)). The Hilbert-Schmidt assumption means that

(3.15) Y1105 payy < oo

7>0

where
1 .
185 vy = sup oo [ 1185(re) - .
0<r<1 770

For all 2 € D, ©(z) € L(U;Y). Let u=3_,5,¢je; € U be arbitrary, such that
only a finite number of ¢;’s are nonzero. Then for all z € D we have

10)ully = 11D ¢ 0,5 <D lei* Y1015 = llullf; - D 118;(2)I-

7>0 7>0 7>0 7>0
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Because above the set of u’s is dense in U, it follows

(3.16) 102wy < D105

=20

for all z € D.

Now, let 0 < r < 1 be arbitrary. Then each function e? — ||©;(re')||2 is a
smooth (and thus a measurable) function, by the analyticity of ©;(z) in D. The
function e — 250119 (re'?)]|2 is measurable because the partial sums are
increasing, and the supremum of a countable collection of measurable functions
is measurable, by [78, Theorem 1.14]. Similarly, because ©(z) is analytic inside
D, the function e — ||©(re?)||2. is measurable, too. Now equation (3.16)
gives for all 0 < r < 1

2

2
1 7 1 i1
i o [y < oo [ (SN0t | @
0 0

J=0

27
1 7
=3 52 [ 1este) i a0 ).
>0 0

where the latter equality is by the Lebesgues Monotone Convergence theorem
[78, Theorem 1.26] implies (or its immediate corollary [78, Theorem 1.27]),
because the partial sums are nondecreasing. Taking supremum over r, gives

2
1 X
1O ey <3 | s oo [10,0e)I db
0

>0 0<r<1

= > _118;(@)l[zr2ivy-

J=0

Using the Hilbert—Schmidt assumption in the form of equation (3.15) shows
that ©(z) € H%(D; L(U;Y)). The proof is now complete. O

Corollary 131. Let ¢ = (4 B) be an output stable DLS, such that the spaces
U andY are separable. Assume that the input operator B € L(U; H) is Hilbert—
Schmidt. Then Dy(z) € H?(D; L(U;Y)).

Proof. Because ¢ is output stable, Dy (z)—D € sH?*(D; L(U;Y)), by Proposition
57. We also have (Dy(2)—D)ug = 35, CA’ ' Bugz? = 2:(F,CyBug)(z), where
F. denotes the unitary z-transform from ¢?(Z;Y) onto H*(D;Y). By output
stability, the composition F,Cy : H — H?*(D;Y) is well defined and bounded.
It follows from Proposition 129 that the mapping

U 3 ug = (F.CypBug)(z) € HX(Y)
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is Hilbert—Schmidt because the input operator B is. Because the multiplication
of the variable z in H?(D;Y) is isometric, the mapping

U 3 ug = (Dy(2) — D)ug € H*(Y)

is Hilbert—Schmidt. Lemma 130 implies now that Dy(z) — D € H*(D; L(U;Y)).
This completes the proof. O

The same conclusion can be made, if A7 B is Hilbert-Schmidt, for some j > 0.

We can always “steal” from the convergence of a singular values enough, to be
able to factorize any Hilbert—Schmidt operator as follows.

Proposition 132. Let U be a separable Hilbert space, and T € HS(U). Then
T =TTy, where Ty € HS(U) and Ty € LC(U).

Proof. We use the canonical decomposition (the Schmidt expansion) of a com-
pact operator, see [41, Chapter II, Section 2] and [109, Theorem 1.3.11 and
the associated remarks]. Let T' = V|T| be the polar decomposition, where
|T| := (T*T)? is a nonnegative self-adjoint operator. By {exr}r>1 denote an or-
thonormal system of eigenvectors of |T'| whose linear span is dense in range (|7]),
see [1, Sections 55 and 61]. Then by the canonical decomposition

|T|u = Z ok(T) (u, ex)y ek
k>1

for all w € U, where the series converge in the norm of U. The sequence
{ok(T)}>1 is the sequence of the singular values of T, which are, by definition,
the eigenvalues of |T'|. Because T is a Hilbert—Schmidt operator, the singular
values satisfy >, <, ox(T)* = ||T||§{S(U) < 00, see [41, Chapter III, Section 9]
and [109, Theorem 1.4.2].

We need now an auxiliary result. Let {aj }x>1 be a sequence of nonnegative real
numbers, such that ), ., ar < co. For each [ > 1, choose a positive integer m;

Such that
< ].
Z k l3 !

k>m

Clearly, such a sequence {m;};>1 exists, and we may assume that it is nonin-
creasing. Define the sequence {by}r>1 by setting

b :=lar for m; <k <myys.
Then

Zbk—zﬁlbk—z<z.§lak><z LY )<t en

k>1 1>1 k=m; 1>1 l=m, >1 k>my >1
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We conclude that for any square summable sequence {o%(T)}k>1 (of singular
values), there exists a nonincreasing sequence {7x}r>1 such that 7, — 0 as
k — oo, but {o(T)7;, ' }x>1 is still square summable. Define for all u € U

Tju = Z (on(T)m ") (u, en)y e
k>1

and

Tgu = Z’Tk (u,ek>U €.
k>1

Then the mappings v — Tju and u — Thu are compact operators in LC(U),
by [109, Theorem 1.4.2], and T} is, in addition, a Hilbert—-Schmidt operator
because its singular values {o4(T)7;, ' }1>0 are square summable. We prove now
that |T| = T{T>. Let u € U be an arbitrary finite linear combination of the
basis vectors {ey }x>1. Then

T{Tgu = Z’Tk (u,ek>U Tl'ek = Z’Tk (u,ek)U (Uk(T)Tk_l) €k
k>1 k>1

= ow(T) (uex)y ex = |Tlu

k>1

where all the sums are finite, and we have used the immediate fact Tjex =
(Uk(T)Tl;l) er for all £ > 1. Because the set of such u’s is dense, and all the
operators |T'|, T and T are bounded, the equality |T'| = T{75 follows. Define
Ty := VT{. Then T = T1T» and T} is Hilbert—Schmidt, by Proposition 129.
This completes the proof. O

Proposition 133. Let J € L(Y) be a cost operator, and ® = [I‘g ng] an 1/0
stable and J-coercive DLS, whose input space U is separable. Then the values of
the Popov function D(e?)* JD(e?) € L(U) are boundedly invertible operators,
and the nontangential limit D(e'’) € L(U;Y) is coercive for almost all e € T.

Proof. The J-coercivity of ® means that the Popov operator 7. D*JD7, has
a bounded inverse on (%(Z,;U), see Definition 68. By the shift-invariance,
we conclude that the bounded, shift-invariant operator D*JD is coercive on
(*(Z;U), where D : (*(Z;U) — (*(Z;Y) denotes the (extended topological)
I/O map of ®. Because D*JD is self-adjoint, it follows that it is boundedly
invertible on ¢2(Z;U). Because D*JD is shift-invariant, a trivial argument
shows that (D*JD) " is shift-invariant, too. Define

P = F;D*JDFy, Q:=F; (D*JD) ' Fy,

where Fyy : L2(T;U) — (2(Z;U) is the unitary Fourier transform, as introduced
in Section 1.10. By Proposition 62, the operators P and Q on L?(T;U) commute
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with the multiplication Mg operator by the function £(e?) := € on T. By
[27, Theorem 1.1(a) in Chapter IX], we conclude that P = Mp,is), which is
the multiplication operator by a function P(e?) € L>°(T;L(U)). Similarly,
Q = Mgeisy. Because both Q(e),P(e”) € L*(T;L(U)), the evaluations
satisfy Q(e?), P(e?) € L(U) for all e € T\ E’, where the exceptional set E’
is of measure zero.

Because (D*JD)~! is the inverse of D*JD and Fy is unitary, we must have
PQ = QP =TI, the identity operator on L*(T;U). Let {u;};>0 C U be a dense
countable subset which exists by the separability of the Hilbert space U. By
applying the identity PQ = T to each u;, regarded as constant a function in
L3(T;U), we conclude that there exists a sequence {E;};>0 of exceptional sets
of measure zero, such that for all j >0

Qe™YP(eyu; = u; forall e €T\ (E;UE).
Define E := (U;>0F;) U E’. Then, for all ¢ € T\ E,
QNP = 1.

the identity operator in £L(U), because Q(e*?)P(e?) is a bounded operator, and
{u;}j>0 is a dense subset. Similarly, P(e?)Q(e??) = I ae. e € T, and it
follows that P(e?’) is boundedly invertible for almost all e? € T.

It remains to recognize the function P(e?). By the identification of the I/O
stable I/O maps with H*(T; £(U;Y)) functions, and the Parseval identity, we
have for all @, w € ¢(2(Z;U)

1

(818)  (D"JDLD) iz = 5

/ (D(e)*ID(e)(e), i(e™)),, db
T

where ii(e?),w(e?®) € L*(T;U) are the Fourier transforms of % and @, and
the Popov function e +— D(e?)* JD(e?) is the Popov function, belonging to
L>(T; L(U)). We conclude that P(e?) = D(e??)*JD(e?) a.e. e € T. Thus
the values of the Popov function are bounded, boundedly invertible operators
almost everywhere on T.

It remains to conclude the coercivity of D(e?). Let e € T be such that
D(e?)* JD(e*) is bounded and boundedly invertible. Assume for contradiction
that there is a sequence {u;} C U, ||u;||v = 1, such that D(e?)u; — 0 as j — 0.
Because D(e) is bounded, so is D(e'?)*J. But then D(e?)*JD(e??)u; — 0 as
j — 0. This is a contradiction against the choice of ? from a set of full measure.
The proof is complete. O

Lemma 134. Let J € L(Y) be a cost operator. Let ¢ = (& B) be an output sta-
ble, I/0 stable and J-coercive DLS. Assume that the input operator B € L(U; H)
is Hilbert-Schmidt, and the feed-through operator D € L(U;Y) is boundedly in-
vertible.



3.4. FUNCTION THEORETIC DEFINITIONS AND TOOLS 151

(i) Then the values of the boundary trace Dy(e?) are bounded, boundedly
invertible operators for almost all ¢ € T.

(ii) Assume, in addition, that J is nonnegative and boundedly invertible, and
Dy = NX is a (J,S)-inner-outer factorization. Then the outer factor X
is outer with a bounded inverse, the sensitivity operator S is boundedly
inwvertible, and the normalized inner factor JENS~% is inner from both
sides.

Proof. Because dimrange (B) < dim U, there is a partial isometry V : H — U
whose initial space is range (B). Because the input operator B is Hilbert—
Schmidt, so is the operator VB € L(U), see Proposition 129. By Proposition
132, we have the factorization VB = B K such that By € HS(U) and K €
LC(U). But then B = B1 K, where By := V*B{ € L(U; H) is a Hilbert—Schmidt
operator.

Define the DLS ¢/ := (Df‘lc Eél ) Because ¢ is output stable, and Cpy = D™1Cy,

the DLS ¢’ is output stable, too. Because the input operator By is Hilbert—
Schmidt, Corollary 131 implies that Dy (z) € H*(D; L(U)). Now for all z € D,

Dy(2) =D (I 42D 'C(I — 2A) 'B1K) = D(I + Dy (2)K)
and
(3.19) O(2) := D7 'Dy(2) = I + k(2)K,

where k(z) 1= Dy (z) and K € LC(U). By Proposition 133 and the J-coercivity
assumption, the nontangential limit Dy (e?) € L(U;Y) is coercive a.e. ¢ € T.
In particular, ker (©(e”)) = ker (Dy(e?)) = {0} a.e. € € T. By claim (ii)
of Lemma 125 and equation (3.19), the operator ©(e?’) € L(U) is boundedly
invertible a.e. ¢ € T. This completes the proof of claim (i).

We proceed to prove claim (ii). Because Dy = NX is a (J, S)-inner-outer
factorization and ® is assumed to be J-coercive, it follows that X is outer with
a bounded inverse and the sensitivity operator S is boundedly invertible, by
Corollary 85.  Because all the I/O maps Dy, N and X are I/O stable, we
obtain the factorization of the boundary traces Dy(e?) = N(e??)X(e?) a.e.
e’ € T. By claim (iii) of Proposition 127, X(e'?) is boundedly invertible a.e.
e’ € T. From claim (i) we conclude that Dy(e) is boundedly invertible a.e.
e € T. We conclude that N (e??) = Dy ()X (e?)~! is a boundedly invertible
operator a.e. ¢ € T.

From the (J, S)-inner-outer factorization Dy = N'X we conclude the spectral
factorization D} JDy = X*SX. Because X has a bounded causal inverse X1,
we have § = (X*I)*D;JD(bX*l where S is regarded as a static operator on
(?(Z;U). Because J is nonnegative, it follows that D;JDg > 0and S >0 as a
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static operator on ¢?(Z;U). But then, S > 0 also as a self-adjoint element of
L(U). Thus the square root S —3 s uniquely defined as a nonnegative operator.
We conclude that the normalized 1/O map J2 NS~ % is (I, I)-inner, and thus its
transfer function is inner from the left. Because both Jz and S~z are boundedly
invertible, and A (e?) is boundedly invertible a.e. e € T, we conclude that
J2N(e)S~2 is a boundedly invertible isometry, i.e. unitary a.e. ¢ e T.
Thus J2N'S™2 is inner from both sides. This completes the proof. O

An an important application, we consider the noncausal shift-invariant inverse
of the I/O map. This result is used in Lemma 145.

Proposition 135. Let J € L(Y) be cost operator. Let ¢ = (4 B) be an output
stable, I/0 stable and J-coercive DLS, with input space U and output space Y .
Then

(i) both the (extended topological) I/O map Dy : £*(Z;U) — €*(Z;Y) and the
Toeplitz operator Dy : (2(Zy;U) — (2(Z4;Y) are coercive.

(ii) Assume, in addition, that U andY are separable, the input operator B €
L(U; H) is Hilbert-Schmidt, and the feed-through operator D € L(U;Y")
is boundedly invertible. Then range (D) = range(Dy) = (*(Z;Y). In
this case, the inverse operator D;l M2(Z;Y) — 2(Z;U) exists, and it is
bounded and shift-invariant. (D;l is not causal, unless Dy is outer with
a bounded inverse.)

Proof. The claim about the Toeplitz operator D7, is Proposition 69. It follows
by a density argument from the shift-invariance, causality and boundedness of
the (extended topological) I/O map D : ¢*(Z;U) — (*(Z;Y) that Dy74 and D
are simultaneously coercive in the indicated spaces.

Consider now claim (ii). Because of the separability of the spaces U and Y,
we can study the problem in terms of multiplication operators by the bound-
ary traces. Because Dy is coercive, it follows that the Popov operator
71 D;Dymy > emy for some € > 0. Now Corollary 118 implies that we have
the factorization Dy = N'X’, where N’ is (I,S)-inner, X’ is outer with a
bounded inverse and S € L(U) has a bounded inverse. By normalizing the
outer factor properly, we may assume that S = I, see Proposition 83. In terms
of the boundary traces, this means

(3.20) Dy(e?) = N ()X ()

a.e. ¢’ € T. By Definition 120 and Proposition 121, the boundary trace of the
inner (from the left) factor N’ (e%) is £(U;Y)-valued isometry a.e. e’ € T. By
Proposition 127, the boundary trace of the outer factor X’(e’?) has a bounded
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inverse a.e. ¢ € T, and X'(e??)~ € H>°(T; L(U)). By claim (i) of Lemma 134,
the boundary trace Dg(e'?) is bounded and boundedly invertible a.e. e € T.
Because N’ (%) = Dy ()X’ (€)=, we conclude that N (') is a boundedly
invertible isometry, and thus an unitary operator in L(U;Y’) for almost all
e’ € T. It now follows that NV(e?) is inner from both sides. This means
that N7(e?)N'(e?)* = I ae. e € T. Also, N'(e?)* € L>®(T;L(Y;U))
because it is trivially weakly measurable.

Now we can attack the claim about the density of range (D). Let §(e?) €
L?*(T;Y) be arbitrary. Define w(e®?) := N”(e??)*j(e?®) away from a set of
measure zero. Because N’(e?)* € L>(T; L(Y;U)) and g(e?) € L*(T;Y), [27,
part (a) of Theorem 1.1, Chapter IX] implies that w(e?) € L?(T;U). Similarly,
a(e?) := X'(e?)"lw(e?) € L?(T;U). But now,

'D¢(€i9)’a(ew) _ N/(eiG)X/(eié)X/(eie)—lNl(ew)*g(ew) _ g(eie)

almost everywhere on T. Because §(e?) is arbitrary, this means in the time
domain that range (D) = £2(Z;Y") because the Fourier transform is an isometric
isomorphism. We conclude that Dy, : £2(Z;U) — (*(Z;Y) is a bounded coercive
operator with a full range, i.e. a bounded bijection. But then the bounded
inverse operator D;l exists. It is a triviality that such an inverse is shift-
invariant. O
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3.5 Factorization of the truncated
Popov operator

Our main interest is in the H*DARE, associated to an output stable and I/O
stable DLS ®. As we have seen, this stability requirement makes some solution
of DARE more interesting than others. In Section 3.2 we have sorted out the
more interesting solutions from the less interesting.

In this section, we consider additional conditions that make the spectral DLS ¢p
is either output stable, or I/O stable, or both, for a particular P € Ric(®,J)).
More specifically, we introduce additional assumptions that allow us to conclude

P € Ric(®,J) = P € ric(®,J),

when @ is known to be output stable and I/O stable. The basic tool to obtain
the most general of these results is the factorization of the truncated Popov
operator, as given in Lemma 138.

Let us first discuss the trivial cases. If @ itself is power stable, then so are ¢p for
all P € Ric(®,J) because they have a common semigroup generator A. More
generally, if the Wiener class type condition _ ||A7B|| < oo holds, then Dy, is
I/O stable for all P € Ric(®,.J). Now the common input structure (i.e. the
common operators A and B) determine the I/O stability of both the systems
® and ¢p. In the case when ® is output stable and I/0O stable, it is easy to see
that ¢p is I/O stable (output stable) if and only if ¢' = ( g, &) is I/O stable
(output stable, respectively) but this is just a restatement that is impossible to
use in practice.

More general results are obtained by Liapunov type methods that require some
type of nonnegativity, either in the cost operator J, the Popov operator D*JD,
or indicator Ap of the solution P. We start with discussing the case of output
stability.

Proposition 136. Let ¢ = ["g BTD*j} be an output stable DLS and J € L(Y)
be a self-adjoint operator. Let P € Ric(®,J) such that Ap > 0. Then

(i) ¢p is output stable if and only if the strong limit Lap :=
s —lim;_ o AYPAJ exists as a bounded operator. When this equivalence
holds, we have

(3.21) LA7P—P=C;PAPC¢P —C*JC.

(i) In particular, if A is strongly stable, then ¢p is output stable.
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(iti) If P> 0 and La p =0, we have
crJjc>Cc*JC—-P= C;’;PAPCQ;P
Proof. We prove one direction of claim (i). Assume that Ap > 0 and La p =

s — limj_o, A* PAJ exists. We can iterate on the Riccati equation (3.3) and
obtain for all j > 0

AU p AT+ _ A PAT = A KEApKpAl — AYC* JC AT

Telescope summing this up to n > 0 gives for all o € H

(3.22) (zo, (A" PA™ — P)xg)
n—1 n—1
= <x0, > A*J‘K;;APKPAJ‘xO> - <x0, > A*J‘C*JCAJ’x0>
j=0 j=0

By assumption, the left hand side of the previous equation converges to a finite
limit (xo, (La,p — P)xo). On the right hand side, we have

n—1 n—1
<x0, > A*jC*JCij0> =Y (CAIzy, JCAI o)

J=0 Jj=0

= <7T[O,n—1]cx0a JW[O,n—l]CxO>Z2(Z+;y)

which converges absolutely to a bounded limit (zg,C*JCxy) as n — oo, by the
assumed output stability of .

Because everything else in (3.22) converges to a finite limit and Ap > 0, it
follows that remaining term

n—1 n—1
<J)Q7 Z A*jKI*DAPKPijO> = Z <Kij$0,APKPAj$0>

Jj=0 Jj=0

= | |A1§—’7T[O,n—1]c¢Px0}||§2(Z+;U)

converges (increases) to a finite limit, equaling ||{A§>KPij0}j20||52(Z+;U)’ as
n — oo. Because A;l is bounded and xy € H arbitrary, this is equivalent to
the output stability of ¢p. This completes the proof of the first direction. The
converse part in contained in the proof of Proposition 110 where also equation
(3.21) is given. Claim (ii) follows trivially from the fact that strongly stable A
implies that the strong limit operator L4 p always exists and equals 0. Claim
(i) is a trivial consequence of equation (3.21). O

Corollary 137. Let J € L(Y) be self-adjoint. Assume that ¢ is a 1/O stable
and output stable DLS, such that range (B) = H. Then ricy, (¢, J) = rico(d, J).
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Proof. Trivially rico(¢, JJ) C ricyw(¢,J), and the converse inclusion is shown
below. Because P € ricy, (¢, J), both ¢ and ¢p are output stable. We have for
all j >1

A*jPAj —P= C;PAPTF[OJ’,”C@D —C*Jﬂ'[o’j,l]c,

as in equation (3.6) of Proposition 110. By the output stabilities, both 7o ;_1;C —
Cand 7o j_1)Cy, — Cy, strongly. It follows that L 4 p exists and P € Ricoo(¢,J).
Now claim (iv) of Proposition 109, together with the assumed approximate con-
trollability, shows that P € Rico(o, J). O

We proceed to study the I/O stability of the spectral DLS ¢p. For solutions
such that lim;_ <PBT*j€L,BT*j€L> =0 for all & € ¢*(Z4;U), a necessary and
sufficient condition for ¢p to be I/O stable is the following speed estimate

> Wy, Paj) = (w1, Prjga) | < o0
>0

for all trajectories z; = Br*/ i where @ € ¢(2(Z;U) is arbitrary, see Proposition
104. Unfortunately, this condition is not practical for our purposes.

We continue by giving an unsuccessful attempt that, however, reveals something
about the nature of the problem. Assume that ® is input stable and I/0 stable,
and J > 0. Suppose we already know ¢p to be output stable. Claim (iii) of
Proposition 136 implies that

00 > ||7_D*JDr_|| > B*C*JCB > B, C}, ApCop By,

if P>0and L p =0, because By, = B. So the Hankel operator Cy,Bs, =
71 Dypm— is bounded in £%(Z;U), but this does not allow us directly conclude
the I/O stability of Dy,

We are not far from having ¢p I/0 stable, provided that we have the a prior:
knowledge that Dy, (2) € N(D;L(U)) so that the nontangential limit func-
tion Dy, () makes sense. More precisely, denote by I' the bounded Han-
kel operator Cy,Bg,, and assume, for simplicity that everything is complex-
valued, i.e. U =Y = C. By [27, Theorem 3.3, Chapter IX], I' = I'(Q)), where
Q(e) € L>=(T;df) is a bounded symbol for I' (we have omitted one unitary
flip operator in the definition of the Hankel operator but this is immaterial).
Write Q(e") as the Fourier series Q(e*) ~ 32,5 ¢j €%, Now ¢; = —KpAI~'B
for j > 1 because Dy, (e?) is also a (possibly unbounded) symbol for T'. It is
well known that L>(T;df) C LP(T;df) for all 1 < p < oo, and that the Szegd
projection IT : LP — HP (zeroing the negatively indexed Fourier coefficients) is
bounded for 1 < p < co. But now Dy, (e?) = HQ(e?) € Ni<pcoo HP(T; C).
Unfortunately, the inclusion H°(T;C) C Ni<p<ooHP(T; C) is strict, and we
cannot conclude Dy, (¢?%) € H*(T; C).
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After one impractical and another unsuccessful attempt, we approach the I/0
stability problem of ¢p from a third direction. We begin with factorization
lemma of the truncated Popov operator for strongly H? stable DLSs. Recall that
impulse response operator Dmg : U — (2(Z;Y) of a strongly H? stable DLS
is bounded, by definition. It then immediately follows, by the shift invariance,
that the truncated Toeplitz operators D ,,,) are bounded, for all m > 0.

Lemma 138. Let J € L(Y) be a self-adjoint cost operator, and ® = [“g ng]
strongly H? stable. Let P € Ricy,(®,J); i.e.

(3.23) <Pij0,Aja:0> — 0 forall zp € range (B)

as j — 0o. Assume also that the spectral DLS ¢p is strongly H? stable.

Then Do m) (2(Z;U) — (3(Z;Y) and Dy T0,m) (2(Z;U) — (2(Z;U) are
bounded, and the truncated Popov operator has the factorization

(3.24) (D7io,m) " IDT0,m) = (Pépm(0,m)) " APDep [0,m)

for all m > 0.

Proof. Let g € H and {u;j};>0 = @ € ¢*(Z;;U) be arbitrary. Denote z; =
z;(z0,0) = Alzo + Br* 4 the trajectory of ® with this given initial state and
input. We have in claim (i) of Proposition 97 for all n > 0

(3.25)

<P$Q,ZL‘Q> - <Pxn7xn>

= (J(Czj + Duj), Cx; + Duy) — (Ap(—Kpz; +uj), —Kpx; + uj)).

I
—
I
—

n

<
Il
o
Il
o

J
Consider now the special case when the input is otherwise arbitrary, but of form
U = T[0,m)U, for m > 0. Then, for n > m,

Tn = xn(x077r[0,m]ﬂ) =Armot merl(xOv’]T[O,m]ﬂ)v

T+ 1(T0, To,my@) = A" oy + BT*(mH)W[O,m]a'
Let o = 0. Because now z,41(0, g m %) € range(B), it follows from the

residual cost condition (3.23) that (Pz,,x,) — 0 as n — oo. It follows that the
left hand side of (3.25) vanishes as n — oo.

We must now consider the right hand side of (3.25). Because both the operators
Drig,m) and Dy, (g mm) are bounded, by the H 2 stability assumption of ¢p, it is
not difficult to see that the limit of the left hand side of (3.25) is actually

<JD7T[O7m]’EL, DW[Ovm]ﬁ>Z2(Z+;Y) - <APD¢P 7T[07m]ﬂ, D¢P7T[O,M]ﬂ>g2(z+;y) 5
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as n — 00. Adjoining this gives
<’11, ((’Dﬂ'[o’m])*J'DTF[O’m] — (ID¢p7T[0,m])*APID¢p7T[O,m]) f‘>e2(z+;y) =0

for all 4 € ¢?(Z;U). Now an application of [79, Theorem 12.7] completes the
proof. O

The result of the previous lemma can be translated to the frequency plane by
Corollary 131, provided that the input operator is Hilbert—Schmidt. With this
additional structure, further conclusions can be drawn.

Proposition 139. Let J be a self-adjoint cost operator. Let ® = [“g ng}

output stable, such that the input operator B is Hilbert—-Schmidt and the input
space U is separable. Let P € Ricy,(®,J) be such that ¢p is output stable.

Then the adjoints of the boundary traces D(e?)* and Dy, (e?)* exists a.e.
e € T, and belong to L*(T;L(U;Y)), L?(T;L(U)), respectively. Both the
self-adjoint operator-valued functions

T 3 e — D) JD(e?) € L(U), and
T 5 ¢ i Dy, (69)* ApDip (¢) € L(U)

are in LY(T; L(U)). We have the factorization
D) JD(e"?) = Dy, (e?)*ApDy, () ae. €’ cT.

Proof. Recall that the output stability implies strong H? stability. So we can
apply Lemma 138. Equation (3.24) implies for all iy, ag € ¢2(Z4;U)

<D7T[O,m]'alv J,DW[O,m] a2>é2(Z+;Y) = <ID¢p7T[0,m]ala APD¢P 7T[O,m]'&'2>£2(Z+;y) :

Because both ® and ¢p are output stable, the transfer functions D(z) and
Dyr(z) are analytic in the whole of D, by Proposition 57. We have also
D(2)p(z) € H?*(D;Y), Dy, (2)p(z) € H*(D;U) for all U-valued trigonomet-
ric polynomials p(z) € H*(D;U). Now we can put the factorization in form

(D(2)p1(2), JD(Z)pQ(Z»H?(D;Y) = (Dy (2)p1(2), ApDy (Z)p2(2)>H2(D;U)

where p1(2),p2(z) are polynomials as above. This is as far as we get without
assuming that B is Hilbert—Schmidt.

Because B is Hilbert—Schmidt, we can state the factorization in terms of the
boundary traces D(e?) € H?(T;L(U;Y)) and Dy, (e??) € H*(T;L(U)), by
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Corollary 131. By choosing the trigonometric polynomials p;(e?) = ™19y,
and p2(€w) = ey p1,ps € Z, ui,us € U, we obtain
27
1 . o
_ D(e * D 0\ ,ip0 do
g [ (1P D)
0

2
_ %/<D(eza)ezp10ul,JD(eza)ezp29u2>Y do

0

= <D(ei9)eip10u1, JD(eiG)eip29uQ>H2(T,Y)

= <D¢P (ew)eim‘gul, ApDy, (ew)eimeuQ)

2
1 o o
=or <D(ele)e”’10u1, JD(eZG)e”JzGuQ>Y do
0

H2(TU)

27
1 . oo
= %/<u1,D¢P(ew) APD¢P(€19)€W9U2>U d9,
0

where p = pa — p1. Let us stop for a moment to see that previous is true inte-
gration theoretically. The functions T 3 e s D(e?)* € L(Y;U), T 3 ¥
Dy, (e?)* € L(U) are weakly measurable and also in the respective L2-spaces,
by a trivial argument involving adjoining. Now the products D(e?)* JD(e?) and
Dy, (e?)*ApDy, (€?) are weakly measurable, and they both are in L!(T;U),
by the Holder inequality; some of this detail and further references have been
discussed immediately after Definition 59.

We can now calculate the weak Fourier coefficients of the difference of these two
functions (which lies in L'(T; £(U))) as follows:

2

<u1, / [D(eia)*JD(ew) —Dyp (eie)*APDm, (ew)} e dp uz>
0 U
27
= /<’U,1, [D(eie)*JD(eiG) _D¢P (6i9)*APD¢P(€i0)] eip9u2>U do = 0
0

for all uy,us € U and p € Z. Proposition 63 implies that
[D(eie)*JD(ew) — Dy, (e”)*ApDy, (eie)] u =0,

for all w € U and ¢ € T \ E,, where mE, = 0. Choose a countable dense
subsequence {u;} € U, and define the exceptional set £ := U;E,; of measure
zero. Because D(e?)*JD(e?) — Dy, (e??)*ApDy, () € L(U) for all e €
T\ E', mE’ =0, we conclude now that

D(e)*JD(e") = Dy, () ApDy, () = 0
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e’ € T\ (E' UE), by the density of the sequence {u;}. This completes the
proof. O

Corollary 140. Let J be a self-adjoint cost operator. Let & = [f‘g ng] be an
output stable and I/0 stable DLS. Furthermore, assume that the input operator
B is Hilbert—-Schmidt and the input space U is separable. Let P € Ricyy (P, J)
be such that ¢p is output stable.

If Ap > 0 then ¢p is I/0 stable, and we can write P € ric(®,J). Furthermore,
we have the inclusion

(3.26) {P € Rico(®,J) | Ap > 0} C rico(®, )

Proof. By Proposition 139, D(e'®)*JD(e?) = Dy, (e??)*ApDy, (e?) a.e. e €
T. By the assumed I/O stability of ®, esssup,iocr ||D(€?)|| < 0o. We con-
1 ,

clude that esssup,ioc ||[A 3Dy, (€¥)]| < co. The output stability of ¢p and the
Hilbert—Schmidt compactness of B imply that A2Dy, (e?) € H?(T; L(U)), by
Corollary 131. Now [77, Theorem 4.7A], as used in Lemma 122, implies that
A%3Dy, (e??) € H®(T; L(U)). Because Ap has a bounded inverse, Dy, (%) €
H>(T; L(U)).

To verify inclusion (3.26), note that Proposition 136 implies that ¢p is output
stable. Because La p = 0, then P € Ricy,(®,J). Now the first part of this
Corollary implies that ¢p is I/O stable, and so P € ric(®, J). The proof is now
complete. O

A slight modification of the proof verifies also
(3.27) {P € Ricoo(®,J) N Ricyw(®,J) | Ap > 0} C ricoo(P®, J) N ricy, (P, J)

under the assumptions of the previous corollary. If range (B) = H, then this
reduces to inclusion (3.26), by claim (iv) of Proposition 109. We also have:

Corollary 141. Let J > 0 be a cost operator, and ® = [fg BTD*j] be an output

stable and I/0 stable DLS. Furthermore, assume that the input operator B €
L(U; H) is Hilbert-Schmidt, and the input space U is separable.

(i) The set rico(®,J) of regular H> solutions is downward complete in the
sense that if P € Rico(®,J), P >0, then

{P € Ric(®,J) | 0 < P < P} Crico(®,J).
(ii) In particular, if a reqular critical solution PS™ € rico(¢, J) exists, then

(3.28) {P € Ric(®,J) | 0< P < P} C rico(®, J).
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Proof. To prove claim (i), let P € Ricy(®, J), P > 0 be arbitrary. But then for

any P € Ric(®,J) such that 0 < P < P and g € H we have

1P ATy [3 = (Ao, Ao < (A PATo,w0) < || A P A woll - |l I,

which approaches zero as j — oo, because L , 5 = 0 by assumption. Thus L4 p
exists and vanishes. Because J > 0, it follows that Ap > 0 for all nonnegative
P € Ric(®,J). An application of Corollary 140 proves now claim (i). The other
claim (ii) is just a particular case. O

In Theorem 188, we consider the converse inclusion of formula (3.28). This gives
us a full order-theoretic characterization of nonnegative regular H*° solutions,
under the indicated technical assumptions. Another result in this direction is
Lemma 191, showing that the set rico(¢, J) is, in a sense, an order-convex subset

of Ric(¢, J).
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3.6 Factorization of the Popov operator

Let ® be an output stable and I/0O stable DLS, and J a self-adjoint cost opera-
tor. In this section we show that there is a one-to-one correspondence between
certain factorizations of the Popov operator D*.JD and certain solutions of the
H>DARE ric(®,J). It is worth noting that these factorizations do not depend
on the nonnegativity of the cost operator J.

The factorizations of the Popov operator have a number of useful consequences.
In Lemma 145 and its Corollary 146, we show that sometimes all interesting
solutions of DARE have a positive indicator. Proposition 147 gives results of
the (Ap, Apent)-inner-outer factorization for the I/O map of the spectral DLS

ép.

In Definition 68, the Popov operator was defined to be the Toeplitz opera-
tor 7 D*JD7y. We call the bounded shift-invariant (but noncausal) operator
D*JD (the symbol of the Toeplitz operator 74 D*JD7) Popov operator, too.

Theorem 142. Let & = [1‘(‘; ng] = (4 B) be an 1/0 stable and output stable

DLS. Let J € L(Y) be a self-adjoint operator

(i) To each solution P € ricy,(®,J), we can associate the following factor-
ization of the Popov operator

(3.29) D*JD =Dy, ApDy,,
where ¢p is the spectral DLS (of ® and J), centered at P.

(i) Assume, in addition that range (B) = H. Assume that the Popov operator
has a factorization of form

(3.30) D*JD =Dy ADy,

where

¢/ - (_f}{ ?) , Ke ‘C(Ha U)? A:A*’A_l € L(U),

is an I/0 stable and output stable DLS. Then ¢ = ¢pp and A = Ap for a
P € rico(®,J).
Proof. We prove claim (i). Let P € 1icy, (P, J). By Lemma 138, we have for

allm >0

(3.31) 7T[07m]'D* J’D?T[O’m] = W[O’m]’DZP APID¢P7T[07m] y
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where using the adjoints is legal because both D and Dy, are assumed to be
bounded. Let @ € ¢2(Z;U) be arbitrary. Then

||7T[0’m]ID* J,DT('[O’m]ﬂ, — ﬁ+D*JDﬁ+a||
< [m10,m D" ID(m(0,m) @ — Ty )| + [|(7(0,m) — T4)D* I D7l ) T4 |
< 7 0,m)PD*ID|| - |7 pmt1,000 8l | + [Tt 1,00) - T+ D" I DT 4|

Because both @ and #,D*JDr, 4 are in (?(Zy;U), it follows that
s — limyy— 00 70, D*J D7 (0,;n) = T+ D*JD7y. Similarly we obtain the limit
s — limy 00 T0,m) P, J P pMo,m) = T+ D, JDgpmy. The uniqueness of the
strong limit, together with equation (3.31), gives now factorization (3.29).

To prove the other claim (ii), we show that there is a conjugate symmetric
sesquilinear form P(, ) such that for all @ € ¢*(Z,;U), zo € H

(332) J((Eo, ﬂ’) = P({E(), QC()) + <A(C¢/£L‘0 + D¢/7T(+’l~l,), (_a ; _)> )
assuming that the factorization (3.30) exists. Here J(zo,u) :=
(J(Cxog + D7yt),(—,,—)) is a cost functional, see Section 2.2. Suppose that

such a sesquilinear form P(, ) exists and try to find an expression for it. By
expanding (3.32) we obtain

(1) (i4)
(3.33) (C*JCxg,x0) + 2Re (T4 D* JCx, 0) + (T4 D* DT 0, )
= P(x0,x0) + <C;’;,AC¢/J:O, :c0> +
(ii4) (iv)
2Re (71 D} ACy o, i) + (71 Dy ADy 71 i, 1)

for all @ € ¢%(Z;U) and 7o € H because both ® and ¢’ are I/O stable and
output stable. By equation (3.30), parts (ii) and (iv) are equal. To compare
parts (i) and (iii), note that for z := Bw, w € dom (B), we have, because
B =By

(334) 7?+ID* JCx — 77T+ID:;/AC¢/J) = ﬁ+D* J??+IDW_TI} — 77'+,D;/A771'+,D¢17T_1I}
= ’fDr(D*JD — DZ;AD@)T(,@ =0
by (3.30), and the anticausality of D* and Dj,. Because range (B) = H it follows

that 7. D" JCx — 7. Dy, ACyx = 0, for all z € H, by I/0 stability and output
stability of ® and ¢’.

So the parts (i), (ii), (iii) and (iv) cancel each other out in equation (3.33). What
remains allows us to conclude that the sesquilinear form of equation (3.32) exists
and equals

P(xp,x0) = <(C*JC — C;,ACQy) xo,x0> =: (Pxg, x0),
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which gives us a unique self-adjoint operator P € L(H). We note that for all
To € H

<A*jPij07 130> = <JCAj$0, CAjJ)Q> — <AC¢IAjJ,‘Q, C¢/Aj$0>
= (J7,00]C20, T 00]C0) — (AT 00 Cor 0, T 00)Cr T0 ) -

By the output stabilities of ® and ¢, both 7[; .;Cxo — 0 and 7[;,0)Cerzo — 0
in 2(Zy;Y), (2(Z1;U), respectively. Thus <Pij0, ij0> — 0 for all zg € H,
by the boundedness of A~1.

We complete the proof by showing that P € Ric(®,J), and that K = Kp,
A = Ap. We have for Ap

Ap=D*JD + B*PB

=(D*JD+ (CB)*J(CB)) — (I"AI + (Cy B)*A(Cy B)) + A

= (Dmo + 7CB)*J(Dmg + 7CB) — (7o + 7Cy B)*A(mo + 7Cy B) + A

= 7_T+D*JD7T0 - 7_1'+D:;/AD¢/7T0 + A= A,
where the second to the last equality has been written with the identification

of spaces U and range (7g), allowing us to write Dmg = Dmy + 7CB. The last
identity follows directly from the factorization (3.30), and so Ap = A.

For Kp = Ap'(—D*JC — B*PA) we calculate similarly
(3.35) —D*JC — B*PA
=—(D*JC+ (CB)"JCA) + (—I"AK 4 (C¢ B)"ACy A) + AK

Now D*JC + (CB)*JCA = (Dmg + 7CB)*JC = (Dm)*JC = moD*JC. Quite
similarly —AK + (Cy B)*"An17°Cy = (Dyrmo)*ACyr = moDy ACy. Then we
obtain from (3.35)

(3.36) —D*JC — B*PA = —mo(D*JC — Dy ACy) + AK,

with the identification of spaces U and range ().

For all x = Bw = Byw, W € dom (B) = dom (By), we have

m0(D*JC — Dy, ACyr)x = mo(D*JD — Dy ADy)m b = 0,
by the factorization (3.30). Because range (B) = H, and mo(D*JC — Dj, ACy')
is continuous in H, it follows that vanishes in the whole of H. From (3.36) it

now follows that K = A~}(—D*JC — B*PA) = A;l(—D*JC’ — B*PA) = Kp
because A = Ap has been shown earlier.

It is now straightforward to show that P € Ric(®, J):
P(A:L‘o, Axo) — P(i[:o, {Eo)

= <7T+C{E0, J7T+C> - <7T+C¢/£L‘0,A7T+C¢/> - <C£C0, JC> + <C¢/£C0, AC¢/>
= <—K.230, —A KJ)Q> — <Cl‘0, JC$0> = <K;APKPJ)Q,J30> — <C*JCJ)Q,J)Q>.
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Because ¢’ is output stable and I/O stable, by assumption, and ¢p = ¢, it
follows that P is a H* solution: P € ric(®,J).

It remains to prove the final claim about the residual cost operator. Because ®
and ¢’ are output stable by assumption, we have

AYPAT = AYC*JCAT — A¥CY ACyr A
= (Re7C)* I (F47C) — (RymCo ) A7 LT Cyr)
= C*JT('[]*,OO]C — C;,Aﬂ'[j,oo]cqy.

Now s —lim oo Tj0c]C = 8 —limj oo 7[j,oc)Csr = 0, and immediately
Lap=s—1limj_ A¥PAJ = 0. This completes the proof. O

For analogous spectral factorization results, see [49, Chapter 19], [45, Theorem
4.6] and [36] together with its references. In claim (ii) of Theorem 142, a
requirement has been imposed on the spectral factor Dy of the Popov operator:
it must be realizable by using the same input structure as the original DLS ® and
all the spectral DLSs ¢p. It is necessary to make such an apriori requirement
explicitly. To see this, consider the trivial case when D = Z, the identity
operator of ¢2(Z;U). Then the Popov operator satisfies D*JD = T, if J = I,
the identity operator of U. Each inner from the left operator N is, by definition,
a spectral factor of the Popov operator Z. There is a multitude of such inner
operators; if U = C, then these are parameterized by sequences in D satisfying
the Blaschke condition and the singular positive measures on T. However, the
DLS & = ¢ can be very trivial, say ¢ = (J9). The DARE Ric(¢, I) is trivially
I = I, and all (self-adjoint) operators P € L(H) are its solution. However,
each of the spectral DLSs equal ¢p = (3 9), and only one spectral factor of the
Popov operator is covered by a solution of the DARE.

In the proof of Theorem 142, we never wrote down a state space realization for
the Popov function D(e?)*JD(e?). Suppose D(z) € H*>(D; L(U)) would be
analytic in an open set  C C, such that D C 2 and T\ (T N Q) is, say, a finite
set of points. Then the Popov function D(e?)*JD(e?) would have an analytic
continuation to a neighborhood of each e ¢ TNQ. This analytic continuation
is given by D(z~1)JD(z), and its realization ¢'°P°? can be formed by using the
formula for the product realization. Now, the connection between the DARE
and the spectral factorization of the Popov function can be studied by using
@¢T°Pov even for certain classes of unstable transfer functions D(z). However, a
general D(z) € H*(D; L(U)) does not allow this approach; there is a function
in the complex-valued disk algebra f(z) € A(D) that does not allow analytic
continuation to any set larger than D, and in fact the boundary trace f(e*)
can be smooth. Such a function is constructed in [78, Example 16.7]. Then f(z)
and f(z_l) are bounded analytic functions in open sets D and (D), with an
empty intersection.
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In a later result, Lemma 193, we shall need a different spectral factorization
result, associated to solutions P € ric(®,.J) that need not satisfy the strong
residual cost condition. The nonvanishing residual cost is included in the Popov
operator. To achieve this, we must first define analogues (in I/O form) to the
residual cost operator L4 p :=s — lim;_,oc A* PAJ.

Definition 143. Let J € L(Y) be a cost operator. Let ® = [4) BT/ | = (4 B)
be a DLS, and P € Ric(®,J). Let n,m > 0 be arbitrary. Define the linear
operators in (*(Zy;U)

L = (Br g )" P (BT wo,m))
and

Egn]); =s— lim Efbmjgn), Lo p:=s—lim Efbml)g,
? n— oo ’ m—oo ’
provided that the strong limits exists. The operator Lo p is the residual cost

operator (in I/O form), and the operator ng}, is the truncated residual cost
operator (in 1/0 form).

The operator Br*"'m(g ) : (*(Zy;U) — H is a finite sum of products of the
bounded operators A, B, the orthogonal projections 7;, and the unitary shift

7 in ¢?(Z;U). Thus it is bounded for all m,n > 0, and it follows that L:gz;")
always exists as a bounded operator.

Lemma 144. Let J € L(Y) be a cost operator. Let ® = [4) BT | = (A B) be
an output stable and I/0 stable DLS, and P € ric(®,J). Then

(i) Both the residual cost operators Lap € L(H) and Lo p € L((?(Z4;U))
exist.

(ii) We have the spectral factorization identity
[/¢7P + 77'+,D*JID77T'+ = 77T+,D;§PAPD¢P77T+.
The residual cost operator Lo p is a self-adjoint Toeplitz operator.

(iii) Assume, in addition, that range (B) = H. Then both B*Ls pA = 0 and
B*La pB =0 if and only if Lo p = 0 if and only if Lap = 0.

Proof. Because P € ric(®, J), the residual cost operator L4 p exists by Propo-
sition 110. We prove the rest of claim (i) and claim (ii) simultaneously. Let
zo € H and {u;};>0 = @ € ¢*(Z4;U) be arbitrary. Denote z; = x;(zo, %) =



3.6. FACTORIZATION OF THE POPOV OPERATOR 167

AJxo+ B4 the trajectory of the DLS ® with this given initial state and input.
We have in claim (i) of Proposition i for all n > 0
(3.37) (Pxg,x0) — (PZn, Tn)
n
= <J(C$j +Duj),ij +DUj>

|
-

=Y (Ap(=Kpaj +uy), —Kpa; +uy)).
j=0

3 .
= o

We now set zp = 0 and assume that the inputs are of form 7 ,,,% for some fixed
m > 0 and arbitrary @ € ¢2(Z,;U). In this case, (Pxg,z9) = 0 and equation
(3.37) takes now the form

<PBT*n7T[0,m]a’ BT*nT([O’m]ﬂ,> + <J'D7T[0’m]’0,, W[o,n71]7777[0,m]ﬁ>e2(z+;y)
= (APDy 70,m) s (0,0 -11 D To,ml 1) g2,y -
because z,, = BT*" g ) U

Both the operators Do ;) and D, 7o, m) are bounded, because ® and ¢p are
I/0O stable DLSs by assumptions. Also the operators B7*"g,,) are bounded,

as has been discussed after Definition 143. So the adjoints (BT*nﬂ'[o,m])*, D*
and (2 make sense, and we can write

(L8700, @) + (7o myD* I 1 D0 ) W) 1 7,y
= <7T[0,m]D;>P APTr[O,nfl]Dtﬁp 7T[O,m]aa a>[2(z+;y) 5

by Definition 143. Because @ is arbitrary, and all the operators EEIT};n), D and
Dy, are bounded, [79, Theorem 12.7] implies that

(3.38) ‘CEITI;m = —W[O’m]'D*J . W[O,n—l]DW[O,m] + W[O,M]D:;PAP . W[O,n]D¢p7T[O,m]

for all m,n > 0. Because D is bounded, s — lim;, .00 7(0,n—1)D70,m] = D7[0,m
and s — limy— 00 M(0,n—1)DgpT[0,m] = DgpTo,m)- But then, the strong limit in
the right hand side of (3.38) exists, and we conclude that the residual cost
operator EEI,”}@F), € L((*(Z4;U)) exists as a bounded operator. We obtain

(3.39) ;ng); = —W[O,m]'D*J'DT{'[O,m] + W[O,m]D;pAPD¢P7T[O,m]

for all m > 0. We proceed to show that s — lim,—oc g, P J D7 ) exists
and equals the Popov operator 7y D*JD7. For all m > 0 and @ € (2(Z;U),
we have

17 (0,m) D" J Do gy @t — T4 D" I DTy 1] |2z, 1)
< 1mj0,m) D" I DTt 1,00) Ul le2(z 50y + [Tt 1,00 D7 I DAL 02z, 0)
< ||‘]||C(Y) ) ||D||£2(Z;U)H€2(Z;Y) : ||7T[m+1,oo]a||£2(z+;U)

+ 1Tt 1,00) - T+ D IDTLU |02z, 1)



168 CHAPTER 3. SPECTRAL FACTORIZATION

Because both @ and 7.D*JD7.u belong to ¢*(Z;;U), the right hand
side of the previous equation converges to zero as m —  ©0.
It follows that s — limy,—cc T,mD*J D7, = 7+D*JD7y and similarly
s — limy,— oo W[O,m]D;P JDypTM(0,m) = 7_T+D(’;P JDy, 7. Because the right hand
side of equation (3.39) converges strongly as m — oo, we obtain the spectral
factorization

(3.40) Lo p=—71D" D7y + 7Dy ApDyp7y

where Lg p is the residual cost operator in I/O form, as introduced in Definition
143. Clearly Lo p is a self-adjoint Toeplitz operator, because the right hand side
of equation (3.40) is such an operator. This proves claims (i) and (ii).

We proceed to prove claim (iii). We first calculate the block matrix elements
(£q>,p)jhj2 = 7j,Le pmj, of Lop for ji,jo > 0. Let @, € (*(Z4;U) be
arbitrary. Then

E . . ~7 ~> = _1' ﬁ(m) . . ~, . a7
<( ‘I’7P)]17J2u w 02(Z:U) <<SmH£1 o.P Ty Uy Ty W Pz

= ( tim (L5 0) w0

m—00

= Tim (L8, 0, 0) .
>£2(Z+;U) m—oo \" PPN 7y
But if m > jq, then ngl]);ﬂjlﬂ = Eg,lj)gﬂjld. It follows that the sequence in the
right hand side of the previous equation stabilizes, and for m > max (j1,j2) we
get

= <£51>m1)37fj1117 Wj2w> = <<S - 1im£51>m15n)) - Uy 7Tj2U7>
’ £2(Z4;U) n—oo ' 02(Z330)

—_/n (mmn)__ ~ ~ _ % (mmn)__ ~ ~
N <nh~>n,olo (ﬁ‘gpn 7leu)’ﬂjzw>z2(Z+;U) = <£;’1Pn leu’ﬂj2w>

2(Z24;0)

= lim <PBT*(n7j171)7T,1’T*(j1+1)’l~l,, BT*(”szfl)ﬂ,lT*(j2+1)1D>

n—oo

H.

But now Br*("=i=Ug_; = Br*n—i-Vp_.qp_ | = AV I 1Br_; = A" 1Bn_,,
where be have used Br_1 = Bn_1. Now, if j := max (j1, j2), then

<(£<I>7P)j1,j2 b w>42(Z+%U)

— lim <A*("—j—1)PA"—j—1 . AI— Bﬂ_17*<j1+1>a,Aj—ngﬁ_lT*(jﬁl)@
H

= <(s — lim A*<"j1>PA"j1> - AT B g Ajszﬂ'_lT*(szrl)’J)>

n—oo

— <LA b A0 B g Aj*jZBw,lT*(h“)@ .
5 ? H

H
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This gives for the block matrix elements of L& p the expression

(3.41) <(ﬁ<1>,P)j1,j2 “v w>e2(z+;U)

e A
(3.42) = <7r]23 A*G=i L, p AT=D By u,w>£2(z+;U),

where j = max (j1, j2) and @, W € ¢?(Z;U) are arbitrary.

If both B*La pA =0 and B*L4 pB = 0, then all the block matrix elements
(Lo, p)j1 ;, vanish, by equation (3.41). By a straightforward density argument,
the bounded operator Lo p is seen to vanish.

Assume that Lo p = 0. Then all the block matrix elements (,C<I>’p)j1’j2 for
Ji,J2 > 0 vanish by their definition, and equation (3.40) implies that
B*LA,pAkB = 0 for all £ > 0. It follows that B*L4 pBu = 0 for all u €
dom (B), and thus B*L 4 px = 0 for all = € range (B). Because B and L4 p are
bounded, and range (B) = H, it follows that B*L4 p = 0, and also L4 pB =0

because L4 p is self-adjoint.

It is easy to see that A*'La pA7 = L4 p for all j > 0. Thus A¥Ls pA’B =
LapB =0 and immediately B*A**L 4 pA’B = B*A**=3) . AL 4 pAVB = 0
for all k& > j. By adjoining, we see that B*A**L 4 pAIB = 0 for arbitrary
J,k > 0. But this implies that (L4 pBi, Bi), = 0, for all & € dom (B). By the
assumed approximate controllability range (B) = H, boundedness of L4 g, and
[79, Theorem 12.7], it follows that L4 g = 0.

Trivially, if L4 g = 0 then both B*L4 pA = 0 and B*Ls pB = 0. This
completes the proof. O

Recall that in Propositions 111 and 112 we asked whether the indicator Ap and
the DLS ¢p uniquely determine the solution P € Ric(¢,J). Under the indicated
additional assumptions, claim (iii) of Lemma 144 provides an answer to this.
Under the approximate controllability range (B) = H, it is exactly the solutions
P € rico(¢, J) (in the set ric(¢p, J)) that give us a spectral factorization of the
Popov operator 7 D*JD7 .

We proceed to consider the inertia of the indicator operator.

Lemma 145. Let J be a self-adjoint cost operator. Let ® = [1‘(‘; BTD*j] be an
I/0 stable, output stable and J-coercive DLS, such that the input operator B €
L(U; H) is Hilbert-Schmidt, and the input space U is separable.

Then there is a decomposition of U as an orthogonal direct sum U =U; @ U_,
such that for each P € ricy,(®,J), there is a boundedly invertible operator
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Vp € L(U) satisfying

LI 0
Ap:VP[J _I} Vp,

where I, (I_) is the identity of U, (U_, respectively). In particular, if Ap, > 0
for some Py € ricyw (P, J), then Ap > 0 for all P € ricy, (P, J).

Proof. Let Py € ricyw (P, J) be fixed, and P € 1icy, (P, J) be arbitrary. Now,
¢p, 1s output stable and I/O stable, because Py € 1icy, (P, J), by assumption.
The input operator of ¢p, equals the Hilbert—Schmidt operator B. Because the
feed-through operator of any spectral DLS is identity, it is definitely boundedly
invertible. We proceed to conclude that the spectral DLS ¢p, is Ap,-coercive.
By Proposition 139, we have the factorization of the Popov function

D(e) ID(e") = Dyp, (ew)*APquPO () ae. €’ ecT.

Because both ® and ¢p, are I/O stable, we conclude by using the unitary Fourier
transform that
(4 D" DT 48, ) g2z, vy = <7_T+D;>P0AP0D¢P07_T+&’ﬁ>z2(Z+;U)

for any @ € ¢?(Z;U). Thus there is equality of the bounded self-adjoint oper-
ators 7. D*JD7y = 77'+'D;§PO ApyDyp, 7+, and the assumed J-coercivity of @ is
equivalent to the A p,-coercivity of ¢p,. By claim (i) of Lemma 134, we conclude
that Dy, (€)1 exists a.e. € € T, and in fact the boundary trace function
satisfies Dy, (e®®)~1 € L>°(T; L(U)). Similarly, Dy, (e??) has a bounded inverse
for almost all ¢’ € T, too.

Because Ap, is self-adjoint and boundedly invertible, we can work with the
spectral projections of Ap, on the disjoint spectral sets in negative and positive
real axes. This gives Ap, = Ay — A_, where A, € L(U;), A_ € L(U-), and
both are positive invertible operators in their respective spectral subspaces that
are reducing. Now

an=ve |y v
where V* = [A?lr Aﬂ : Uy @ U_- — U has a bounded inverse. By Proposition
139, we can choose €% € T from a set of full Lebesgue measure, such that
Dy, (€°) Ap, Dy, (€7°) = Dy (%) Ap Dy, ().
As discussed above, €% € T can be chosen from a set of full Lebesgue measure
so that both Dy, (e%) and Dy, (¢%) are boundedly invertible. We now have

; 00y —1\* |1 0 i 00—
(VDo (0o ) [ | (7D (D00 ™)) =
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This proves the claim because Vp := VDgy, (€9)(Dy, (e%)~1 is boundedly
invertible. The claim involving the positivity of the indicators is now a triviality.
([l

By dimension counting, we immediately see that if either of the spaces U, U_
is finite dimensional, then the dimension will be an invariant of all the solutions
P € ricyy (P, J). For an analogous matrix result, see [49, Corollary 12.2.4].

Corollary 146. Let J € L(Y) be a self-adjoint operator. Let ® = [1‘(‘; ng] be
an output stable, I/0 stable and J-coercive DLS. Assume that the input operator
B e L(U; H) of ® is Hilbert-Schmidt, and the input space U is separable. Then
the following are equivalent

(i) 7+ D*JD7y > emny for some € > 0,

(ii) the regular critical solution P§™™* := (C)" JC € ricy(®, J) exists, and
its indicator Apocrit is positive, and

(iii) the solution set 1iCy., (P, J) is not empty, and all P € ricy, (P, J) satisfy
Ap > 0.

Proof. We first show that (i) implies (ii). Assume (i). Corollary 118 implies
that the equivalent conditions of Theorem 114 hold, and in particular a critical
Pt € Ricy, (®,J) exists. Proposition 115 implies that we have the regular
critical solution P§t := (C)"JC € rico(®,.J). Thus the solution set
T1Cyu (P, J) is not empty. By Theorem 142, 7‘r+X*Ap0cm X7y =714 D*JD7wy >
emy where X := Dy ., is outer with a bounded inverse. By the boundedness
0

and shift-invariance, also X*ApeicX > €I, and then Apeic > eX X =
e(XXx *)71 > 0, where A perit is regarded as a static multiplication operator on
(?(Z;U). Immediately, Apese > 0 as an element of L(U), too. Thus claim (i)
follows.

Assume claim (ii). Then P§' € rico(®, J) C ricyw (P, J) exists, and the latter
set is not empty. Because the input operator B is Hilbert—Schmidt, an appli-
cation of Lemma 145 proves now claim (iii). Assume claim (iii). Then there is
a Py € 1icy, (P, J) with a positive indicator. By Theorem 142, 7, D*JD7, =
T+ DG, ApyDyp, T+ > 0. But by the assumed J-coercivity of @, claim (i) fol-
lows. O

We remark that claims (i) and (ii) of Corollary 146 are equivalent even if the
input operator B is not Hilbert—Schmidt and U is not separable.

There is a one-to-one correspondence between (.J, S)-inner-outer factorizations
of D = N'X (with the outer part having a bounded inverse X 1) and S-spectral



172 CHAPTER 3. SPECTRAL FACTORIZATION

factorizations of the Popov operator D*JD, see Proposition 82. Applying this
to the spectral DLSs gives the proposition:

Proposition 147. Let & = [AJ BT*J] be an I/0 stable and output stable DLS.
Let J be a self-adjoint operator. Assume that the equivalent conditions of The-
orem 114 hold, and by P§** := (CH)* JCIt € rico(®P,J) denote the reqular
critical solution. Let P € 1icy, (®,J) be arbitrary. Then

(i) Dyp has an (Ap, A perie )-inner-outer factorization given by

Dy, = NpX,

where X = D¢Pcm is 1/O stable, and Np := D¢PD_ -

conditions of Theorem 114 hold for the DLS ¢p cmd the cost operator
Ap. The outer factor of Dy, does not depend upon the solution P. Both
range (Dg,74+) and range (Dy,.) are closed.

. The equivalent

(i) If, in addition, the input operator B is Hilbert—Schmidt and the space U
is separable, then range (Dy,) = (*(Z;U), and Dy, has a bounded shift-
invam’ant inverse on (*(Z;U). If J > 0, then normalized inner factor

A? /\/pA

Pt is inner from both sides.

(iii) X (X~1) is the I/O map of the spectral DLS ¢ prit (qb;,clrit, respectively),
0
with the realizations

A B . Aperic B)
crit = 5 crit — 0 ’
Pp; (—K pis I) O (K poe

and Np is the I/O map of the DLS

¢ (b_l _ Apézrit B
PP = \Kpow — Kp 1

wher@ AP(():rit = A + BKP(():rit .

Proof. To prove claim (i), we note that we have the factorization of the Popov
operator, for all P € 1icy, (P, J)

D*JD = D;pA’PD(z)P = DZPSM APO““D¢p§ric7

by claim (i) of Theorem 142. But then, X' := D%mt is a A perie-spectral factor of
D, ApDy,, and then, by Proposition 82, Dy, = NpX where Np := Dy, X!
is a (Ap, Apent )-inner-outer factorization, and the outer part has a bounded

inverse. Both range (D, )7+ and range (Dy,) are closed because ¢p is Ap-
coercive, by Proposition 69.
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In order to prove claim (ii), note that claim (ii) of Proposition 135 implies that
range (Dy,) = (?(Z;U), because ¢p is Ap-coercive, the feed-through operator
Dy, (0) = I has a bounded inverse and the input operator B of ¢p is Hilbert—
Schmidt. If J > 0, then both the indicators Ap and A pgriv are positive, by

Corollary 146. It follows that AI%;,N pA;flrit is inner from both sides, by claim
0
(ii) of Lemma 134.

To prove claim (iii), Proposition 17 is used. Only the claim concerning Np is
somewhat nontrivial, and the outlines are given below. For a more complete
presentation using the same technique, see the proof of (ii) of Proposition 148.
First, the product DLS qbpgﬁ;gm is written

[A BKP[;:rit :| |:B}
op (b;glric = 0 AP(():rit B
[_KP KPSrit ] I

Its the semigroup generator is seen to satisfy

A BEpg) [A Ap - A
0 AP(():rit 0 A‘7F>(():rit

Finally, looking at the Taylor coefficients of the I/O map, we see

AT AL — AT TR ;
[—KP Kpgrit} 0 1)4‘1-3““ |:B:| = (KPSrit, - KP)APOcrit B.
0
We consider this claim to be proved. [l

Let P € ricy, (P, J) be arbitrary. To the spectral DLS ¢p, we can associate a
critical control problem with the cost operator Ap, see Section 2.2. It follows
from Proposition 147 and Theorem 114 that if one of these problems is solvable
(in the sense of Theorem 114), then they all are, together with the original
critical control problem associated to ® and J. This is true just because all the
I/O maps have the same outer factor X, if they have such factorization at all.

In Proposition 147, a particular fixed regular critical solution P§™t € rico(®, J)
was picked and the proposition was formulated relative to this solution. One
should ask whether we would have obtained another factorization Dy, = NpX’
for another critical solution, say Ps''* € Ricyw(¢,J). The answer in negative.
In the proof of Corollary 116, we have seen that the indicators of the critical
solutions are all the same: Apeie = Apeic. Then we might have two different
(Ap, Apent) -inner-outer factorizations Dy, = NpX = NpAX’. However, the
feed-through parts of both X and X’ are normalized to identity operator I, and
this implies by Proposition 83 that X = X’ as I/O maps. It now follows that
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the factor AMp does not depend on the choice of the critical solution. However,
the realizations ¢ perit, ¢ pgrit for X, X’ might be different, because the feedback
operators Kperit, K perit might differ. However, this can happen only in the or-

thogonal complement of range (B). So, if range (B) = H, then Kpeiw = Kperie
as in the proof of Proposition 116, and the possible nonuniqueness ! of the real-
izations disappears.

The following proposition gives us realizations for chains of certain I/O maps.
It is instructive to compare the DLS ¢p, p, to the realization of Np, given in
claim (iii) of Proposition 147. We remark that the following tedious calculations
depend on the properties of the Riccati equation only in a very implicit manner,
if at all.

Proposition 148. Let ® be an DLS, and J self-adjoint. Let Py, Py, Py €
ric(®, J) be arbitrary. Define the DLS

5 B Ap, B
PrPe = \Kp, — Kp, I

and we denote Np, p, := Dy, p, . Then

(i) 1;11,P2 = sz,Pu
(”) NPl,Pszz,Ps :NPI;PS’

(iii) Assume, in addition, that the conditions of Theorem 114 hold. Then
Np, perie = Np, is the (Ap,, Apee)-inner factor of Dy, Also Np,Np! =
Py, Py -

Proof. To prove claim (i), use claim (i) of Proposition 17. A direct calculation
gives

¢ Ap, — B(Kp, — Kp,) B\ _ Ap, B — ¢
PP —(Kp, — Kp,) 1) \Kp —Kp, 1) "M

proving claim (i). To verify claim (ii), claim (ii) of Proposition 17 is now used.
We obtain

_ AP2 B AP3 B
(3.43) PPy, PP, Py = (KP2 — Kp, I) (Kp3 —Kp, I
Ap2 B(KPg - KPQ) B

[(sz _KPI) (Kps _sz)} I

Now we have to consider the I/O map of the product DLS ¢p, p,¢p, p,. We
first see that its feed-through operator I is that of Dy, ... The rest is studied
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by applying the Taylor series formula (1.7) for the I/O map of a DLS on the

right hand side of (3.43). The whole trick lies in noting that the semigroup

Ap, B(Kprpz)} _ [APQ Apy—Ap,
. =

generator satisfies [ Ar, o Ary }, and we have for the

block matrices of this kind
J _ |:AP2 AP3 - AP2:|j _ Aijg Aij\; - Aijg

(ppy,Pydry.P5) 0 AP 0 Aj
Ps

3

for all j > 0, as can easily be shown by induction. We now obtain for all j > 0

C(¢P11P2¢P2>P3)Az(bPl,P2¢P2,P3)B(¢P11P2¢P21P3)

Al AL — AL | [B
= [(sz - KP1) (KP3 - KPz)] éDz PsAg;:} = |:B:|
= (sz - Kpl)A§32B+ (sz - KP1)(A§33 - A%%)B
+(Kp, — Kp,) A}, B
= (KPQ - KPl)Az%,B + (KP:s - KP2)A§33B
— (Kp, — Kp,) A% B.

But these equal the corresponding coefficients of ¢p, p,, and claim (ii) is proved.
Claim (iii) follows immediately from claim (iii) of Proposition 147. The last
claim follows from the previous claims: NpNp' = Np PN g, 1 perie
Npl,PgritNPSri"7P2 :NPhPQ. D

The I/O maps of the DLSs ¢p, p, will play a crucial role in Chapter 5.
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3.7 Notes and references

Spectral factorization and DARE

Let ¢ = (4 B) be an output stable and 1/O stable DLS, and J € L(Y) a cost
operator. In the present chapter, we have developed a spectral factorization
theory for the Popov operator D} .JD,, of DLS ¢ on infinite dimensional separable
Hilbert spaces. We have seen that a subset rico(¢, J) C Ric(¢,J) of the regular
H®° solutions of the H*DARE

A*PA—P+C*JC = KiApKp,
(3.44) Ap = D*JD + B*PB,
ApKp = —D*JC — B*PA,

can be used to parameterize (at least a nontrivial subset of) the stable spectral
factors. Under nonnegativity assumptions, we have given characterizations of
the subset rico(¢, J) in the full solution set Ric(¢,J).

We now briefly discuss the literature relating to spectral factorization and al-
gebraic Riccati equations. The general idea of using the (matrix) Riccati equa-
tions for the canonical and spectral factorization of rational transfer functions
is quite old. Both the continuous and discrete time finite dimensional case is
considered in [49, Chapters 10 and 19] (Lancaster and Rodman, 1995) and the
references therein. At the end of both chapters, a short account for the history
of such factorizations is given. For the classical existence results and applica-
tions of canonical factorizations of matrix-valued meromorphic functions, see
[16] (Clancey and Gohberg, 1981). Some computational aspects of the spectral
factorization are considered in [101] (M. Weiss, 1994). The discrete time infi-
nite dimensional result [45, Theorem 4.6] (Helton, 1976) is closely related to our
Theorem 142 on the spectral factorization, but the information structure of the
system and DARE is that of a LQDARE
S5 A*PA—P+C*JC = A*PB-Ap' - B*PA,

(3:45) Ap = D*JD + B*PB,

where the input is penalized by direct cost. The reasons why we discuss the more
general DARE (3.44) instead of LQDARE (3.45) will be discussed in Section 4.9.
In [45, Theorem 4.6], a “nonvanishing residual cost” has been included in the

Popov function, whose spectral factor is to be calculated. A similar modification
can be done to Theorem 142, see Definition 143 and Lemma 144.

The related results in [36] (Fuhrmann, 1995) and [39] (Fuhrmann and Hoffman,
1997) seem to be most complete. A reference to an earlier spectral factorization
paper [26] (Finesso and Picci, 1982) is also given there. Spectral factorization
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of continuous time infinite-dimensional transfer functions are considered in [36]
by using an algebraic Riccati equation. The paper [39] deals with the discrete
time state space state space factorization of rational inner functions. There is
a considerable overlap between our results in [61], [62] and those given in [36],
[39]. We learned about this at MTNS98 conference (Padova, July 1998) in a
discussion with Fuhrmann, after the papers [61] and [62] (Malinen, 1998) were
completed in their original form and the related conference article [59] (Malinen,
1998) had been presented. In technical style and basic assumptions these works
are quite different from ours, which makes is a hard but a rewarding task to
compare the continuous time results of [36] to our discrete time results. It
appears that the results are in harmony to each other in a beautiful way.

Fuhrmann approaches the general structure from the minimal spectral factor-
ization point of view, rather that from the Riccati equation point of view that
we have adopted. In [36], unstable systems and spectral factors are parameter-
ized by solutions of an algebraic Riccati equation of a quite special kind. We
can roughly say that our work is more complete with respect to the Riccati
equations and classes of stable systems, whereas more general spectral factors
and unstable systems are considered in [36]. The work [36] is written under
the standing hypothesis of strict noncyclicity of the spectral function, known
as the Popov function in our work. This implies that the spectral function
has a meromorphic extension from the imaginary axis to the rest of the com-
plex plane. In [36, Theorem 2.1], this assumption is associated to the existence
of Douglas—Shapiro—Shields factorization of the spectral function, see [27], [35]
and [22] (Douglas, Shapiro and Shields, 1970). We remark that many results
such as [36, Theorem 6.1] are genuinely two-directional where our analogous
results Lemma 138, Proposition 139 and Theorem 142 are not. For example,
in Theorem 142 we do not prove that all spectral factors of Dj.JD, can be as-
sociated to a solution of DARE. Only those spectral factors are parameterized
by the solutions in rico(¢, J) that can be realized in a particular way, with the
original semigroup generator A and the input operator B of DLS ¢ = (4 B).
The full parameterization of the minimal spectral factors in [36] comes from
the additional minimality assumption of the used realization, and the use of a
state space isomorphism result that does not hold in the full generality in our
setting. The lack of a general state space isomorphism is quite disappointing,
and it makes the state space idea somewhat “too good to be true” for general
infinite-dimensional systems, see the discussion in [35, Chapter 3].

Further application of algebraic Riccati equations

A traditional application of the algebraic Riccati equation, associated to an
unstable system, is to find a (nonnegative) solution, such that the (semigroup
of the) closed loop system is (at least partially) (exponentially) stabilized; see
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e.g. [9] (Callier, Dumortier and Winkin, 1995), [23] (Dumortier, 1998), and
[107] (Wimmer, 1996), to mention a few possible references.

In this book, we mainly consider DARESs associated to an output stable and I/O
stable DLS ¢. The impetus to look into DARESs associated to stable systems
came to us from the works [83], [85] and [103] (Staffans and G. Weiss). The
feedback stabilization of (the semigroup or the I/O map of) an unstable DLS is
seen as a separate problem, to be discussed elsewhere. We assume that the DLS
¢ “already output and I/O stabilized” by some means — not necessarily by a
static state feedback law, induced by some (nonnegative, stabilizing, maximal
nonnegative) solution of the DARE. In this case, the stabilized system could
possess a nontrivial outer factor, and we conclude that a DARE theory dealing
with only inner I/O maps is not sufficient. We also remark that there exists
genuinely I/0 stable (discrete time) processes that need not be stabilized; con-
sider, for example, a (discrete time) Lax—Phillips scattering where the scattering
process is usually described by (a DLS that has an inner) H* transfer function.
Similar examples can be produced from realizations of the characteristic func-
tions of Cpp contractions. Because of the standing I/O stability assumption of
the DLS ¢, the connections to the operator-valued function theory become very
important, as will be seen in Chapter 4. We conclude that it would be quite
desirable to have a sufficiently general DARE theory of stable systems to deal
with these situations.

The application of and references to the algebraic Riccati equations in linear
quadratic control problems has already been discussed in Section 2.8. The alge-
braic Riccati equation appears (in an adjoint form) in the theory of the Kalman
filter for the stochastic state estimation, see [48, Section 2.6] (Kalman, Falb
and Arbib, 1969), [5, Chapter 10] (Bitmead and Gevers, 1991) and the refer-
ences therein. The latter reference contains a nice overview of the various types
and applications of the (matrix) algebraic, difference and differential Riccati
equations, both in continuous and discrete time.



Chapter 4

Inner-Outer Factorization

4.1 Introduction

Let ¢ := (4 B) be an output stable and I/O stable DLS and J € L(Y) a
cost operator. In Chapter 3 we defined an algebraic Riccati equation, called
H*DARE and denoted by ric(¢, J). It appeared that some solutions of an
H>DARE are more interesting than others; these are the H*> solutions P €
ric(¢, J) C Ric(¢, J) and the regular H* solutions P € rico(¢, J) C ric(g, J).
Then the solutions P € rico(¢, J) are associated to the stable spectral factor-
izations of the Popov operator D JDy. The main theme of this chapter is to
connect a subset

{P € rico(¢,J) | P >0} C rico(¢,J)

to the factorizations of the I/O map Dy into causal, shift-invariant and I/O
stable factors. As a result, we obtain a theory of the regular H*® solutions of
a H*DARE and simultaneously, an inner-outer type state space factorization
theory for operator-valued bounded analytic functions.

In Chapter 3, many of the results did not require that the self-adjoint cost opera-
tor J € L(Y) is nonnegative. However, in this chapter it is almost a standing hy-
pothesis that .J is nonnegative, and the Popov operator 7, Dy JDym is bound-

edly invertible on ¢2(Z; U). This is a sufficient condition for the existence of the
regular critical solution P§'it := (C;ﬁt) JCG € rico(¢, J), by Proposition 117.

As in Chapter 3, the input space U can be allowed to be infinite-dimensional,
provided that the input operator B of ¢ is Hilbert—Schmidt.

We give a short outline of the contents of this chapter. To each solution P €
Ric(¢, J), two families of algebraic Riccati equations are introduced in Section

179
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4.2. These are associated to the spectral DLS ¢p and the inner DLS ¢, centered
at the solution P € Ric(¢,J). For the definitions of ¢p and ¢, see Definition
95. The spectral DARE Ric(¢p, Ap) is the DARE associated to the ordered pair
(¢p, Ap), where the cost operator Ap := D*JD + B*PB is the indicator of the
solution P. Analogously, the inner Ric(¢”,.J) is associated to the ordered pair
(#T, J). The solution sets of spectral and inner DAREs have natural relations to
the solution set P € Ric(¢, J) of the original DARE, see Lemmas 156 and 157.
The transitions from the original DLS ¢ to the inner DLS ¢ and the spectral
DLS ¢p are basic operations that we use in Section 4.6 to obtain order-theoretic
descriptions of the solution (sub)set rico(¢,J) C Ric(¢,J). The results of
Section 4.2 are proved by algebraic manipulations, and do not require DARE
Ric(¢,J) to be a HXDARE.

We remark that if the spectral DLS ¢p, (the inner DLS ¢¥) is I/O stable and
output stable, then the DARE Ric(ép,J), (Ric(¢?,J)) is a H*DARE, and it
is associated to the critical control problem of DLS ¢p with cost operator Ap,
(DLS ¢ with cost operator J, respectively). Recall that for P € Ric(¢,J),
¢p is 1/O stable and output stable if and only if P is a H solution, by Def-
inition 107. For this reason it is important that, under technical assumptions,
all “reasonable” solutions P € Ric(¢,J) are shown to be (even regular) H>
solutions, see Corollary 140 and Equation 3.27. We conclude that the question
whether the spectral DARE Ric(¢p, Ap) is an H*DARE has already been set-
tled in Chapter 3. It requires further study to give analogous conditions for the
inner DARE Ric(¢, J) to be a H*°DARE, and this study is carried out in the
present chapter. When this is done, we will have shown that the general class
of H*DARE:S is closed under the transitions to spectral and inner DAREs at
regular H> solutions P € rico(¢, J).

A fair amount of stability theory for DLSs is needed for the further results.
This is provided by the scratch of an infinite-dimensional Liapunov equation
theory of Section 4.3. An essential part of the Liapunov theory is based on
monotonicity techniques, requiring the nonnegativity of the cost operator J,
or some closely related assumption. By Corollary 167, we conclude that ¢* is
output stable if P € Ric(®,J) is nonnegative and the cost operator J > 0 has
a bounded inverse, under quite general assumptions. It requires more work and
stronger assumptions to make the inner DLS ¢© I/O stable and Ric(¢”,J) an
H*DARE.

The first main results of this paper are given in Section 4.4. We conclude that
each nonnegative P € rico(¢, J) gives a factorization of the I/O map

(4.1) J2Dy = J:Dyr - Dy,.

The causal, shift-invariant factor J%DW : 2(Z;U) — (%(Z;Y) is densely de-
fined, not necessarily I/O stable, but always strongly H? stable. This means
that the I/O map J %D¢p has a bounded impulse response, and the mapping
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J%D(bp : (1(Z;U) — (?(Z;Y) is bounded. If the input operator B of the DLS
¢ = (é 5) is a compact Hilbert—Schmidt operator, then this factorization be-
comes a partial inner-outer factorization where all factors are I/O stable, see
Lemma 171 and Theorem 173. In particular, the (properly normalized) in-
ner DARE Ric(Jz¢P,I) (which is equivalent to the inner DARE Ric(¢F,.J))
becomes now a H*DARE, provided P € rico(¢,J). A generalized H? factor-
ization is considered in Lemma 174. Furthermore, finite increasing chains of
solution in rico(¢, J) give factorizations of the I/O map of Blaschke-Potapov
product type, as stated in Theorem 175. However, neither the zeroes nor the
singular inner factor of the transfer function Dy (z) (whatever these would mean
in the present generality) play any explicit role in this construction.

In Section 4.5, we consider converse results to those given in the previous Sec-
tion 4.4. In Lemma 181 we show that for P € rico(¢,J), the I/O stability of
J %cﬁp implies that P > 0. Here, an approximate controllability assumption
range (Bs) = H is made. Theorem 182 is a combination of results given in
Sections 4.4 and 4.5. It states, under restrictive technical assumptions, that
among the state feedbacks associated to solutions P € rico(¢, J), it is exactly
the nonnegative solutions which output stabilize and I/O stabilize the (normal-
ized closed loop) inner DLS J %cﬁp . In other words, among the H solutions of
the DARE ric(¢, J), it is exactly the nonnegative P € ricy(¢, J) which give the
factorization (4.1) of the I/O map Dy so that all the factors are I/O stable.

In Section 4.6, we study the partial ordering of the elements of rico(¢, J), as
self-adjoint operators. The maximal nonnegative solution in the set rico (¢, J) is
considered in Corollary 186, and seen to be the unique regular critical solution
PgHit = (C(‘;rit)*JC;r“, if the approximate controllability range (By) = H is
assumed. An order-preserving correspondence between the set rico(¢, J) and a
set of certain closed shift-invariant subspaces of ¢?(Z;U) is given in Theorem
187, in the spirit of the classical Beurling-Lax—Halmos Theorem. An order-
theoretic characterization of the nonnegative elements of rico(¢, J) is given in
Theorem 188.

In Section 4.7 we consider the conditions when the spectral DARE
Ric(¢p,Ap) and the inner DARE Ric(¢”,.J) are H*DAREs. Furthermore,
the regular H*° solutions and the regular critical solutions of both the spectral
and inner DAREs are described. Our technical assumptions include approxi-
mate controllability range (B4) = H and the Hilbert—Schmidt compactness of
the input operator B of the DLS ¢ which is common to all inner and spectral
DLSs ¢ and ¢p. The case of the spectral DARE is dealt in Lemma 189 and
Corollary 190. As a byproduct, we see that the set rico(¢, J) is an order-convex
subset of Ric(¢,J) in the following sense: if Py, Py € rico(¢,J) with Py < P,
then all P € Ric(¢,J) such that P, < P < P; satisfy P € rico(¢,J). In
Lemma 192 it is shown that the inner DARE Ric(¢”,J) is an H*DARE if
P € rico(¢,J) is nonnegative and the cost operator J > 0 has a bounded in-
verse — in this case the same P is also the regular critical solution of DARE
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ric(¢?, J). The full description of the regular H> solutions rico(¢*, J) of the
inner DARE is given in Lemma 193.

In the final section, it is shown that the structure of the H*DARE ric(¢, J) and
its inner DARE ric(¢™0" ", J) is similar, where P§™t := (€5 JCgt € rico(¢, J)
is the regular critical solution. This means that the outer factor of the I/O map
Dy is nonessential, from the H*°DARE point of view. The treatment is similar
to that given in Lemmas 192 and 193 for general nonnegative P € rico(¢, J)
but now the cost operator J > 0 is not required to be boundedly invertible.

This result has an application in Section 5.7.

A preliminary version of the contents of this chapter is [62] (Malinen, 1999).
The conference article [59], containing many of the results of Chapter 3 and this
chapter, has been presented in MTNS98 conference (Padova, July, 1998).
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4.2 Chains of DAREs

In this section, we write down a number of algebraic properties associated to
iterated transitions to inner and spectral minimax nodes, DLSs and DLSs. The
algebraic Riccati equation, together with the spectral DLS ¢p and the inner
DLS ¢, has already been introduced in Section 3.2. The spectral DLS ¢p has
been extensively used in Chapter 3 because its I/O map gives spectral factors
for the Popov operator 7D} JDy7. For the inner DLS P we have not had
much application until now. The results of this section are proved by purely
algebraic manipulations, and do not require input, output or I/O stability of
any of the DLSs considered. The definiteness of the cost operator J does not
play any role, either. Later, in Sections 4.7 and 4.8, the analogous structure of
the H°DARE is considered, for J > 0.

We associate two chains of DARESs to a given DARE Ric(¢,.J). The elements
of these chains are called the spectral and inner DAREs. Both the chains are
indexed by the solutions P € Ric(¢,J). These new DAREs make it easy to
“move” in the solution set Ric(¢, J) of the original DARE, provided we can solve
these Riccati equations. The presented structure (in some form) are well known
to specialists in Riccati equations, but they are hard to locate in the literature.
For us, the presented chains of DARESs are invaluable tools in sections 4.4 and
4.6.

Because DARE Ric(¢,J) does not solely depend on the DLS but also on the
cost operator J, it is not sufficient to consider the DLS ¢ alone in this section.
Instead, we have to consider the pairs (¢, J) that we call minimax nodes. Each
minimax node defines a cost optimization problem, as defined in Chapter 2
for I/O stable DLSs. To this cost optimization problem, a Riccati equation is
associated in a natural way. We first define two operations on the minimax
nodes, and give their basic properties. The DARE is introduced in the familiar
form in Definition 153.

Definition 149. Let ¢ = (2 B) be a DLS with input space U, the state space H
and output space Y. Let J = J* € L(Y) be a cost operator. Let P = P* € L(H)
be arbitrary, such that the operator Ap := D*JD+ B*PB has a bounded inverse.

(i) The ordered pair (¢, J) is called the minimaz node, associated to the DLS
¢ and cost operator J.

(i) The spectral minimaz node of (¢, J) at P is defined by

(¢, )p = (<_}4(P ?) ;AP) :

where Ap := D*JD+ B*PB and ApKp := —D*JC — B*PA. The opera-
tor Ap is called the indicator of P, and Kp is called the feedback operator
of P.
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(i1i) The inner minimaz node of (¢, J) at P is defined by
p._ ((Ap B
(¢7 ‘]) T ((CP D) 7‘]> 9

where Ap := A+ BKp, Cp = C 4+ DKp, and Kp is as above. The operator
Ap s called the (closed loop) semigroup generator of P, and Cp is called the
(closed loop) output operator of P.

We call two DLSs equal, if their defining ordered operator quadruples (in differ-
ence equation form) are equal. Two minimax nodes are equal, if their DLSs are
equal, and the cost operators are equal. In this case we write (¢1, J1) = (¢2, J2).

To each self-adjoint operator P € L(H), two additional DLSs are associated:

Definition 150. Let (¢,J), Kp, Ap and Cp be as in Definition 149. Let
P = P* € L(H) be arbitrary, such that D*JD + B*PB has a bounded inverse.

(i) The DLS
A B
ori= (Lo 1)
is the spectral DLS, associated to the minimaz node (¢, J), and centered
at P.

(ii) The DLS

A B
o =(er 1)

is called the inner DLS, associated to the minimaz node (¢,J), and cen-
tered at P.

So, we can write (by definitions)

((bv '])P = (¢p,Ap), (¢7 ‘])P = (¢Pa‘])7

instead of formulae appearing in parts (ii) and (iii) of Definition 149. The
iterated transitions to inner and spectral minimax nodes behave as follows.

Proposition 151. Let (¢, J) be a minimaz node. Then the following holds for
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P1=P1*E£(H), PQZPQ*EL:(H) and AP == P, — P;.

@2 (@D"), =", = ((KplAflez ?) ’AP2> !

((0.)")" = (67 )" = (97,),
(44) ((¢7 J)Pl)Ap = (¢P17AP1)AP = (¢P2aAP2)7
(0. 7)p,)

AP Ap, B

E(¢P17AP1)APE ((sz_KPl I)vAP2>'

Py

Proof. As before, denote by Ap, Kp the indicator and feedback operator, as-
sociated to the minimax node (¢,J) and P € L(H). We start with proving
equation (4.2). By A p, and Kp, denote the indicator and feedback operator,
associated to the minimax node (¢f*,J) and P, € L(H). Tt is easy to see
that Ap, = Ap,. The feedback operator of the inner DLS ¢ at P, satisfies
f(p2 = Kp, — Kp, because

(4.6) Kp, = Ap! (-D*JCp, — B*P,Ap,)

= Ay ((=D*JC — B*P,A) — (D*JD + B*P,B)Kp,)

= Ay (Ap,Kp, — Ap,Kp,) = Kp, — Kp,,
where Ap, = A+ BKp, and Cp, = C + DKp,, by part (ii) of Definition 149.
Now (4.2) follows.

We proceed to prove equality (4.3). By part (iii) of Definition 149, we have

) Py APZ B
o= (7))

where the semigroup generator satisfies

Ap2 :Apl —|—ka2 = (A+BKP1)+B(KP2 —Kpl) =A+BKP2 :141327

and for the output operator we have

CPQ ZCpl —l—Df(pQ = (C+DKP1)+D(Kp2 —Kpl) :C+DKP2 ZCP2

because Kp, = Kp, — Kp,, as already shown in the proof of claim (4.2). This
proves claim (4.3).

From now on, let /~\A p and K Ap denote the indicator and feedback operator,
associated to the spectral minimax node (¢p,,J). Denote also AP := P, — P;.
Then
(4.7) Aap=1"-Ap, - I+ B*APB

=D*JD+ B*PiB+ B*(P, — P1)B = Ap,,
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and

(4.8) Ap,Kap = AapKap=—I*-Ap, - (~Kp,) — B'APA
=-D*JC — B*PiA— B*(P, — P))A = Ap,Kp,,

or K Ap = Kp,. But this gives for the spectral minimax node

A B\ - A
(¢P1aAP1)AP = (<_KAP I> 7AAP) = <<_KP2 ?) )AP2) )
P

and equality (4.4) follows. It remains to consider the minimax node (¢p,, Ap, )>F.
By part (iii) of Definition 149, we have

p,_ ((Aap B\ ;
(¢pysJ) _(<C'AP I);AAP>

where Axp = Ap, as above,
Axp=A+BKap=A+BKp, =A+ BKp, = Ap,,
and
Cap=—Kp, +Kap=—Kp, + Kp,.
This proves the final claim (4.5). O

The following “commutation” result will be important in applications:

Corollary 152. Let (¢,J) be a minimax node, and Py, P» € L(H) self-adjoint.
Then

((¢P1)P27P1 ;AP1> = ((¢PZ)P1 ;AP1> ~

Proof. This is an immediate consequence of formulae (4.2) and (4.5) of Propo-
sition 151. O

Now we have introduced the notion of a minimax node, and defined two algebraic
operations on such nodes: transition to inner and spectral minimax nodes. In
the following definition, a discrete time algebraic Riccati equation (DARE) is
associated to each minimax node in the familiar form, see Definition 105.

Definition 153. Let (¢,J) = ((& B),J) be a minimaz node. Then the follow-
ing system of operator equations

A*PA—P+C*JC =KyApKp
(4.9) Ap = D*JD + B*PB
ApKp = —D*JC — B*PA
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is called the discrete time algebraic Riccati equation (DARE) and denoted by
Ric(¢,J). The linear operators are required to satisfy AP,A;1 e L(U) and
Kp € L(H;U). Here P is a unknown self-adjoint operator to be solved. If
P e L(H) satisfies (4.9), we write P € Ric(¢,J).

As before, we use the same symbol Ric(¢,J) both for the solution set of a
DARE, and the DARE itself. This should not cause confusion. When we write
expressions such as

P e Ric(¢,J), Ric(¢,J) = Ric(¢,J), Ric(,J) C Ric(e, J),

the symbol Ric(¢, J) denotes the solution set. Clearly, different minimax nodes
can give the same DARE because the DARE depends on the operators C*JC,
D*JC, and D*JD, but not directly on C, D, or J. When two DAREs Ric(¢1, J1)
and Ric(¢pe, J2) equal in this way, we write Ric(¢1, J1) = Ric(p2, J2). We have

(¢1, 1) = (2, J2) = Ric(¢r, J1) = Ric(da, J2) = Ric(dr, 1) = Ric(¢2, J2),

and none of the implications is an equivalence. In particular, the equality
Ric(¢p, J) = Ric(¢, J) does not imply that the two Riccati equations were same,
and even less that the two minimax nodes were the same. If (¢1, J1) = (¢2, Jo),
then we write Ric(¢1,J1) = Ric(pz, J2).

The inner and spectral minimax nodes of an original minimax node (¢, J) give
rise to new DAREs: namely the inner and spectral DAREs, centered at the
self-adjoint operator P € L(U). In order to obtain something interesting, we
must now require that in fact P € Ric(¢, J).

Definition 154. Let (¢,J) = ((A4 B),J) be a minimaz node. Let P € Ric(¢,J)
be arbitrary. Let ¢p and ¢* as given in Definition 150, and by Ap, Kp denote
the indicator and feedback operators of P, respectively.

(i) The DARE Ric(¢,J)p := Ric(¢p, Ap)

A*PA— P+ KpApKp = K5ApKp
(4.10) Ap=Ap+B*PB

AsKp=ApKp — B*PA
is the spectral (¢,.J)-DARE, centered at P € Ric(¢,J). Here P is an
unknown self-adjoint operator to be solved.
(ii) The DARE Ric(¢,J)F := Ric(¢?,J)
ApPAp — P+ CpJCp = KEApKp
(4.11) Ap=D*JD + B*PB
ApKp=—-D*JCp — B*PAp,
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is the inner (¢, J)-DARE, centered at P € Ric(¢,J). Here P is an un-
known self-adjoint operator to be solved, and Ap := A+ BKp, Cp =
C+ DKp.

We start with discussing the spectral Riccati equation Ric(¢, J)p. The following
proposition is basic, and serves as a prerequisite for Lemma 156.

Proposition 155. Let (¢, J) be a minimaz node. Let P € Ric(¢p,J). Then
Ric(¢,J)p can be written in the equivalent form

A"PA=P+KphpKp =K} ;ApipKp p
Ap,p=D*JD+ B*(P+ P)B
Ap, pKp,p=—D*"JC — B*(P + P)A.

Proof. By equation (4.7), Ap = Ap, 5, and by equation (4.8), Kp = Kp, 5. O

Lemma 156. Let (¢,.J) be a minimaz node. Let P € Ric(¢,J) and P be a
bounded self-adjoint operator. Then the following are equivalent

(i) P+ P € Ric(¢,.J),
(ii) P € Ric(¢,J)p.

Proof. Assume claim (i). Because both P,(P + P) € Ric(¢,.J), we have by
Proposition 155

A"(P+P)A—(P+P)+C"JC =K}, ;Ap, pKp, 5,
A*PA—-P+C*JC = K;APKP.

Here Ag and K¢ denote the indicator and the feedback operator of the self-
adjoint operator @, relative to the original minimax node (¢, J). Subtracting
these two Riccati equations we obtain

A*PA—P—I—K;APKPZ ;+13AP+I5KP+15'

But now, by Proposition 155, P € Ric(¢,J)p, and claim (i) follows.

For the converse direction, assume claim (ii). Let P € Ric(¢,J), P € Ric(¢p,Ap)
= Ric(¢, J)p be arbitrary. By adding the DAREs Ric(¢, J) and Ric(¢, J)p we
obtain

A*(P+P)A—(P+P)+C*JC =K}, ;ApipKp, p

where Proposition 155 has been used again. Thus claim (i) immediately follows.
O
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The remaining part of this section is devoted to the study of the inner Riccati
equation Ric(¢,J)F. Given any P € Ric(¢, J), the relation between the solution
sets of Ric(¢,J)¥ and Ric(¢,.J) appears to be very simple.

Lemma 157. Let (¢,J) be a minimax node. Let P € Ric(¢,J) be arbitrary.
Then the following are equivalent:

(i) P € Ric(¢, J)",

(ii) P € Ric(¢,J).

Proof. We prove the direction (i) = (ii); the proof of the other direction is
obtained by reading this proof in the reverse direction. Let P € Ric(¢,J)F.
Then the left hand side of the first equation in (4.11) takes the form

(4.12) ALPAp — P+ CpJCp
=A"PA—P+C*JC - KpApKp — K5ApKp + KpApKp.

Here Ag and K¢ denote the indicator and the feedback operator of the self-
adjoint operator @, relative to the original minimax node (¢, J). By equation
(4.6), IN(p = K3 — Kp and the right hand side of the first equation in (4.11)
becomes

K;APKP = K}DAPKP — KI*DAI:’KI:’ — K;APKP + K;APKP.
This, together with equation (4.12) gives
A*PA—-P+C*JC = K;;AlsKls.

Thus P € Ric(¢,J). This completes the proof. O

As an immediate corollary, we can put Ric(¢,J)” in a different form

Proposition 158. Let (¢, J) be a minimax node. Let P € Ric(¢p,J). Then
Ric(¢, J)T can be written in the equivalent form

ALPAp — P+ ChJCp = (Kp — Kp)*Ap(Kp — Kp)
Ap=D*JD + B*PB
ApKp=—D*JC — B*PA, ApKp=—-D*JC — B*PA.

Proof. This is because K’p = Ky — Kp, by equation (4.6). O
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The results of Lemmas 156 and 157 can be given in a short form

(4.13) Ric(¢,J) = P+ Ric(¢,J)p = P+ Ric(¢p, Ap),
Ric(¢,J) = Ric(¢, J)" = Ric(¢”, )

for all P € Ric(¢,J). It now follows that the iterated transitions to inner and
spectral DARESs satisfy the following rules of calculation.

Corollary 159. Let (¢,J) = ((A5),J) be a minimaz node. Let Py, P> €
Ric(¢p,J), and AP := P, — Py € Ric(¢p,J)p,. Then

(414)  Ric(6™ J)p, = Ric( (KplA—Plez l;) Ap,) = Ric(6,J) — Py,
(4.15)  Ric(¢™, J)" = Ric(¢,J),
(416) Ric(¢p1,Ap1)Ap = Ri0(¢, J) —PQ,

. ) A B .
(4.17)  Ric(¢p,, Ap,)>F = Ric( (KP _Kp I) ,Ap,) = Ric(¢,J) — Pi.

We remark that the DLS ¢p, p, = ( Kpffkpz ?) is familiar from Proposition
148.
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4.3 Liapunov equation theory

The operator equation
(4.18) A*PA-P+C*JC =0,

is called the discrete time Liapunov equation or the (symmetric) Stein equation.
As with the Riccati equation, the operators are as follows: the operator A €
L(H) is the semigroup generator, C' € L(H,Y) is the output operator, and the
self-adjoint operator J € L(Y) is the cost operator. The solution P is required
to be self-adjoint. It is clear that the observability and controllability Gramians
C*C and BB* of a DLS are solutions of Liapunov equations, see e.g. [108, p.
71].

A fairly complete Liapunov equation theory is given e.g. in [49] and [108] for the
case when A, C and J are matrices, and J > 0. It is well known that the matrix
Liapunov equation has a unique solution for any self-adjoint matrix C*JC' if

-1
and only if ¢(A4) N ( (A)) = (), see [49, Theorem 5.2.3]. When this spectral

separation holds, the solution P can be expressed as a Cauchy integral, see
[49, Theorem 5.2.4]. When we do not have the spectral separation, the Cauchy
integral cannot be defined because an integration contour cannot be drawn such

-1
that o(A) and ( (A)) lie on the “opposite sides” of the contour. The Cauchy

integral solution makes perfect sense even for some operator Liapunov equations,
provided that the required spectral separation exists. Even if we produced the
dimension free variants of these results, the spectral separation would be too
restrictive a condition to be useful for non-power stable but nevertheless strongly
stable semigroup generators A. If o(A) C D, then the spectral separation forces
o(A) C D, and so A is power stable.

In the present work, our main interest is not in finding solutions for Liapunov
equations. Quite conversely, we are given a nonnegative solution P of the Lia-
punov equation (4.18), with J > 0. Our task is to show that the output stability
of an associated observability map Cy := {J%C'Aj }j>o0 follows, see Lemma 166.
Then, an expression can be found for the minimal nonnegative solution Py of
(4.18), and the other solutions are parameterized by their residual cost operators
Lap:i=s—limj_ A*IPAI see Corollary 163. Recall that the residual cost
operator is defined as a strong limit L4 p :=s — lim;_,.c A* PA7, see Definition
108.

We now briefly discuss the connection of the Liapunov equation to stability
questions. The Liapunov equation is connected to the Liapunov stability theory
of DLSs, see [51] for an exposition of the matrix case. For another view into
this, suppose @ > 0 and P > 0 satisfies A*PA — P + @ = 0. Then by writing
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for x #£ 0,
(4.19) || Az||2 — ||z|[3 == <P%Ax,P%Ax> - <P%x,P%x> = —(Qz,2) <0,

we see that such solution P defines an inner product topology such that the
operator A becomes a contraction. Because P is bounded, we have ||z||p <
[|P]| - ||z||, which implies that the ||.||p-topology is generally weaker that the
original. Clearly the topologies coincide if P has a bounded inverse. This gives
some functional analytic meaning for the Liapunov stability theory of linear
systems.

Another instance where a Liapunov equation arises is connected to DARE and
given in the following proposition. Its proof is a straightforward calculation,
and clearly connected to the inner Riccati equation Ric(¢, J)F of Definition 154
and Lemma 157.

Proposition 160. Let ¢ = (4 B) be a DLS, and J € L(Y) a self-adjoint cost
operator. Then P € Ric(¢,J) if and only if

(4.20) “PAp — P+ CpJCp =0,

where Ap := A+ BKp and Cp := C+DKp. Furthermore, D*JCp+B*PAp =
0.

By solving the Liapunov equation (4.20), the operator P € Ric(¢,J) can be
recovered from the operators Ap and Kp, provided that the solution of the
Liapunov equation is unique or we know the residual cost operator L4, p apri-
ori. Unfortunately, it is difficult to check (for uniqueness of P) the spectral

-1
separation o(Ap) N (O'(AP)> = () for solutions P € Ric(¢, J) of interest. By

iteration, the following algebraic triviality is shown.

Proposition 161. Assume that A € L(H), C € L(H,Y) and J € L(Y). As-
sume that a possibly unbounded linear map P : H D dom (P) — H, Adom (P) C
dom (P), satisfies the Liapunov equation A*PA — P+ C*JC = 0. Then

n—1
Pz = Z AYC*JCAIx + A PA™x, for all x € dom (P),n > 1.
§=0

We start to study solutions P of the Liapunov equation (4.18) for which the
residual cost operator L4 p exists. The fact that the mapping P — A*PA — P
is bounded and linear, gives the background for the following proposition:

Proposition 162. Assume that the linear mappings A € L(H), C € L(H,Y)
and J € L(Y) self-adjoint. Then the following are equivalent:
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(i) There is a solution Py of the Liapunov equation such that the residual cost
operator vanishes: L p, = 0.

(i) There is at least one solution P of the Liapunov equation such that the
residual cost operator L 4 p € L(H) exzists.

(i) The Liapunov equation has at least one solution, and for all solutions P,
the residual cost operator Ly p € L(H) exists.

If, in addition, J > 0, then we have a third equivalent condition

(iv) The DLS ¢' := (J?C :) is output stable.

Proof. The implication (i) = (ii) is trivial. To prove the implication (ii) =
(iii), note that by Proposition 161 Z;:Ol A*C* JCAIx = Pz — A*"PA"z for
all z € H. Thus s — lim,, oo E;l;ol A¥C*JOAT = P — L, p exists if (ii) holds.
Now, for all solutions P of the Liapunov equation the strong limit L4 p =
s — limy, oo A PA"™ exists, because the limit on the right hand side for the
following equation exists

n—1
A"PA"y = Pg — Z AT C*JC AT x
j=0

forall z € H.

To prove the implication (iii) = (i), assume P is a solution such that L AP €
L(H) exists. It follows that the strong limit operator

n—1

Py:=s— hmz A JC AT

=0

exists and equals P — L,p € L(H). We show that Py is a solution of the
Liapunov equation such that L4 p, = 0. Let x1,z2 € H be arbitrary. Then

n—1
(4.21)  (z1, (A*PoA — Po)xa)y = <Ax1, (s —lim> A*jC*JCAj)Ax2>
H

j=0

n—1
- <a:1, (s —lim> A*jC*JCAj)a:2> :
H

Jj=0
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Now the latter part on the right hand side of equation (4.21) takes the form

n—1 n—1
<a:1,(s —limZA*jC*.]CAj)a:2> = <a:1, lim (Z A*jC*JCij2)>
H H

n— 00 =0 =0
n—1 n—1
= nlln;o <a:1, (Z A*jC*JCij2)> = nlln;o Z <a:1, A*jC’*JC’ij2>H
§=0 I §=0
= {21, ANC*JC A z3)
i=0

J

where the second equality holds because (z1, -) ;7 is a continuous linear functional
for each x7 € H. Similarly,

n—1 o
<Ax1’(S_hmZA*jC*JCAj)Ax2> :<%ZA*<j+1>c*JCA<j+1>a:2> .
H H

n—o00 " 3
j=0 j=0

Subtracting these two limits, together with equation (4.21), gives
<J?17 (A*POA — PQ)J)Q)H = — <J)1, C*JCI‘2>H .

Because 1 and x5 are arbitrary, Py solves the Liapunov equation. To show that
Ly p, =s—lim,_o A" PyA™ = 0, we note that for each z; € H,n € N

n—1
|A PyA || = ||Pywy — Y A CJC Az ||
=0
= || lim Y AYC*JCAz =Y AYCTJCA x|
§=0 =0

=) AYCTJCA x| — 0,

j=n

as a tail of a convergent series. We complete the proof by studying the additional
part (iv). Assume that both (ii) and (iii) hold, P is a solution of the Liapunov
equation such that L4 p exists, and J > 0. Then both the bounded operators
J% and s — lim, oe Y1) AYC*JCAI = P — Ly p exist,
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We calculate for any x € H

1P = Lpll - ||2]]* > [z, (P = Lp)z) ]

n—1 n—1
= <x s—lim Y AYC*JCA x> = <x,limnﬁooZA*jC*JCAja:>
H

n—oo

Jj=0 H Jj=0
n—1 n—1
— |1 ek J — 1 3 J 3 J
= nlln;o <m,z(:) (A¥C*JCA a:)> = nlLH;oZO <J2CA z,J2CA a:>H
7= H Jj=

.
= ||{J2CA]x}jZO||?2(Z+;Y) = ||C¢’$||§2(z+;y)a

where the third equality holds because (z,-) is a continuous linear functional
for each x € H.

It follows that the observability map Cy4 of the DLS ¢’ maps all of a (complete)
Hilbert space H into ¢*(Z,;Y). However, the observability map of a DLS
is a closed operator by Lemma 31, and now the domain dom (Cy) = H is
complete. The Closed Graph Theorem implies the boundedness of Cy; i.e. the
output stability of ¢'. So claim (iv) follows. The implication (iv) = (i) follows
because the output stability of ¢’ implies the strong convergence of the sum
s — limy,— oo Z;'Zol A*IC* JC A, thus defining the solution Py of the Liapunov
equation. This completes the proof. O

Compare the above proof to the proof of Proposition 136. An immediate con-
sequence is the following:

Proposition 163. If there is a solution P of the Liapunov equation (4.18)
such that the residual cost operator La p € L(H) exists, then there is a so-
lution Py such that Lap, = 0. Such Py is unique, and given by Pyxg =
E;io (A C*JC Alxg) for all g € H. All other bounded solutions P of the
Liapunov equation satisfy

P=Py+Lap, Lap=s—limA7PAI

j—oo

If A is strongly stable, then Py is the unique solution of the Liapunov equation.

Proof. The existence of Py is the matter of the implication (ii) = (i) of Propo-
sition 162. The formula for P, is found in the proof of implication (iii) = (i)
of Proposition 162. The parameterization of all the solutions is a direct con-
sequence of Proposition 161. Claim about the uniqueness of P, is proved by
noting that for two solutions P, P, € L(H) we have

AY(Py — P)A) =P, — P,
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for all j > 0. If both s — limj .o AP A7 =0 and s — lim;_,oc A PAT = 0,
then the left hand side converges to zero pointwise in H, as j grows. The right
hand side does not even depend on j. Thus P, = P,. The claim involving the
strongly stable semigroup is trivial. O

As discussed in the beginning of this section, a fair amount of stability results for
DLSs can be given with the aid of the Liapunov equation. The following result
is [108, Lemma 21.6], stating that an unstable eigenvector of the semigroup is
undetectable.

Proposition 164. Let ¢ = (4 B) be a DLS, and J > 0 a cost operator. Let
P € Ric(¢,J), P > 0 be arbitrary. Assume that Az = \x for |\| > 1. Then
JzCz = 0.

Proof. If Ax = Az, the Liapunov equation takes the form
(4.22) (N2 = 1) (Pa,a) + (JECa, JECa) =00

Now, if [A]2 =1 > 0, then (J]A]*> — 1) (Pz,z) > 0 because P > 0. Because J > 0,
equation (4.22) implies that J2Cz =0, and the claim is proved. O

Unfortunately this is too weak to be useful for our purposes. Clearly, this
approach is restricted to the cases when the eigenvectors of the semigroup gen-
erator A span (the interesting part of) the state space. However, the case when
A is a diagonalizable matrix or a Riesz spectral operator is covered, see [18, p.
37]. In order to obtain a more general theory for the operator Riccati equation,
a stronger infinite-dimensional Liapunov equation theory is required. In Lemma
166, an essential analogue of Proposition 164 is proved for DLSs with much more
complicated semigroups. We start with a result known as the Vigier’s theorem
in [68, Theorem 4.1.1].

Proposition 165. Let {T;};>0 C L(H) be a sequence of nonnegative self-
adjoint operators such that

0<{(z,Tjz) <(z,Tj—1x), j>0.

Then there is a nonnegative self-adjoint operator T € L(H) such that 0 < T <
T; for all j >0, and

(x,Tx) = lim (x,Tjz).

J—o0

Proof. Define a;(x,y) := (x,T;y) 4, for all j > 0. It is easy to see that a;(z,y)
is a bounded conjugate symmetric sesquilinear form on H x H. Now, because
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{{z, Tjz)} ;>0 is a nonincreasing sequence of nonnegative real numbers, the limit
exists for all x € H. The polarization identity

daj(r,y) =4 (z, Tjy)
= (@ +y,Ti(z+y)) — (z -y, Ti(z —y)) +
i+ iy, Tj(x +iy)) — i (z — iy, Tj(z — iy)) .

implies that the limit a(z,y) := lim; .o a;j(z,y) exists, for all z,y € H. It
remains to show that a(z,y) is a bounded conjugate symmetric sesquilinear
form on H x H.

The linearity in the first argument = and the conjugate linearity in the second
argument y is a trivial consequence of the limit process, because this is true for
each a;j(z,y) by the properties of the inner product. The same is true about
the conjugate symmetricity of a(x,y). To show the boundedness, we see that

la(e,)| = lim Jay(e,)| = lim | 2, Tyy) | < T [[7;1]][o]][Jo]]

Now, the family {T}} ;>0 is uniformly bounded by ||Tp||, because the norms ||7}]|
are in fact a nonincreasing sequence

[T}l = sup (z,Tjz) < sup (x,Tj-17) = ||Tj-1]l,
[lz]|=1 [|z]|=1

where we have used the assumption that 0 < (z, T;z) < (z,T;_1z), forallz € H.
As a bounded sesquilinear form, a(x,y) can be written in form a(z,y) = (z, Ty),
for a unique operator T € L(H) (see [79, Theorem 12.8]). T is self-adjoint
because (z,Ty) = a(z,y) = a(y,x) = (y,Tz) = (T*y,z) = (x, T*y). Because
the nonnegativity of T is trivial, T satisfies the claims of this proposition. O

By claim (ii) of Proposition 162, we saw that if the Liapunov equation has one

solution P such that the residual cost operator L4 p exists, then a number of
nice results followed. Now we use Proposition 165 to give an existence of such
L4, p for a given nonnegative solution P.

Lemma 166. Let ¢ = (A B) be DLS, and J > 0 a self-adjoint cost operator.
Assume that the Liapunov equation

A*PA-P+C*JC =0,

has a nonnegative solution P € L(H). Then

(i) The DLS ¢' := (ch I) is output stable, and the residual cost operator

Lip:i=s—limj_ A PAI exists.
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(i) The operator Py is the minimal nonnegative solution of the Liapunov equa-
tion (4.18), where Py := C},Cyr, and La,p, = 0.

The assumption J > 0 can be replaced by the assumption C*JC > 0, if ¢' is

replaced by ((C*fc)% I)

Proof. Let P > 0 be the nonnegative solution whose existence is assumed. By
Proposition 161, we have for all x € H and n > 1

n—1
(@, Px) = Y ||[JECAT 2| = (z, A" PA"z),
7=0

because J > 0 by assumption. Define T,, := A**PA"™. It immediately fol-
lows that (x,T,z) is a nonincreasing sequence of nonnegative real numbers,
because P > 0. We can apply Proposition 165, and obtain the largest lower
bound operator T, such that 0 < T < A**PA™ for all n > 0. We proceed
show that T = s — lim,, oo A*"PA™ =: Ly p. We have, because (z,Tz) =
limy,— o (x, A**PA"z) for all x € H:

0= lim (z,(A""PA" —T)z) = lim [|(A"PA" — Tz z||2.
So (A*™PA™ — T)% — 0 in the strong operator topology, and {(A*"PA"™ —
T)% }n>0 is thus a uniformly bounded family, by the Banach—Steinhaus theorem.
It follows that (A*"PA™ —T)x — 0 for all x € H, and so we have T'= Ly p
which, in particular, exists. We conclude that the equivalent conditions of
Proposition 162 hold. Furthermore, because J > 0, ¢’ is output stable.

The proof of the second claim (ii) goes as follows. Because ¢’ is output stable,
it follows from Proposition 163 that Py = Cj,Cy is a bounded solution of the
Liapunov equation, satisfying L4 p, = 0. It is nonnegative because J > 0.
To show that Py is minimal nonnegative, let P; € L(H) is another nonnega-
tive solution of the Liapunov equation. Then the strong limit L4 p, exists, by
Proposition 162, and because P; > 0, it follows that Lp, > 0. By Proposition
163, P = Po+ La,p, > Fo. So Py is a minimal nonnegative solution of the
Liapunov equation. The final comment follows by replacing C' by (C*J C’)%,
and J by I. The proof is now complete. O

We now consider the special case when the Liapunov equation is connected to
DARE Ric(¢,J) for J > 0, and its nonnegative solution P € Ric(¢,J), as in
Proposition 160. By applying Lemma 166 with Ap in place for A and Cp in
place for C, we get an important results that is used several times in Section
4.4.
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Corollary 167. Let ¢ = (A4 B) be a DLS, and J > 0 a cost operator. Let

P € Ric(¢,J) such that P > 0. Then the DLS ¢' = (J%Ag *) is output

P ¥
stable, and the (closed loop) residual cost operator La, p exists. Furthermore,
Py = C(’;,C¢/ is a minimal nonnegative solution of the Liapunov equation

wPAp — P+ CpJCp =0,

where Ap := A+ BKp, Cp := C + DKp, and P is the operator to be solved.
Also La, p, = 0.

We conclude that not bad instabilities of Ap are seen through the operator Cp,
as a dimension independent analogy to Proposition 164. We remark that Py
does not necessarily solve the DARE Ric(¢, J). Under stronger conditions, it is
shown in Lemma 192 that L4, p = 0 and then P = Fy, by Proposition 163.

We complete this section by considering a case when the Liapunov equation
technique is applicable to a nonnegative solution of DARE Ric(¢, J), even if the
cost operator J could be indefinite. In Corollary 167, the closed loop residual
condition of P was considered. A conclusion about the open loop residual cost
operator L4 p is considered in the following.

Corollary 168. Let ¢ = (4 B) be a DLS, and J € L(Y) a self-adjoint cost
operator. Let P € Ric(¢,J) such that P > A*PA > 0. Then P € Ricoo(o,J).

Proof. Because P € Ric(¢,J), we have the Liapunov equation

A PA-P+[C* K [‘é _?\P] [lgp] —0,

Now P > A*PA if and only if [¢* K;][‘é 7RP] [KCP} > 0. Now claim (i) of
Lemma 166 (in its modified form for the indefinite cost operator) shows that
the residual cost operator L4 p exists. O

Note that the condition P > A*PA > 0 implies that ker (P) is A-invariant,
and the orthogonal complement ker (P)L is A*-invariant but not necessarily
A-invariant. For this reason, we have to introduce the compression of the semi-
group generator.

Definition 169. Let ¢ = (4 B) be a DLS and J self-adjoint. Let P € Ric(¢,J).

Define the closed subspace HY := ker (P)L C H, the orthogonal projection 1lp
onto HY | and the compression of the semigroup AT :=UpA|/HY € L(HT).

A nonnegative solution P € Ric(¢, J) induces an inner product space structure

into H” := ker (P)L. Everything goes in the same way as discussed in connec-
tion with equation (4.19) for the Liapunov equations, with the exception that
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now the (generally nontrivial) null space of P must be divided away. It is easy
to see that P > A*PA > 0 is equivalent to

(4.23) ||APz||p = ||P%Ax|| < ||P%x|| =:||lz|]|p forall zec HF.

In this case, we say that the compression A is a || - || p-contraction. If P™a* €
Ric(¢, J) was nonnegative and injective, then H”""" = H but the norm || || pmax
could give weaker topology that the original norm of H. More generally, H”
need not be complete, when equipped with the norm || - || p.

Proposition 170. Let ¢ = (4 5) be a DLS and J self-adjoint. Let P €
Ric(¢,J), P > 0 such that the compression AY = HpA|/HY is a || - ||p-
contraction, where the objects are given in Definition 169. Then the following
holds

(i) P € Ricoo(d,J). If, in addition, ¢ is output stable and Ap > 0, then ¢p
is output stable.

(i) Assume, in addition, that ¢ is output stable and I/O stable, the input
operator B is Hilbert—Schmidt, and the input space U is separable.

If P € Ricyw(o,J) and Ap > 0, then P € ricoo(¢, J) N ricyw (¢, J). If
range (Bg) = H, then

(4.24) {P € Ricyu($,J) | P >0,Ap >0} C rico(¢, J).

Proof. The first part of claim (i) is Corollary 168. The rest follows from claim
(i) of Proposition 136. Claim (ii) follows from Corollary 140 and equation
(3.27). O

The reader is instructed to compare equations (3.26) and (3.27), and equation
(4.24). They all characterize subsets rico(¢, J), where J can be indefinite but
the indicators Ap must be positive.

The P-contractivity condition P > A*PA > 0 can be given a game theo-
retic interpretation. Let ¢ = (4 B) be output stable and I/O stable, and let
P&t € rico(¢, J) be a regular critical solution which is assumed nonnegative.
If the cost operator J is indefinite, the special case of the minimax cost opti-
mization problem, associated to (¢, J), can be seen as a (full information, state
feedback) minimax game, where the minimizing and maximizing players are
given an initial state xg and their task to do the best they can. Some additional
information structure of the game itself must be imposed; e.g. the input space
U must be divided into two parts, and one player must not have access to the
other players input space, but we now disregard all the details. Now, each non-
critical solution P € rico(¢, J) is associated to a strategy where both players
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have, in a rough sense, made an agreement that the game is played (i.e. the
cost is measured by P) only inside the restricted state space HT.

Let now P € rico(¢,J) be such that P > A*PA > 0. Now the open loop
trajectories ; = AJxg (with zero input from both players) are nonnegative
and nonincreasing, in the sense of the cost functional (z;, Px;). Thus, the
maximizing player “loses money” if he does not do anything, but the future
game always has a nonnegative cost if the feedback loop is closed (by the
maximizing player) at some later moment. In fact, the maximizing player
wins the game also in the open loop, and the final cost at infinite future is
limj o0 (A PAIzg, 20) = (La,pao, o) > 0, because P > 0 is assumed.
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4.4 Factorization of the I/O map

In this section we study the natural partial ordering of the solution set of the
H>DARE, induced by the cone of nonnegative self-adjoint operators. We work
under the assumption that the cost operator J > 0, and the equivalent condi-
tions of Theorem 114 hold. In this case, we have a nonnegative regular critical
solution Pt = (CeMt)* JC™t € ricy(®, J).

In Theorem 114, we have indicated that the critical solution P§*i* € rico(®,J)
gives a (J, A Pgm)—inner—outer factorization of the I/O map. The (generally non-
critical) solutions P € 7icy, (P, J) induce other factorizations of the Popov
operator D*JD = Dj ApDy, with I/O stable Dy, see Theorem 142. How-
ever, these do not necessarily lead to a factorization of the I/O map D as a
composition of two I/O stable operators, in the same way as the spectral factor-
ization leads to the (J, Apenc) inner-outer factorization of D. The task of this
section is to describe which solutions P actually do give a factorization of the
I/O map D into compositions of I/O stable I/O maps.

Consider the following. Let P € ric(®,J), where ® is output stable and I/O
stable. The operator pair (Kp, 0) is a perfectly valid state feedback pair for ® in
the sense of Definition 18. However, if P is not a critical solution, this feedback
pair is not I/O stable in the sense of Definition 44. This means that even if the
open loop DLS, extended with the feedback pair (Kp,0) = [-Cyp,Z — Dy, |

A B Al Br*i

e8] @)-[1£ T

is output stable and I/O stable, the closed loop extended system
(425)  (@,(Kp,0)).

Ap B Al —BDr*C,, BD, 7t
=|[cr] [D]]|=|[C-DD,.Cs, DD,
Kp| |0 —D, Cop D, —I

need not be, where Ap = A+ BKp and Cp = C + DKp. This is the bad
news. However, if P > 0, together with proper technical assumptions, it follows
that the upper two rows of the closed loops DLS (4.25) give an I/O stable DLS.
Furthermore, this partial DLS is exactly ¢ = (éi g); the inner DLS (of @
and J) of Definition 150, centered at P. Note that Dyr := DD;; for the I/0O

map of ¢¥, and this algebraic fact does not depend on the stability properties
of the systems, apart from the boundedness of the static operators A, B, C, D,
and Kp.

Let us review some analogous results of the matrix theory when all the spaces U,
H and Y of the DLS ¢ = (& B) are finite dimensional. If the pair (A, B) is sta-
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bilizable, J > 0 and D*JD coercive, there is a unique maximal positive solution
P™ax of the Riccati equation such that the closed loop spectrum o (Apmax) C D,
see [49, Corollary 12.1.2]. If J = I, D*D = I, D*C = 0 and (C, A) detectable,
then the power stability o(Apmax) C D follows, see [49, Corollary 13.5.3]. Such
Pmax g called the (power) stabilizing solution of Ric(®,J). If the open loop
semigroup generator A is power stable and (A, B) is controllable, then P™a*
clearly equals the unique critical solution (which is defined only for DAREs
associated to I/O stable DLSs) in the sense of Theorem 114. Indeed, the semi-
group generators of both ¢pmax and qb;,l,,ax are power stable, by the formulae
given in claim (iii) of Proposition 147.

To obtain a matrix H**DARE example, let ¢ = (4 B) be a DLS whose spaces
U, H and Y are finite dimensional, and the semigroup generator A is power
stable; o(A) C D. We take J = I to be the cost operator, and assume that the
transfer function Dy(z) has no zeroes on the unit circle T. By the assumed finite
dimensionality of all the spaces, the last condition can always be achieved, if
necessary, by a small perturbation of the DLS ¢. Then the Popov operator D*D

. . * .
is coercive, and the nonnegative regular critical solution P§™ = (C;“t) Cyt e

rico(¢, J) exists, by Corollary 118. It follows that A perit is power stable, by
claim (i) of Theorem 50 and the finite dimensionality of the state space H. If
there was another power stabilizing solution P*2P it would also be a critical
solution in rico(¢, J). Thus, if ¢, in addition, is controllable range (By) = H,
then P§" is the unique power stabilizing solution of H**DARE ric(¢, J), see
claim (i) of Corollary 116. In fact, P$™ is the maximal nonnegative solution in
Ric(¢, J), by Corollary 186 and the fact that the power stability of A implies the
equality of solution sets Ric(¢, J) = rico(¢, J). It is easy to see by a numerical
example, using the matrix DARE theory given in [49, Corollary 12.1.2], that it
is possible (and even a generic case) that DARE Ric(¢, J) has long increasing
chains of self-adjoint solutions. By using Lemma 156, we can, if necessary,
replace Ric(¢,J) by its spectral DARE Ric(¢p,Ap) for P “small”. So there
exists a H*DARE ric(¢,J) (with a power stable semigroup generator) that
has an arbitrarily long increasing chain of nonnegative solutions, if dim H is
increased sufficiently. We conclude that the power stabilizing solution Pt
need not be the only nonnegative H*> solution of a (matrix) H>**DARE. For
the other nonmaximal P € Ric(¢, J), P§"'t > P > 0, the inner DLS

(4.26) o7 = <ép 1B)> - [ AT =BD, 7C, BT ]

P C— D¢P C¢P D¢P

is nevertheless I/O stable by the following Lemma 171 and the assumption that
J = I has a bounded inverse. However, the closed loop semigroup generators
Ap are not power stable. In this sense, all the nonnegative solutions of the
Riccati equation are I/O-stabilizing, but only the maximal nonnegative P§Tit
gives a power stable semigroup generator in the closed loop, under the indicated
additional assumptions.
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This phenomenon can be viewed from two directions. The first “state space”
view is that the DLS ¢¥ is I/O stable because the unstable part of Ap is
not “seen” through the output operator Cp of ¢*. The second view is the
input/output view; that a kind of zero-pole-cancellation process is involved when
the feedback loop is closed. In the language of the transfer functions Dyr(2) =
D(2)Dy,(2)71, some of the zeroes of D(z) get canceled by the poles of Dy, (2) !,
at least in the cases when the transfer functions are complex-valued (U =Y =
C). We remark that the condition dim H < oo amounts to the fact that the
inner factors of both D(z) and Dy, (z) are finite Blaschke products, and the zero-
pole cancellation idea makes perfect sense. We remark that using a nonnegative
but nonmaximal solution P € Ric(®, J) for feedback control leads to a partial
stabilization of the (unstable) open loop DLS, see [23] and the references therein.

In the following lemma we show that if P > 0, then J%D¢p is an I/O map from
(Y(Z;U) into (*(Z4;Y); i.e. the transfer function Dyr(z) € sH2(D; L(U;Y)).
Step by step, we finally conclude that J %D¢p is I/O stable under stronger
assumptions. If J has a bounded inverse, the same conclusions clearly hold for
the I/O map Dyr, too.

Lemma 171. Let J > 0 be a cost operator. Let ® = [ch BTD”J be an 1/0
stable and output stable DLS. Assume that the regular critical solution P§™t :=
(Ccrit)* JCI € rico(®,J) exists. Let P € ric(®,J), such that P > 0. By ¢p
and ¢¥ denote the spectral and inner DLS of Definition 150, both centered at
P.

Then the following holds:

(i) We have
(4.27) D =DyrDyy,

where ¢pp is I/0 stable and output stable. The DLS J%QSP is output stable,
and the impulse response operator J%’D¢Pﬁ'0 is bounded. The Toeplitz
operator J%D¢p7?+ 0N Zy;U) — 02(Zy;U) is bounded, and J%Dd)m‘nr :
0*(Zy;U) — 2(Z1;U) is a densely defined closed operator.

(i) The transfer function J%qu (z) is analytic in the whole unit disk D. For
each ug € U, the analytic function J%D¢p (2)up € H*(D;Y). We can

write

(4.28) JED(z) = J:Dyr(2)Dy,(2) for all z€D.
If, in addition, P € ricy,(®,J), then

(4.29) JEN(z) = J%DWD (2)Np(z) forall ze D,

where N, (Np) are the (J, Apen)- inner, ((Ap,Apen)-inner) factors of
D, (Dgp, respectively).
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Assume, in addition, that the input operator B of ® is Hilbert—Schmidt, and
both the spaces U and Y are separable. Then:

(iii) Then J%Dd)p (2) € H¥(D; L(U;Y)). The boundary trace function

JEDye(e) :=s — lim JEDyp (2)

z—et?

exists as a nontangential strong limit, a.e. (modulo Lebesque measure of
T) on e € T.

1

1 . 1

(iv) For P € ricyy(®,J), the boundary trace Afgj\/p(ew)APg’ri
e’ € T. In particular, Np(e') has a bounded inverse a.e. ¢ € T, and
the nontangential strong limit J%D¢P (e%) satisfies

. 1S unitary a.e.

(4.30) ‘]%D¢P (eie) = J%N(eia)NP(eia)_l a.e. on e eT,

Furthermore, J%D¢P (z)A;,% € H*(D; L(U;Y)), and it is inner from the
left. The I/O map J%qu is (I, Ap)-inner (but Dyr need not be 1/0
stable if J is not coercive).

We remark that the function .J 2 Dyr (e?) means the boundary trace of (J2 Dyr)(2).
As an analytic transfer function Dyr(2), P > 0 makes perfect sense for z € D,
but it need not be of bounded type.

Proof. Claim (i) is proved as follows. The equality (4.27) of the I/O maps is
given by formula (4.25), in form Dyr = DD(;;. We see that the J%DWD is the

I/O map of DLS
(A B
J2Cp Jz2D)’

which is output stable, by Corollary 167 and the assumption P > 0. Also
the (closed loop) residual cost operator L4, p exists, but this is not needed
here. But then, if H 5 © = Buyg, with ug € U, we have J%D(bpwouo =
J2 Dmoug + 7Cyr Bug = Dmoug + 7Cprx € £*(Z4;Y) because dom (Cyr) = H,
by the output stability of ¢”. Thus Dyrmo : U = range (mo) — (*(Z1;U), i.e.
dom (D¢p 7r0) = U is complete, see Definition 29.

Because the impulse response operator D,,r 7 is closed by Lemma 31, it follows
from the Closed Graph Theorem that Dyrmg is bounded. It immediately follows
that J%Dd)za € LIYNZ1;U),(%(Z1;U)) by the triangle inequality, and the shift
invariance of Dyr. The Toeplitz operator Dyr7y is thus densely defined on
(?(Z;U) and closed, by Lemma 31. This completes the proof of claim (i).
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Consider now claim (ii). J%D¢p (z) is analytic in the whole of D by Proposi-

tion 57 because it is a transfer function of an output stable system ¢”. Also
1

J2Dyr(z) € sH*(D;Y), by Definition 56 and Proposition 57.

Because Dyr = DD;;, then also DyrDy,, = D on Seq(U). For the transfer
functions, we have Dyr(2)Dg,(2) = (DyrDy,)(2) = D(z) for all z € Ny, by
Corollary 54. Here Ny is a nonempty open neighborhood of the origin. In
fact, D(z), Dy, (2) € H>*(D; L(U;Y)), by Proposition 55 and the assumed I/0
stability of ® and ¢p. As indicated above, also J%D¢p (z) is analytic in D. By
using a basic analytic continuation technique we conclude that Dyr (2)Dy . (2) =
D(z) for all z € D, which is equation (4.28).

To prove equation (4.29), proceed as follows. Because the existence of the reg-
ular critical solution P§™' € ricy(®,.J) is assumed, the equivalent conditions of
Theorem 114 hold, we can write D = NX, where X is outer with a bounded
inverse, and A" is (J, A perit )-inner. Furthermore, because P € ricyy(®,J) we
can also write (Ap, A pere)-inner-outer factorization Dy, = NpX, by Proposi-
tion 147. By Corollary 54, D(z) = N (2)X(z) and Dy, (z) = Np(z)X(z), for all
2z € D. Because X is outer with a bounded inverse, i.e. X~! € L(¢*(Z;U)),
both X and X~! are I/O maps of I/O stable systems. It follows from Corollary
54 that the transfer function X' (z) € L(U) has a bounded inverse for all z € D.
Now equation (4.29) follows.

We proceed to prove claim (iii). The Hilbert—Schmidt property of the input op-
erator B admits us to apply Corollary 131 to the output stable DLS ¢”, defined
above. It follows that J%D¢p (2) € H3(D; L(U;Y)), and this is a function of
bounded type. The existence of the nontangential strong limit J %D¢p (e?) is
from [77, Theorem 4.6A], as discussed in Section 1.10.

It remains to prove the final claim (iv). We first note that because J > 0, then
Ap > 0 for all P > 0. This makes is possible to define the normalized operators

N° = J%NA;C%“ and Np := A]%;,NPA_% Then both N° and N} are inner
0

crit *
PO

from the left (i.e. (I,I)-inner). We have

_1
2
crit
Fg

= J%D¢PA;% A.I%DNPA-ié = M%ngv

crit
PO

N® = J:Dyr NpA

1
where M% :=J %D¢p Ap?. For the corresponding transfer functions and their
nontangential limits, we can write

(4.31) Ne(e) = Mp(e”)NE (),

a.e. € € T. This is legal because all the transfer functions are of bounded type
in the sense of Definition 58 and the discussion associated to it. By claim (ii)

1 _1
of Proposition 147, the normalized I/O map Np = ApNpA 2, is inner from
0
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both sides in the sense of Definition 120. So the values of the boundary trace
N2 (e?) € L(U) are a unitary operators for a.e. e € T. Applying this on
equation (4.31) gives

N (N (e)" = Mp(e)

ae. e € T. Because N3(e)* is unitary and N°(e?) is an isometry, it
follows that M%(e?) is an isometry a.e. e € T. But now M%(e?) €
L=(T; L(U;Y)) N H*(T;L(U;Y)), and by Lemma 122, MS%(e?) €
H°(T; L(U;Y)) is inner from the left. This completes the proof. O

The following normalization, presented in the proof of Lemma 171, will be used
throughout the rest of this paper. By Corollary 146, it makes sense even for
indefinite solutions P € ricyy (¢, J), as far as 7, D} JDy > em. for some € > 0.

Corollary 172. Make the same assumptions as in claim (iii) of Lemma 171.
By P§it € rico(®,J) denote the reqular critical solution. Let P € ricy,(®,J),
P >0 be arbitrary. Denote
D= JiD, D% :=ALD,,,
_1 1 1
M = J2DyrAp?, Np = AZNpA

_1 1
2 2
crit
Fs

pons X0 = A2 X

Then
(4.32) D° = MSDp = MENRXR,

where M$% 1 (2(Z;U) — (*(Z;Y) is inner from the left, Np : (3(Z;U) —
(2(Z;U) is two-sided inner, and X° : (*(Z;U) — (*(Z;U) is outer with a
bounded inverse.

The following Theorem is a variation of Lemma 171. Now, a solution P €
Ric(®,J), P > 0 gives a factorization of a H°-transfer function, such that
both the factors are in H*°. However, the solution is not in ric,, (¢, J) by an
explicit assumption, and ¢p is not a priori required to be output stable or I/O
stable as has been required in Lemma 171.

Theorem 173. Let J > 0 be a cost operator. Let & = [f‘g BTD*JJ be an 1/0
stable and output stable DLS, such that both the spaces U and Y are separable.
Assume that the input operator B € L(U; H) of ® is Hilbert-Schmidt. Assume
that the regular critical solution Pt := (CH)* JCI € ric(®, J) exists. Let
P € Ricoo(®,J) N Ricyw(P,J), P> 0.

Then both the DLSs ¢p and J%¢P are output stable and I/O stable. Further-
more, we have the factorization J2D = J%D¢P Dgp = J%D¢p Np-X where all
factors are I/0O stable. Here J%DWD is (I, Ap)-inner, Np is (Ap, Apgric)-z'nner,
and X is outer with a bounded inverse.
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Proof. Because J > 0 and P > 0, it follows that D*JD + B*PB = Ap > 0,
and then Ap > 0 because the indicator has a bounded inverse, by definition.
Because P € Ricoo(®P, J), the residual cost operator L 4 p exists and Proposition
136 implies that ¢p is output stable. Because P € Ricy,, (P, J), Corollary 140
implies that ¢p is I/O stable. Now P € ricy, (P, J) as in equation (3.27), and
we can apply all claims of Lemma 171. In particular, this gives the output
stability and I/O stability of the normalized inner DLS J %qbp . The proof is
now complete. O

If A is strongly stable, then Ric(®, J) = Rico(®, J) = Ricoo(®, J) = Ricyw (P, J).
But now Ric(®,J) = Ricoo(P, J) N Ricyw (P, J), and all nonnegative solutions

P € Ric(®,J) give a factorization of Theorem 173. The following lemma is

more general than Lemma 171, and it refers to something we might call “gen-

eralized factorizations” of an unstable D. Now the spectral DLS ¢p need not

be I/0 stable.

Lemma 174. Let® = [fg Bg‘j} be output stable and J > 0. Let P € Ricoo(®, J),
P > 0. Then the following holds:

(i) The 1/0 maps satisfy D = DyrDgy, on Seq(U), and both ¢p and J3 P
are output stable.

(ii) Assume, in addition, that the input operator B is Hilbert-Schmidt, and
both U and Y are separable. Then we have the factorization

(4.33) JED = JiDyrDy,,

where J2D(z), J%D¢p (z) € H*(D; L(U;Y)) and Dy, (z) € H*(D; L(U)).

Proof. As before, Ap > 0 for any nonnegative solution. Proposition 136 implies
that ¢p is output stable. Corollary 167 implies that J %gﬁp is output stable.
This proves claim (i) because the (algebraic) factorization of the well-posed 1/0
maps of DLSs does not require any kind of stability. Claim (ii) is a consequence
of Corollary 131. O

In particular, Lemma 174 gives H? factorizations to H> transfer functions.
Note that the existence of a critical regular solution P§"* € ricy(¢,.J) is not
required. Under stronger assumptions, such generalized factorizations easily
become ordinary H*° factorizations, by Theorem 173. We complete this section
by showing that the finite increasing chains of solutions P; € 7i¢y., (P, J) behave
expectedly.

Theorem 175. Let J € L(Y) be a self-adjoint cost operator. Let & = [I‘g Bg‘j}

be an I/0 stable and output stable DLS. Assume that the input operator B €
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L(U; H) is Hilbert—Schmidt, and both the spaces U andY are separable. Assume
that the regular critical solution P§™t = (C°it)" JCM € ricy(®, J) erists.

Let P; € ricyy(®,J), i =1,... ,n+1 be a sequence of solutions such that P; <
Pii1 and Ap, >0 for alli=1,...,n. Denote by Dy, = Np,X the (Ap, Aperic)
-inner-outer factorization of Dy, where X = Dpee and Np, i= Dy, X1
Then the following holds:

(i) Then there is a sequence of causal shift-invariant operators Np, p,, =
Dy, D;; on Seq(U) such that
i i1

(4.34) Np, = Np, PL+1NPL+1 forall i=1,...,n.

The operator Np, p,

i+1

is the I/O map of the 1/0 stable DLS

_ Apy, B
(435) ¢P¢,Pi+1 - (KPH-l _ KP' I)

i

Furthermore, each Np, p,

1 15 (Ap,, Ap,,)-inner.

(i) We have the factorization

(4.36) <HNP p,+1> Poiis

where the elements with increasing i enter the product from the left. If, in
addition, J > 0 and P41 = P, then

(4.37) JiD = J3Dyp, (HNP Py )

where J%D¢p1 is I/0 stable and (I, Ap,) -inner, and X = D%Sr“ is outer

with a bounded inverse.

Proof. In order to prove claim (i), note that (Ap, Aperit )-inner-outer factoriza-
tion Dy, = Np, X exists for all 7, by Proposition 147. Because the feed- through
operator of all spectral DLSs is identity, we can speak about the inverse D

as a causal shift-invariant operator on Seq(U), see Proposition 17. Because

the outer factor (with a bounded inverse) is common for all Dy, , we see that
equation (4.34) holds.

Fix the arbitrary two consecutive elements P, < P,y in the sequence {P;},
define AP, := P11 — P, > 0. Then AP, € Ric(¢p,, Ap,), by Lemma 156. Now,
Ric(¢p,, Ap,) is a H*DARE with a nonnegative cost operator Ap,, but we do
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not know whether AP; is its H* solution. To see that this is the case, we must
consider the spectral DLS (¢p,)ap,, centered at the solution AP; and relative
to the cost operator Ap, > 0 of the spectral DARE. We have for the minimax
nodes

(438) (QSPL' ) APL')AP,; = (¢Pi+APi ) APHrAPL') = (¢Pi+1 ) AP¢+1) »

see equation (4.4) of Proposition 151. So, the spectral DLS (¢p,)ap, of AP;
equals ¢p,,, which is an I/O stable and output stable DLS because P11 €
ric(®, J), by assumption. We conclude that AP € ric(¢p,, Ap,). The indicator
Aap of AP € ric(ép,, Ap,) equals Ap,,,, by equation (4.38).

Trivially range (B) = range (B(ﬁpi) because B = By, . Because both P; and
P11 satisfy the ultra weak residual cost condition with the same semigroup
generator A, so does AP; = P11 — P;, and we have AP; € ricyy(¢p,, Ap,).

Now we have reached the situation described in Lemma 171. We see that the
operator Np, p,., := Dy, D;;:H = ID¢PiD(_¢1Pi)APi actually plays the part of
the operator Dyr in Lemma 171, when the DLS @ is replaced by ¢p,, the cost
operator J is replaced by Ap,, the solution P is replaced by AP;, the spectral
DLS ¢p is replaced by (¢p,)ap, = ¢p,,, and the indicator Ap is replaced by

Ap, ;.

Because the input operator B of ¢p, is Hilbert—Schmidt, we conclude that
Np, p,,, is I/O stable and (Ap,, Ap,.,)-inner, by claim (iv) of Lemma 171, and
the fact that Ap, (used as the cost operator) has a bounded inverse. Realization
(4.35) is valid because Np, p,,, = ./\/pi./\/;il, by equation (4.35) and claim (iii)
of Proposition 148. This completes the proof of claim (i).

The factorization in (4.36) is clearly obtained by applying the first part of this
theorem n times. The second factorization (4.37) is obtained by first factorizing
J2D = J%D¢P1 Dy, , where J%D¢P1 is I/O stable and (I, Ap,) -inner, by claim
(iv) of Lemma 171. This is the only place where we have used the nonnegativity
of J. Then the (Ap,, Apen)-inner factor Np, of Dy, is factorized as in (4.36),

noting that the last factor Np,,, = Z because P,41 = P§™, by claim (iii) of
Proposition 147. After multiplying from the right by the common outer factor

X of D and Dy, , the claim follows. O

By Lemma 145, it is sufficient to require Ap > 0 only for one solution P €

TiCuw (P, J) that need not be an element of the chain {F;}. Clearly, the order

of the operator products in claim (ii) is significant, if dimU > 1. The transfer

1 i)

function Np, p,,,(2) can be normalized to Np, p  (2) := A Np, py, (2)Ap7
1

which is inner from both sides. The zero evaluation Np, p  (0) = ApAp®  sat-

PR
isfies the spectral condition o(Af, Ap? ) C (0,1), as an immediate consequence
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of the fact that Ap,., > Ap,. However, A;A;ﬁl is generally not normal and,
in particular, self-adjoint. In Theorem 175, we have considered only finite in-
creasing chains of solutions. To cover the case of the (countably) infinite chains,
one would be lead to consider a limit process, not totally different from the one
involved in the study of the Blaschke—Potapov representations for the (matrix-
valued) bounded analytic functions. Several applications, references and his-
torical remarks about the Blaschke-Potapov factorizations can be found in the
survey article [40].
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4.5 1I/0 stability of inner DLS

In this section, we consider converse results to those given in Section 4.4.
Roughly, we show that for P € 7ic,,(¢,J), the I/O stability of ¢f implies
P > 0. The nonnegativity of the cost operator J > 0 is assumed in the main
results.

We start by considering solutions P € ric(¢,J) such that ¢* is 1/O stable. Out
of such solutions, those that have (J, Ap)-inner I/O maps satisfy the minimax
condition of Definition 176, by Proposition 178. In particular, all solutions in
Ticuw (¢, J) with an I/O stable inner DLS ¢% are of this kind, by Proposition
177. In Propositions 179 and 180, the minimax condition of P is connected to an
associated Liapunov equation and the DARE ric(®, J). The main result of this
section is Lemma 181, which is a partial converse Lemma 171. An equivalence
result is finally given in Theorem 182, under stronger assumptions.
Definition 176. Let ® = [“g ng} be an I/0 stable and output stable DLS,
and J € L(Y) a cost operator. Let P € ric(®,J) such that the inner DLS ¢*
is I/0 stable. We say that P satisfies the minimaz condition if

(439) 7_1'+D;PJC¢P = 0,

where Cyr = C — DyrCy, it the observability map of inner DLS or.

The regular critical solution P§t := (Cit)* JCMt (as discussed in connection

with Theorem 114) always satisfies the minimax condition. This is because in

this case D = NX (where N =D peie and X = Dy, ) is the (J, A peric)-inner-
¢ 0 pgH 0

outer factorization, and C SPET = CMt is the critical (closed loop) observability

map. By Lemma 67, 7, D*JCt = 7, X*7, N*JC™' = 0, and the minimax
condition holds.

In fact, the orthogonality of range (D7) = range (N7 ) and the range of the
desired closed loop observability map C SPET = C°Mt can be used to find the criti-

cal P§*it without explicitly solving the DARE, see Section 2.2. For a noncritical
P, however, one should a priori know the (range of the) partial inner factor
Dyrp7y of Dy associated to the yet unknown P, before the correct minimax
formulation could be written in the first place.

We proceed to show that quite many interesting solutions P € ric(®, J) (such
that Dyr is I/O stable) satisfy the minimax condition. This will be used as a
technical tool to obtain Lemma 181, a rough converse of Lemma 171.

Proposition 177. Let ® = [f‘g BTD*j] be an I/0 stable and output stable DLS.
Assume that the input operator B € L(U; H) of ® is Hilbert-Schmidt, and the
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spaces U and Y are separable. Let J > 0 be a cost operator. Assume that
the regqular critical solution P§™t = (C1*)" JC € ric(®,J) exists. Let P €
Ticuw(®, J) such that the inner DLS ¢* is 1/O stable. Then D;P JDyr = Ap;
i.e. the 1/O map Dyp is (J, Ap)-inner.

Proof. We have the familiar factorization of the I/O maps D = Dy,rDy,. Be-
cause P§'t exists, the conditions of Theorem 114 hold, and we can factorize
D =NX, Dy, = NpX, where N, (Np) is (J, Apene)-inner, ((Ap, A perit )-inner,
respectively). Here we have used the residual cost assumption P € ricy., (®, J)
and claim (i) of Theorem 142. The operator X is a common outer factor with a
bounded inverse; for details, see Proposition 147. This gives us the factorization

(4.40) N =DyrNp

where all the factors I/O stable, the I/O map Dyr by our explicit assumption.
Let us consider the factor Np more carefully. By Corollary 146, Ap > 0 for
all P € 7icyy (P, J), because the conditions of Theorem 114 hold, and J > 0

. 1 iy

implies that P§"* > 0 and Apocm > 0. So we can normalize Np := AZNpA 2,
0

which is (I, I)-inner. By claim (ii) of Proposition 147, Ap is in fact inner from

both sides, and its boundary trace Np(e®?) takes unitary values a.e. e € T.

We remark that here the Hilbert-Schmidt compactness of the input operator B

and the separability of U is used.

Because also Y is separable, equation (4.40) implies for the boundary traces
Dyr () = N(e)Np(e?)~?

a.e. € € T, as in the proof of claim (iv) of Lemma 171. But now for almost
all e € T

TEDye (€®)AR? = N2 ()N ()7,

_1
2

porit is isometric a.e. ¢ € T. It follows that
0

where N°(e) = J2 N (e)A

1 ,
J%D¢p (e)Ap? is isometric a.e. € € T, and thus Dyr is (J, Ap)-inner. This
completes the proof of the proposition. O

Proposition 178. Let ® = [f‘g Br7] be an 1/0 stable and output stable DLS.
Assume that the regular critical solution Pg"t = (C1%)™ JCoit € ricy(®,J)
exists. Let P € ric(®,J) such that the inner DLS ¢* is 1/0 stable and its 1/0
map is (J, Ap)-inner. Ifrange (B) = H, then P satisfies the minimaz condition;
i.e. ﬁ_’.’D;chd)P =0.

Proof. Let @ € Seq_(U) be arbitrary. Because D;‘)P JDyr = Ap and 7’T+D;p7r_ =
0, we have

ﬁ+D;pJ(ﬁ+ID¢P7T_fL) = 77'+,D;ZPJID¢P7T_1TL = ﬁ+APW_a =0.
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because Dyr is (J, Ap)-inner. Define x = Byrm_1. Now Cyrax = CprByrm i =
T4 Dypm_a, it follows that 7D}, JCsrx = 0. Because @ € Seq—(U) is arbi-
trary, we have T4+ Dyr JCyrx =0 for all z € range (B¢p).

It remains to show that range (B¢p) = H. Because Byr = BD;;, we show

that range (BD;;) = range (B). To see this, let € range (B) be arbitrary.

Then z = Br_a for some @ € Seq_(U). Define @ = Dy,u € Seq(U). Then

m_w € Seq_(U) has only finitely many nonzero components, and BD;;WJD =

BW_D;17T_’(I} = BTF_’D;LJ) = BW_D;1D¢P7T_11 = Brn_1, where we have used
P P P

the causality of D;; This proves the inclusion range (B) C range (BD;;)

The other inclusion follows similarly by interchanging the causal shift-invariant
operators D;}}, Dy, on Seq(U), and noting that nothing in the proof depends
upon the boundedness of neither of these operators. We have now proved that
a feedback does not change the reachable subspace.

Because range (By,r) = range(B) and range(B) = H, it follows that
ﬁ'+’D;F JCp = 0, provided 7’T+D;p JCp is bounded. Now D;p is bounded be-
cause Dyr is assumed to be. Also Cyr = C — DyrCy, is bounded because both
® and ¢p are assumed to be output stable. The proof is now complete. O

Proposition 179. Let ® = [f‘éj 877 be an 1/0 stable and output stable DLS,

and J be a cost operator. Let P € ric(®,.J) such that the inner DLS ¢F is 1/0
stable, and its I/O map is (J, Ap)-inner. Then the following are equivalent:

(i) P satisfies the minimax condition; i.e. T4+D}pJCyr = 0.
(ii) Cop = Ap' - 74D} JC
(iti)) —Kp = Ap' - oD’ JC, with the identification of spaces range (mo) and

U.

Proof. Proof of the equivalence (i) < (ii) is the following equivalence:

7_T+D:;pJC¢P == 7_T+DZPJ(C - D¢PC¢P) == 0
= 7_T+D:;pJC == (’/'_T+D;pJD¢P7_T+)C¢P == AP . C¢P
Because Cy, = {—KpA’};>0 by Definition 150, the implication (ii) = (iii) is
immediate. For the converse direction, we have to show that A;l T4 Dy JC is

an observability map of a DLS whose semigroup generator is A — we already
know that the first component — K p is correct if (iii) holds. It remains to prove

(A;l 7D Jc) A=7 " (Ap 7D Jc) .
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But this is the case:
(A;,1 7D Jc) A=Ap' 7Dt JC
— For (A;l D 7T+JC) e (AP : D;;Pch) ,

where the last equality follows because 7T+'D:; pmo = 0, by the anti-causality of
D;‘)P. This completes the proof. ([l

In claim (ii) of the following proposition, the minimax condition is connected
to a Liapunov equation that is almost the Riccati equation.

Proposition 180. Let & = [fg BTD*j] be an I/0 stable and output stable DLS,

and J be a cost operator. Let P € ric(®,J) such that Dyr is 1/O stable and
(J,Ap)-inner. Define Py :=Cjr»JCyr € L(H). Then

(i) Py satisfies the Liapunov equation
(4.41) A*PyA — Py + C*JC
= _KiApKp+ KpAp (-A;,l oDy Jc)

+ (~AR' - mDyrIC) ApKp,
and the residual cost operator satisfies La p, = 0.

(ii) Assume, in addition, P satisfies the minimax condition 74D JCyr = 0.
Then Py satisfies the Liapunov equation

(442) A*PyA— Py +C*JC = KT;APKP

Furthermore, A*(P—Py)A = P—Py, and if P € ricoo(®, J), then P—Py =
Ly p. If P € rico(®,J) then P = Py.

Proof. We first remark that is ¢* is output stable because Cop =C —DyrCyp,
and all the operators C, Dyr, Cy, are assumed to be bounded. So C;P makes
sense, and Py is well defined. The proof of claim (i) is the following technical
calculation. Because Cyr =C — DyrCy,, we obtain

Py:=C*"JC — C*JD¢PC¢P - C;PD;;FJC +C:;P,D;pJID¢PC¢P
=C*JC — C*JD¢PC¢P - C(};P'D;pJC +Cs,APCy,,
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where the latter equality is because Dyp is assumed to be (J, Ap)-inner. But
then

A*PyA — Py +C*JC
(i) (i7)
= (A*C*JCA-C*JC+C*JC)+ (—A*C*JD¢pC¢PA + C*JD¢pC¢P)

(i)

(iv)
+ (—A*C;;PD;P JCA+C}, Dise Jc) 4+ (A" Cop ApCyp A — Cop ApCy).

Part (i) vanishes trivially. Parts (%) and (%) are adjoints of each other, and
because A is the semigroup generator of both ¢ and ¢p, we have

— A*C*JD¢PC¢PA +C*JD¢PC¢P = —C*J7T+(TD¢PT*)7T+C¢P +C*JD¢PC¢P
= —C*J7T+D¢P7T+C¢P +C*JD¢PC¢P = C*J(’/'_T+D¢P7_T+ — 7T+D¢P7T+)C¢P
= C*JD¢P7T0 . 7T0C¢P,

where the last equality is by the causality of Dyr. But moCy, = —Kp with
the natural identification of the spaces U and range (mp). So part (i) equals
—C*JDy4rmo - Kp, and part (i) equals —Kp -* WOD;P JC. A similar calculation
as required for part (7) shows that part (i) equals —K5ApKp. Collecting out
results together, we have (4.41).

Because both C and Cy, are bounded by assumptions, and A is the semi-
group generator of both ® and ¢p, trivially CA’ = 7,7/C — 0 and Cy, A7 =
7.7Cs, — 0 in the strong operator topology. Because Cop = C —DyrCy,
where Dyp is bounded, it follows that C4r A7 — 0 in the strong operator topol-
ogy. By the Banach-Steinhaus Theorem, the family of operators {C,r A’} ;>0 is
uniformly bounded, and so is the family of their adjoints. It now follows that
forallz € H

||A*jP0ij|| < sup||A*jC;§pJ|| . ||C¢ija:|| -0
>0

as j — oo. This completes the proof of claim (i).

In order to prove claim (ii), we use the equivalence of (i) and (iii) in Proposition
179; now P is, in addition, assumed to satisfy the minimax condition. Replacing
—ARt - mD: L JC by Kp in (4.41) gives (4.42). Note that the Riccati equation
solution P, by definition, satisfies the Liapunov equation (4.42) with P in place
of Py, and then A*(P — Py)A = P — Py. This completes the proof. O

In the following Lemma, the main result of this section, we give a partial converse
result to Lemma 171.
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Lemma 181. Let & = [f‘g BTD*JJ be an I1/0 stable and output stable DLS. As-
sume that the input operator B € L(U; H) is Hilbert-Schmidt, and the spaces
U and Y are separable. Assume that range(B) = H. Let J € L(Y) be a
self-adjoint cost operator, J > 0. Assume that the regular critical solution
Pt = (Corit)T JCont € pico(®,J) ewists.

If P € 7ico(®,J) such that the inner DLS ¢* is I/O stable, then P > 0.

Proof. Let P € rico(®,.J) such that the inner DLS ¢ is 1/O stable. By Propo-
sition 177, Dyp is (J,Ap)-inner because P € rico(®,J) C ricyw(®,J). By
Proposition 178, P satisfies the minimax condition 7’T+D;pJC¢p = 0. Define
Py = C;P JC¢p as in Proposition 180. Because J > 0, then Py > 0. Because
P € rico(®,J), it follows that P = Py by claim (ii) of Proposition 180. Thus
P >0, and the proof is complete. O

The following theorem states that the exactly those state feedback laws that
associated to nonnegative solutions of DARE, are I/O-stabilizing. We could
also say that such solutions partially stabilize the closed loop semigroup gener-
ator Ap, and hide the unstable part of Ap to the unobservable (undetectable)
subspace.

Theorem 182. Let ® = [4/ B | = (4 B) be an I/0 stable and output stable

DLS, such that range (B) = H. Assume that the input operator B € L(U; H)
is Hilbert-Schmidt, and the spaces U and Y are separable. Let J € L(Y) be
a self-adjoint cost operator, J > 0. Assume that the regular critical solution
Pt = (Conit)* JCoit € rico(®, J) exists. Let P € rico(®,.J) be arbitrary.

Then J%Dd)p is I/0 stable if and only if P > 0.

Proof. If P > 0, then claim (iv) of Lemma 171 implies that J%qu is I/O stable.
The converse direction is an application of Lemma 181. However, we first have
to “absorb” the cost operator J into the DLS ® by replacing the feed-through
operator D by J%D, and the output operator C' by J2C. Call this modified
DLS ¢'. Finally replace the cost operator J by I. Clearly the assumptions of
® and ¢’ correspond to each other one-to-one, the DARE remains unchanged,
and Lemma 181 implies that P > 0. |
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4.6 Partial ordering and factorization

Assume that ® is an output stable and I/O stable DLS, and the cost operator
J is nonnegative. Furthermore, assume that the regular critical solution P§*it €
rico(P, J) exists. In this section, we consider the partial ordering of the solution
set 1ico(®P, J) as self-adjoint operators. Recall that for P € rico(®,J), the

closed ranges range (75¢P7?+> C (*(Z;U) of the Toeplitz operators 75¢P7?+

are shift-invariant, see Lemma 183 and Corollary 184. Here 754)13 denotes the
adjoint of the I/O map Dy, of the spectral DLS ¢p. Inclusions of the subspaces

range (15¢ P 7‘r+) are considered in Lemma 185. In Corollary 186, the maximality

property of the regular critical solution P§™t = (Ccm)* JCTIt € rico(®,J) is
proved. The order-preserving equivalence

rico(®,J) > P+ range (./\~/p7?+> C *(Z;U)

is considered in Theorem 187. Here Np denotes the adjoint 1/O map of Np,
the (Ap, Aperic)-inner factor of Dy, = NpX.

We start with reminding some classical results. The Beurling-Lax—Halmos The-
orem on the shift-invariant subspaces is the following:

Lemma 183. Let U be a separable Hilbert space. The following are equivalent

(i) Hy be a shift-invariant subspace of £*(Z.;U),

(ii) Hy = range (O7;) = O0*(Z;U’), where U' C U is a Hilbert subspace,
and © : (>(Z;U') — (*(Z;U) is a causal, shift-invariant and bounded
operator, which is inner from the left.

Furthermore, if range (©171) = range (©27) then there is a unitary (static)
operator V€ L(U) such that ©1 = O,V

For proofs, see e.g. [70, Lecture 9, Corollary 9] or [27, Chapter IX, Theorem
2.1]. We can get rid of indexing over the subspaces U’ C U if we modify the
definition of the inner (from the left) operator. This convention is taken in
[77], where the inner operators are defined to be such that ©(e') is a partial
isometry, a.e. e’ € T. Actually this indexing is only over all the cardinalities of
the subspaces U, because two Hilbert subspaces of the same dimension can be
unitarily identified. For the following corollary, see e.g. [70, Lecture I, Corollary
8]:

Corollary 184. Let ©1, Oy be inner from both sides. Then range (©271) C
range (0174) if and only if there is an inner operator O3 such that ©2 = ©103.
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We now consider the inclusions of the shift-invariant subspaces range (f% P7‘r+) .

Under the J-coercivity assumption 74 D*JD7w, > emy for some € > 0, these
subspaces are closed, see Proposition 135.

Lemma 185. Let J € L(Y) be a cost operator, and ® = [4) BT/ | = (4 B) be
an I/0 stable and output stable DLS. Assume that the input space U and the
output space Y are separable, and the input operator B € L(U; H) is Hilbert—
Schmidt. Assume that 7. D* D7y > eny for some € > 0.

Let Py, Py € 1icyy (P, J) such that Py < P». Then

range (15¢ Py 7‘r+) C range (15¢ Py 7‘r+) .

Proof. We begin the proof by centering the problem at the smaller of the so-
lutions P;. Define AP := P, — P; > 0. Then we have P, = P; + AP where
AP € Ric(¢p,,Ap,), by Lemma 156. The spectral DARE Ric(¢p,,Ap,) is a
H*DARE because P; € ric(®,J), by assumption. Also 0 € rico(dp,, Ap,) is
a trivial solution, corresponding to the solution of the original DARE P; itself.
By Corollary 146, both the indicators satisfy Ap, > 0 and Ap, > 0.

Note that we have not written AP € ric(¢p,, Ap,) because we do not know
a priori the output stability and I/O stability of the spectral DLS (ép,)ap.
However, a computation with the minimax nodes reveals that the spectral DLS
(¢p,)ap is a spectral DLS associated to the original ® and J

(4.43) ((¢P1)APJ~\AP) = (¢p, AP )ap = (bri1ar, Apyapr) = (¢p,, Ap,),

see equation (4.4) of Proposition 151. Because Py € ric(®,J) by assumption,
it follows that the spectral DLS (¢p, )ap is output stable and I/O stable. Thus
AP € ric(¢pp,, Ap,). For all zg € range (B), we have

(444) <APAj£L'0,Aj£L'0> = <P2Aj$0,Aj{E0> - <P1Aj$0,Aj£L'0> — 0

as j — oo, because both P, and P, are assumed to satisfy the ultra weak
residual cost condition of Definition 108. Because the DLSs ® and ¢p, have
the common controllability map, we have range (B) = range (B4,), and then
equation (4.44) implies that AP € ricyy(dp,, Ap ). From equation (4.43) we
also see that AP € ricyw(¢p,, Ap,) has a positive indicator Aap = Ap, > 0.

Now we want to apply claim (iii) of Lemma 171 with (¢p,, Ap,) in place for
(®,J), and AP € 7ricyy(¢p,Ap,) in place of P € 1icy,(®,J). We have to
check that the DLS ¢p,, cost operator Ap, and solution AP satisfy the addi-
tional conditions. Firstly, the equivalent conditions of Theorem 114 hold for
the pair (¢p,, Ap,) because they hold for (®,.J), by the coercivity assumption
7+ D*JD74 > emy and Corollary 146. For details see Proposition 147 and the
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discussion following it. We conclude that there is a regular critical solution
Pgnt S TiCQ(¢P1 , Apl).

The input operator B is common for both ® and ¢p,, and so the Hilbert-
Schmidt assumption holds for ¢p,. The same is true for the separability of the
Hilbert space U, which is the input and the output space of ¢p,. Now claim
(iii) of Lemma 171 gives

)ap)

(4.45) Dyp, = Dgp,)arDgp,

where (¢p, )2 is the inner DLS, and (¢p, )ap is the spectral DLS of ¢p,, cen-
tered at AP. Both (¢p,)2F and (¢p, )ap are output stable and /O stable; the
former by claim (iii) of Lemma 171, and the latter because AP € ricyy (¢p, Ap).
It also follows from Lemma 171 that the I/O map Dy, yar is in fact (Ap,, Ap,)-
inner, because App = Ap, is the indicator of AP € ric(¢p,, Ap,), as discussed
above. Note that because the nonnegative cost operator Ap, has a bounded
inverse, we do not need to include the square root of it into equation (4.45), as
has been done in Lemma 171 for possibly noncoercive cost operator J.

It follows from equation (4.43) that Dy, )a, = Dgp,- By Corollary 118,

the regular critical solution Pg™* := (C°*)" JCit € ricy(®, J) exists because
7+ D*JD7. > emy is assumed for some ¢ > 0. We now obtain from equation
(4.45)

(4.46) Np,X =Dy, =Dy, )8r Dy, = DigpyarNp, X,

where D¢P1 = ./\/plX (D¢P2 = sz X) are (API,AP(():rit) ((AP2,AP(():rit) )—inner—
outer factorizations, respectively. The outer factor X has a bounded inverse,
and it is common for both the I/O maps Dy, and Dg,, , see Proposition 147.
As noted earlier, Dy, jar is bounded and (Ap,, Ap,)-inner. We proceed to
prove that it can be normalized to an I/O map that is inner from both sides.

Divide the outer factor away from (4.46), to obtain Np, = Dy, yar - Np,.

. . : o __ e} &} (SR —
Normalize, as in Corollary 172, to obtain Np = M$%, ApNp,, where Np =
1 1 1 1
3 -3 o ._ AZ -3
AN A N3, = AL Np AL, and

1 _1
Poap = Ap DigpyarAp?  2(Z;U) — (2(Z;U).

By claim (ii) of Proposition 147, both the I/O maps Np and Np, are inner from
both sides, and their boundary traces are unitary-valued functions. Because
Dypyar is (Ap,, Ap,)-inner, it follows that normalized I/O map M% Ap is
inner from the left. Now the boundary traces satisfy

M, ap(€?) = NE, ()N, ()",

and it follows that the boundary trace evaluation Mp A p(€?) is unitary for
almost all € € T. Thus M, ap I8, in fact, inner from both sides.
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By using the adjoint I/O maps, we change the order of factors

o __ ATO o
P — VP P,AP>

where all the factors are inner from the both sides. Now Corollary 184 implies
that

(4.47) range ( Pmt./\/p1 7T+) = range (NP 7T+)
C range (J\/j%z 7‘r+) = range ( Pcmj\/p2 7r+)

By considering the outer transfer functions as in claim (ii) of Proposition 127,
it is easy to see that X" is outer with a bounded inverse if and only if X is outer

with a bounded inverse. In particular, X A . is outer with a bounded inverse,

PCI‘!
and the Toeplitz operator XAPCrit 74 is a bounded bijection on £(Z,;U). Thus
0
the inclusion of ranges in (4.47) remains valid if we multiply the operators from
-1
the left by X A;mn’u_. Now the claim follows. O
0

The following corollary is somewhat analogous to [49, Theorem 13.5.2].

Corollary 186. Let J > 0 be a cost operator. Let ® = [f‘g BTD*JJ be an I/0 sta-
ble and output stable DLS. Assume that the input space U and the output space Y
are separable Hilbert spaces, and the input operator B € L(U; H) of ® is Hilbert—
Schmidt. Assume that the regular critical solution P§™t := (C°"it)" JjCorit €
rico(®, J) ewxists.

(i) Let Py € rico(®, J) be such that PPt < Py where P € rico(®, J) is any
reqular critical solution. Then Py is a regular critical solution.

(ii) If, in addition, range (B) = H, then the unique critical solution Pt :=
(CeHE)* JCt s mazimal in the set rico(®, J).

Proof. By Lemma 185, equation (4.47) gives for the ranges of the adjoined
operators, because Py > Pt

(*(Z,;U) = range (75%““ 7?+) C range (754)130 7?+) C 3(Z;U),

and immediately range (Z%PO 7‘r+) = (*(Z;U). By Dy, = Np,X denote the
(Apy, A Pcnt) inner- outer factorization, and normalize the inner part as before:
NPO = APONPO Then range (./\~fp07‘r+) = (%(Z4;U), as in the last part of

the proof of Lemma 185. Now the uniqueness part of Lemma 183 shows that N/ Po
is a static unitary constant operator V' € L(U). By canceling the normalization,

P(‘rlt
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_1 1
we obtain Dy, = Ap?V*AZ . X. Because the static part of both Dy, and X

crit
0 P§

1 1
is the identity operator I € L£(U), it follows that A2V *A?2

0 Pé:rit
Dyp, = X. Because I € rico(o, J), it is a regular critical solution, and the

= [ and hence

first claim (i) is verified. Under the approximate controllability range (B) = H,
an application of claim (i) of Corollary 116 proves the remaining claim. O

We remark that the solution P§'t := (C't)* JC M is not generally maximal in
the full solution set Ric(®,J). A plenty of examples about this are provided
by Lemma 193 in Section 4.7. Even if range (B) = H is assumed, we do not
yet know whether P§'it is the largest element of rico(®, J) — there could be a
solution P € ricy(®, J) that is not comparable to P§™*. However, this is not the
case, as shown in Theorem 188. This result is based on the following equivalence
of the two order relations.

Theorem 187. Let J > 0 be a cost operator. Let ® = [4' BT’ ] = (4 5)

be an I/0 stable and output stable DLS, such that range (B) = H. Assume
that the input space U and the output space Y are separable, and the input
operator B € L(U;H) is Hilbert-Schmidt. Assume that the regular critical
solution P§® := (C1%)" JCt € rico(®,J) ewists.

For Py, Py € rico(®,J), the following are equivalent

(i) P, < P.

(i) range (./\prjnr) C range (J\N/pzinr), where Np is the (Ap,Apent)-inner
factor of Dy,

In other words, the mapping
rico(®,J) 2 P +— range (J\N/pfnr) C (Z,;U)

is order-preserving from the POSET rico(®,J) (ordered by the natural partial
ordering of self-adjoint operators) into the sub-POSET {range (J\N/pfnr) }Perico(®,)

of the shift-invariant subspaces of (*(Z;U) (ordered by the inclusion of sub-
spaces).

Proof. The implication (i) = (ii) is Lemma 185. We just remark that if J > 0,
the existence of the regular critical solution P§™* is equivalent to 7. D*JD7, >
emy for € > 0, see Theorem 114 and Corollary 117. For the converse direc-

tion (ii) = (i), note that range (./\~fp17‘r+) C range (./\prjnr) is equivalent to



4.6. PARTIAL ORDERING AND FACTORIZATION 223

range (J\N/ P 7‘r+) C range (./\7 Py 7‘r+), where the normalization is as in Corollary
172. This normalization is possible because both the indicators Ap,, Ap, and
A pgrit are positive, by Corollary 146. By Corollary 184, there is an inner (from

both sides) operator © such that N 0 = N p,» Or equivalently

1~ 1
(4.48) Dyp, = Ap’OAR, Dy,
because we can factorize Dy, = NpX for P € ricyw (¢, J), by Proposition 147.

Now we continue as in proof of Lemma 185, and center the problem around
the smaller solution P;. As in the proof of Lemma 185, we have the solution
AP := P, — P, € ric(¢p,, Ap,) whose nonnegativity is to be shown. We have
(¢P1 )AP = ¢P2 and

(4.49) D¢P1 = D(¢p1)APD(¢P1)AP = D(¢P1)APD¢P2,

as in the proof of Lemma 185.

We have to check that ¢p,, Ap, and AP satisfy the assumptions of Lemma 181.
Firstly, the separable U is the input space and the output space of the output
stable and I/O stable DLS ¢p,. Also range (B¢p1) = H, because By, = B.
The indicator Ap,, serving as the cost operator, is nonnegative as already has
been discussed. The H*DARE ric(¢p,,Ap,) has a regular critical solution
because the original H*DARE ric(®, J) has, see Theorem 114 and claim (i) of
Proposition 147. Because AP = P, — Py and Py, P» € rico(®P, J) by assumption,
the residual cost operator L 4 A p exists. Furthermore, Ly ap = La,p,—La,p, =
0, and it follows that AP € rico(¢dp,, Ap,) because A is the common semigroup
generator of all the DLSs @, ¢p, and (¢p, )ap. Now we see that the assumptions
of Lemma 181 are satisfied.

By comparing (4.48) and (4.49), we see that the inner DLS (¢p, )2 is 1/0
stable. Compare, for example, the transfer furllctions in a small neighborhood
of the origin, to convince yourself that A;ﬁ% (:)Af32 =D(pp,)ar- Also claim (ii) of
Proposition 135 can be used, to see that the I/O map Dy, has a bounded, shift-
invariant but generally noncausal inverse in ¢*(Z;U). By Lemma 181, AP >0
and the proof is completed. [l

We proceed to give an order-theoretic characterization of the set of nonnegative
regular H> solutions of the H*DARE ric(¢,J). Under approximate control-
lability, these are exactly those that give H*® factorizations in Lemma 171, see
Corollary 137.

Theorem 188. Let J > 0 be a cost operator. Let ® = [4) Br] = (A 5) be

an I/0 stable and output stable DLS, such that range (B) = H. Assume that
the input space U and the output space Y are separable, and the input operator
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B € L(U; H) is Hilbert-Schmidt. Assume that there is a (unique) regular critical
solution P§™ := (CM1)* JCt € ricy(®, J). Then

(P ericg(®,J) | P>0}={PeRic(®,J) | 0<P<PS).

Proof. The inclusion D has already been established in claim (ii) of Corollary
141. For the converse inclusion, let a nonnegative P € rico(®, J) be arbitrary.
Because NV perit = Z, it follows that the range of the Toeplitz operator N, perit Ty
is all of /2(Z,;U). In particular, range (J\N/pfnr) C range (./\procmmr), and it
follows that P < P§™*, by Theorem 187. The proof is complete. O
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4.7 H® solutions of the inner and spectral DAREs

We start with a motivation of the contents of this section. For simplicity, assume
for a while that the nonnegative cost operator J is boundedly invertible. In claim
(iv) Lemma 171, we introduce the factorization of the I/O map as a composition
of two I/O stable I/O maps

(4.50) Dy =D,s Dy,

for any nonnegative P € rico(d, J). As a conclusion of the same lemma, it

follows that the inner DLS ¢” is output stable and I/O stable. The technical
assumptions of Lemma 171, such as the separability of the Hilbert spaces and the
Hilbert—Schmidt compactness of the common input operator B € L(U; H), are

inherited from ¢ by ¢. This makes it possible to apply claim (iv) of Lemma 171
to inner DLS ¢ and the associated inner H*DARE ric(¢”, .J). In this way, the
(J, A p)-inner factor D sP Can be further factorized by the nonnegative solutions

P € rico(¢”,J). A similar consideration can be given for the right factor Dy, ,
which is the I/O map of the spectral DLS ¢p, and a stable spectral factor of
the Popov operator Dj.JDy, too. The nonnegative solutions P € rico (pp,Ap)
of the spectral DARE factorize Dy, into I/O stable factors.

Because of the possibility of a recursive factorization of factors in equation
(4.50), we conclude that both the solutions sets

rico(¢p, Ap), for all Pe rico(¢, J),

{P e rico(¢F,J) | P> 0} , forall Perico(p,J), P>0
are quite interesting. So it is desirable to characterize them in terms of the
original data, namely the DLS ¢ = (é 5), the cost operator .J, and the solution

sets Ric(¢,J) and rico(¢, J) of the original DARE. This is the subject of the
present section.

We start with considering the spectral DARE, as it is quite easy. In fact, the
result on the spectral DLSs has already been used in the proof of Theorem 187.

Lemma 189. Let J > 0 a cost operator. Let ¢ = (& B) be an output stable
and 1/0 stable DLS. Assume that the input operator B € L(U; H) is Hilbert-
Schmidt and the input space U is separable. Let P € rico(¢,J) be arbitrary.

Then the following are equivalent:

(i) AP € rico(dp, Ap),
(ii) P+ AP € rico(¢, J).
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Proof. To prove the implication (i) = (ii), let AP € rico(¢p,Ap) be arbitrary.
Then, because A is the semigroup generator of both ¢ and ¢ 3, it follows that the
residual cost operator LA};,JFAP exists and satisfies LA};,JFAP = LA715+LA”AP =

0. By Lemma 156, P + AP € Rico(¢, J).

Because J > 0, it follows that P§™t = (C(‘;rit) JCG* > 0 and also Apere > 0.

By Theorem 114 and Lemma 145, it follows that Az > 0 because P € rico(¢, J).
The spectral H*DARE ric(¢p,Ap) has a regular critical solution Pt €
rico(¢p, Ap) because P§'' € rico(p,J) is assumed to exist, see Proposition
147. Because the cost operator of DARE ric(¢p, Ap) is nonnegative, the in-
dicator A Prit is nonnegative and the same is true for the indicator ]\AP, by
Lemma 145 and the assumption AP € rico(¢ps, Ap). Now, by equation (4.4) of
Proposition 151, Af?+AP =Aap > 0.

Now we have concluded that P+ AP € Ricy(,J), and its indicator is positive.
It follows that P+ AP € rico(¢, J), by Corollary 140. This completes the proof
of the first implication.

To prove the other direction (i) = (i), assume that P, := P+ AP € rico(¢, J).
Then AP = P, — P ¢ Ric(¢p,Ap) by Lemma 156, and also Laap = 0.
Thus AP € Rico(¢p, Ap) because the same A is the semigroup generator of
all spectral DLSs. The indicator Ax of AP € Ric(¢p, Ap) satisfies An = Ap,,
by equation (4.4) of Proposition 151. But the latter is positive because Py €
rico(¢, J), by the same argument that is presented in the first part of the proof

for Ag.

We have proved that AP € Rico(¢p,Ap), and its indicator Aap is positive.
Now, because the Hilbert—Schmidt class input operator B and the separable
input space U is common for all spectral DLSs, an application of Corollary 140
completes the proof. O

A similar results can be given for other residual cost conditions introduced in
Definition 108. The case of the ultra weak residual cost condition has been
considered in the proof of Lemma 185. We proceed to characterize a regular
critical solution of the spectral DARE.

Corollary 190. Make the same assumption as in Lemma 189. By P§" :=
(€50 JCG™ € rico(¢, J) denote the regular critical solution.

Then P§™t — P e rico(¢p, Ap) is a regular critical solution. If, in addition,
range (By) = H, then it is the unique regqular critical solution.
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Proof. By Lemma 189, we see that AP := p(t)trit_ﬁ € rico(¢p, Ap). By equation
(4.4) of Proposition 151, we have for (¢p)peric_p = ¢ perit, Whose I/O map is
0 .
the outer factor X of Dy, by the definition of the critical solution P§"'. It
follows that P§™' — P € ric(¢p, Ap) is a regular critical solution of the spectral
H>*DARE ric(¢p,Ap). If range (Bg) = H, then also range (By,) = H because
the controllability maps of ¢ and ¢ coincide. The uniqueness of the regular
critical solution of ric(¢ s, Ap) follows from Corollary 116. O

The spectral DLS and DARE can be used to show that the solution set rico(¢, J)
is order-convex:

Lemma 191. Let J > 0 be a cost operator. Let ¢ = (& B) be an output stable
and I/0 stable DLS. Assume that the input space U is separable, and the input
operator B € L(U; H) is Hilbert-Schmidt. By P§™* := (C$™*)* JCG € rico(¢, J)
denote the reqular critical solution.

Then rico(¢,J) is order-convex in the following sense: if P e rico(p, J) is
such that P < P§™, then all P € Ric(¢,J) such that P < P < P§"t satisfy
P € rico(p, J).

Proof. Because P < P < P§"'*, then 0 < P — P < P§"* — P. By Lemma 156,
P — P € Ric(¢p,Ap). By Corollary 190, P§'* — P € rico(¢p, Ap) is a regular
critical solution. By claim (ii) of Corollary 141, P — P € rico(¢p, Ap). The
proof is now complete. O

Now we have dealt with the spectral DLSs and DAREs. We proceed to study
the regular H> solutions for the inner H*DARE ric(¢”,.J), centered at P > 0.
We need to assume that the nonnegative cost operator J has a bounded inverse.
By Lemma 171, this guarantees that ¢ is output stable and I/O stable, when
questions about H° solutions become meaningful.

Lemma 192. Let J > 0 a boundedly invertible cost operator. Let ¢ = (4 B)

be an output stable and I/0 stable DLS, such that range (By) = H. Assume
that the input operator B € L(U; H) is Hilbert-Schmidt, and the input space
U and the output space Y of ¢ are separable. Assume that the regular critical
solution P := (Cg™)* JCG™ € rico(¢, J) ewists. Let P € rico(¢,J), P >0, be
arbitrary.

Then the inner DLS qbﬁ is output stable and I/O stable. The inner DARE
Ric(¢?,J) is a H® DARE. Furthermore, P is the unique reqular critical solution
of its own inner DARE rico(¢",J). In particular, LA};,P =0.
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Proof. Let P € rico(¢,J), P > 0, be arbitrary. By claim (iv) of Lemma 171,
d)P is output stable and I/O stable, because J > 0 has a bounded inverse. Thus
Ric(qbﬁ, J) is a H*DARE, and it makes sense to ask about the regular H
solutions P € ricg (qﬁ‘f), J).

By claim (iv) of Lemma 171, D5 is (J, Ap)-inner. Because P>0and J >0,
it follows that Az > el for some € > 0. Thus the Popov operator satisfies
D;‘)ﬁ JD,» = Ap-I > €I, and by Corollary 146, there is a regular critical solution

PgHit ¢ rz'(:o(¢15 ,J). It follows from the approximate controllability assumption
range (B) = H of ¢ that the inner DLS ¢ is approximately controllable, too,
because range <B¢p) = range (By) as in the proof of Proposition 178. Now claim

(i) of Corollary 116 implies that f’(?it is the unique regular critical solution

of H*DARE ric(qﬁp ,J). Furthermore, ~(§m is nonnegative, because J > 0.
Expectedly, the outer factor of D 5P is the static identity operator Z, which

equals the I/O map (¢p)ﬁ5rit of the corresponding spectral DLS (associated to
pair (¢7, 7).

Let P € Ric(¢F,J) = Ric(¢,J), P > 0, be arbitrary. Then the spectral DLS
(¢P)P can be put into form

(4.51) <(¢P)P;AP) = (éﬁP,J)P = (<KF~,A—15KP ?) 7AP) ;

see equation (4.2) of Proposition 151. Here Ag := A+ BKp, Ag = D*JD +
B*QB, and AgKg = —D*JC — B*QA for Q = P, P are the closed loop semi-
group generator, indicator and feedback operator, relative to the original DLS
¢ and the cost operator J.

By setting P = P in equation (4.51), we get

z A B As B
Py _ _ P _ P
he=( 1)-(0 1)
and the feedback operator K’P, associated to pair (d)p, J), satisfies Xf? =0.
However, the same is true for the unique regular critical solution 156““3 € Ticy (qb]5 ,J)
if range (B4) = H. It follows that range (B(bp) = range (By) as in the proof of

Proposition 178. But now assumption range (B4) = H implies range (B¢ﬁ> =
H. Furthermore, because the controllability maps of a DLS and any of its

spectral DLSs are equal, the approximate controllability range (B( 4)}5)})) =H
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follows for all P € Ric(¢,J). Now, for P = P§"* equation (4.51) gives
N Ap B\ Ap B
(¢ )Pgrit o —Kpocrit I B KP - Kﬁgrit I ’
By the definition of the critical solution, the I/O map of the spectral DLS
(¢P)150°r“ is the outer factor of D,r. But this is the static identity operator Z,

as discussed above. Thus K pexi
0

range (B(¢15)P) = 0, and by the approximate

controllability assumption, it follows that K perit = 0.

By the definition of the inner DARE m'c((;b]5 ,J), the following Liapunov equa-
tions are satisfied

ALPAp — P+ C:JCp =KiApKp =0,
A},PgrltAIS _ P(l)tl"lt _|_ C;%JCI"D = K;éocntA "Srit, K}S(:(".rlt — 0

But now Pt — P = 14*15(.750Crit — P)Ap and by iterating
pcrit D *J perit A7 _ *J D AT
Perit — P — AP AL = — AT PAT,
crit

Because ]5_0 is the regular critical solution of ric(qﬁp ,J), it follows that
Ang“tAZf, converges strongly to zero as j — oo. But then L, p :=

. *] ~ ] .
s — limj_. AP PAP exists, and

pcrit D _ 5
(4.52) Pyt —P=-L, ;.

A similar kind of calculation can be carried out with the open loop operators.
Because K peie = 0 as shown above, and by formula (4.51), Kpeiw = Kp—Kpen,
it follows that K5 = K Prit For the indicators we have Ap = A Berit too. To

see this equality, consider first the solution P € rico(¢,J). The I/O map of
its inner DLS ¢ is (J, A p)-inner, as has already been mentioned. The critical
solution P§™* € rico(¢F, J) gives the (J, A pgrit)—inner—outer factorization

D.s=D D =D I=D, , pei

OF T TPy T @) pere T T (pP) T8 (47)
by claim (iv) of Lemma 171, and the uniqueness of the (J, S)-inner-outer factor-
izations of an I/O map if the feed-through part of the outer factor is normalized

to identity, see Proposition 83. We conclude that D¢}s is (J, Apgr;t)—inner. So,
D,p is simultaneously both (J,Ap)-inner and (J, Apgr;t)-inner. This implies
that A perit = A perit = A because the indicator of a solution is not changed
under transition to any inner DARE.
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Because Kp = Kpgm and Aﬁ,grit = Ap holds, the open loop DARE Ric(¢, J)
gives us the equality

AP A — Pg"t = A"PA— P,

because both the operator ]56““3 and P are solutions of the original DARE
Ric(¢,J), and the right hand sides of the DARE at these solutions coincide.

Thus P§'t — P = A*(P§'"* — P)A and in the same way as proving equation
(4.52) we obtain

(4.53) B =P =Ly po =Ly p =Ly per-

Here the strong limit exists and equality holds because L, 5 = 0, by assumption
P € rico(o, J).

Comparing equations (4.52) and (4.53), we see that —L,, p = Ly pe. Both
the residual cost operators are nonnegative, as strong limits of sequences of
nonnegative operators. It immediately follows that L ApP = L, perit = 0. Thus

P c m’co(gzﬁl5 ,J) is the critical regular solution of its own inner DARE. This
completes the proof. O

In the following Lemma 193 we characterize the regular H°® solutions of the
inner DARE Ric(¢”,J) for nonnegative P e rico(d, J). As in Lemma 192,
we have to be a little careful to see that Ric(¢*,J) is a HDARE. For this
reason, we assume again that the cost operator J > 0 has a bounded inverse.
It is important that the particular case when P = P§'it = (Cgt)*JCG™ can be
solved for general J > 0, see Theorem 197.

Lemma 193. Let J > 0 a boundedly invertible cost operator. Let ¢ = (4 B) be

an output stable and I/0 stable DLS, such that range (By) = H. Assume that
the input operator B € L(U; H) is Hilbert-Schmidt, and the input space U and
the output space Y of ¢ are separable. Assume that the regular critical solution
Pt = (CG)*JC € rico(, ) eists.

Then for all P € rico(¢, J), P> 0, the DLS ¢‘£) is output stable and I/0 stable.
Furthermore, we have the following equality of the solution sets of H>* DARFEs

{P € rico(¢,J) | P< 15} = rico(¢”, J).

Proof. The output stability and I/O stability of qbﬁ follow from Lemma 171 and
the assumption that J has a bounded nonnegative inverse. We conclude that
the inner DARE Ric(¢”,J) is a H®DARE, and the claim about the solution
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sets rico(¢@, J) and m’co(gzﬁf5 ,J) is meaningful. We proceed to prove the equality
of the solution sets. Fix P € rico(¢, J) such that P > 0.

To prove inclusion “C”, let P € rico(¢, J) be arbitrary, such that P < P. By
Lemma 189, AP := P — P € rico(¢p, Ap) and we can consider the inner DARE
of ric(¢pp, Ap), centered at AP > 0. Because the input operator B of ¢p is
Hilbert—Schmidt, the input space U is separable, the cost operator Ap > 0 is
boundedly invertible, and the H* solution AP € rico(¢p, Ap) is nonnegative,

Lemma 192 implies that AP is the unique regular critical solution of its own
inner DARE ric((¢p)2F, Ap).

By Corollary 152, the minimax nodes have the “commutation” relation
(4.54) ((6r)27,Ap) = ((67)p Ap) .

Because the semigroup generator of (¢p)2F = (¢P)p, equaling that of qbﬁ, is
Ap, it follows

O=Lagap=1Ly, p_py=La, p—Lasp=—Lagp,
where the first equality is because AP € ricy((¢p)?F, Ap) as the unique regular
critical solution, and the last follows from the last claim of Lemma 192. This

implies the existence of La, pasastrong limit and also La, p=0. Because Ap

is also the semigroup generator of ¢, it remains to prove that P € ric(cﬁ]5 ).

By identity (4.54), we conclude that (¢¥)p is output stable and I/O stable,
because this DLS equals (¢p)>F, which is 1/O stable and output stable by
claim (iv) of Lemma 171 and the fact that AP € rico(ép, Ap) is nonnegative,
as discussed earlier.

Here we have used the fact that the cost operator Ap of DARE ric(¢p, Ap)
is nonnegative with a bounded inverse, by Lemma 145, because P € rico(¢, J)
and the regular critical solution P§™* := (C§™)* JCS™ > 0 surely has a positive
indicator, by the nonnegativity of J. This completes the first part of the proof.

For the converse inclusion “D7, let P € rico(¢”,J) be arbitrary, and define
AP = P — P. Now our task is to show that ¢p is output stable and I/O stable,
and P > P. To clarify things, we first write the observability map of ¢f in
I/O-form, by using formula (4.25), with ¢p in place of ¢, AP in place of P, and
so on. Recall that this formula does not require any stability properties of any
of the DLSs involved (apart from the boundedness of the generating operators),
because is solely based on the equivalence of DLSs (and their feedbacks) in I/O-
form and difference equation form, presented in the sense of Lemmas 24 and 26.
We obtain

o _ —1
Cipyr = Ciopyar =Cor =DopDigpy, Clor)ar
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where the first equality is because (qﬁp)AP = (¢P)p, by equation (4.54). Fur-

thermore, Dy, D( = D( 6p)AP, A8 causal, shift invariant operators in the se-

PP)ap R

quence space Seq(U), by formulae (4.25) and (4.26). But now (¢p)~" = (¢7)p

implies that D, ar = D(¢p) in Seq(U). Because (¢p)p = ¢ by equation
P

(4.4) of Proposition 151, we get

(4.55) Cor =Coryy + (Diopy, ) -Con

Because P € rico(cﬁp,.]) by assumption, both C,p) : H — (*(Z4;U) and
D((bﬁ)P : 12(Z;U) — (*(Z;U) are bounded. Similarly Cy, : H — (*(Z1;U) is
bounded because P € rico(¢, J), by assumption. We now conclude that ¢p is
output stable, because all the operators in equation (4.55) are bounded between
the corresponding (dense subspaces of the) Hilbert spaces H, ¢*(Z;U), and
2(Z;U).

We proceed to show the I/O stability of ¢p. As above, Dy, D(_¢1P)Ap =Dy )ar =
D(¢ﬁ)P in Seq(U). Also, D(g,),, = Dg, because (¢pp)pp = ¢p. Because the

feed-through operator of the spectral DLS ¢ is always the invertible identity
operator, it follows from Proposition 16 that Dy, is a causal bijection in Seq(U).

It follows that Dy, = D(¢p) Dy, in Seq(U). From assumptions P € rico(e, J)
_ P
and P € ricg(¢”,J) it follows that both Dy, and D(¢ﬁ) are bounded in

P

(*(Z;U), and so is Dy,. We have now proved that P € ric(¢,J), and thus
Ric(ép, Ap) is a H®DARE.

Because P € ricy (qﬁ‘f), J), it follows from claim (iii) of Lemma 171 that the I/O
\P -

map of the inner DLS (¢P> is I/O stable and (J, Ap)-inner. The indicator

Ap of P, as a solution of the inner DARE Ric(d)p, J), equals the indicator Ap

_\ P
of P, as a solution of the original DARE Ric(¢,J). Because (d)P) = ¢ by
equation (4.3) of Proposition 151, it follows that Dyr is (J, Ap)-inner.

Thus Dy = Dyr Dy, where both the factors are bounded. For the Popov oper-
ator we get

D} JDy = (DyrDy,) JDyrDy, =D}, - DiypJDyr - Dy, = D ApDs,..

Because we already know that P € ric(¢,J) , it follows that the residual cost
operator in I/O-form satisfies L4 p = 0, by claim (ii) of Lemma 144. Because
range (B4) = H is assumed, it follows that L4 p = 0, by claim (iii) of Lemma
144. We have now shown that P € rico(¢, J).
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Because P,P ¢ rico(¢,JJ), Lemma 189 implies that that AP := P—PpPe
rico(¢p, Ap). Because (¢p)2F = (¢7)p and P € ricy(¢”, J), it follows that
the inner DLS (¢p)A7 at solution AP is I/O stable. Because the DLS ¢p, the
cost operator Ap, and the solution AP € rico(dp, Ap) satisfy the conditions
of Theorem 188, it follows that AP > 0 and thus P > P. This completes the
proof. O
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4.8 Reduction of H*DARE to an inner DARE

In this section, we consider the H*DARE ric(¢, J) that has a regular critical
solution Pg™* := (Cg™)*JCG™ € rico(¢, J), where

(4.56) CM = (I — 74 Dy(74 D} JDy7y) 7. DT )Co.

In essence, we show under technical assumptions that ric(¢, J) and ric(¢™o", J)
are practically equivalent, as H*°DAREs. Many of these results hold for general
cost operator J; the nonnegativity assumption J > 0 is required only when the
sets rico(¢, J) and rico(qﬁpgm,J) of regular H* solutions are related to each
other.

Suppose we are interested in the H> solutions of H**DARE ric(¢, J). If we
know some solution P € ric(¢,J), we can study the (possibly non-H) in-

ner DARE Ric(¢15 ,J) in place of the original ric(¢,J). Furthermore, under
the conditions of claim (iv) Lemma 171, if we can find a nonnegative solution

P € ricyw(¢,J) for J > 0, then the inner DARE Ric(¢”, J) is essentially the
H>*DARE ric(J%qSﬁ, I), with an (I, A p)-inner I/O map J%D¢p. If, in addition,
the nonnegative cost operator J has a bounded inverse, then Ric(¢13 ,J) itself
is a H*DARE. We remark that an inner DLS ¢‘£) is generally not observable
(i.e. ker (C ¢}5> # {0}), and the semigroup generator Ap is generally not even
power bounded.

In Lemmas 192 and 193 we have considered the solution set rico(cﬁl5 ,J) for
P > 0 and boundedly invertible, nonnegative cost operator J. In this section,
we give stronger results in the particular case P = P§™*. The I/O map D SRS

is now the (J, A perie)-inner factor A of the I/O map Dy = N'X, and there is no
need to assume a bounded inverse for J to make ¢’ o output stable and I/O
stable. The outer factor X of the I/O map D, is not very important from the

Riccati equation point of view, as implied by Theorem 197, the main result of
this section. An important application of these results is in Section 5.7.

We start by answering the uniqueness questions associated to various critical
operators.

Proposition 194. Let ¢ = (4 B) be an output stable and 1/0 stable DLS, and
JeL(Y) a self-adjoint cost operator. Assume that the regular critical solution
Pt = (C)*JCG™ € rico(¢, J) exists. Then

(i) the critical indicators satisfy Apes = APSrit for all critical
Pcrit 6 Ricuw(¢7 J)’
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(i1) If range (By) = H, then the critical feedback operators satisfy Kpeie =
K perit for all critical P* € Ricyy(¢,J). Furthermore, the closed loop
operators Apeiv = Apocm and Cpeiv = CP(():rit, where critical Pt €
Ricuw(9,J) is arbitrary. PS™ is the unique critical solution in the set
ricoo (@, J).

(ii1) If range (By) = H, and the open loop semigroup A is strongly stable, then
there is only one critical solution P € Ricyw(9,J), and it equals PS™t.

We conclude that if range (B) = H, it makes sense to speak about the critical
(closed loop) feedback operator K| the critical semigroup At and critical
output operator C''*, because these are now independent of the choice of the
critical solution. In Definitions 70 and 73, we defined the objects K¢t Acrit
and C"'t differently. We proceed to show that under approximate controllability
range (Bs) = H, both these definitions coincide. This makes it possible to write
cri Aperit B
the inner DLS ¢o v (CPO : D) in I/O-form, without explicit reference to
Pé)[‘l
the solution Pt

Proposition 195. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5)

be an output stable and I/0O stable DLS, such that range (By) = H. Assume that
there exists a regular critical solution P§™ € rico(¢, J).

Define the critical (closed loop) feedback operator
K i= —(74 D}, JDy7,) 74 D5JCy

and the critical (closed loop) observability map C(‘;rit = Cy+ DKt By X and
N denote the (J, Apenc)-inner and outer factors in the (J, Apenit)-inner-outer
factorization Dy = Nx.

Then

(i) Kpeie = Kt where Kt := 1o Kt with the natural identification of
spaces range (mo) and U,

(ii) the observability map of the spectral DLS satisfies Cy ..., = XKcert,
0
(iti) Aperiv := A+ BE perie = A, where A™ := A+ By K,

(iv) Cpenv 1= C + DK pee = Cit, where O = mC§"* with the natural
identification of spaces range (m9) and Y.

(v) In particular, the inner DLS ¢P§.m is given in I/O-form by the critical
(closed loop) DLS
(Acrit)j B(b‘)(fl,r*j

Pcrit o )
(4 57) oo - C;rlt N
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Proof. Let Dy = NX be the (J,Ape)-inner-outer factorization, where the
outer part X has a bounded inverse, and the feed-through operator is normalized
moXm9 = I. The existence of such factorization follows from the assumption
that the critical solution P§™t exists, by Theorem 114. It also follows that the
Popov operator 71D} JDy7+ has a bounded inverse, and it follows that all the

operators KoMt ferit - Acrit, C;m and C!* are well defined.

Then, as in the proof of Lemma 87, it follows that the outer factor X has the
realization, written in I/O-form

_ Al B¢T*j
. o= [ 2577
where K := —Ag,clrit./\/'* JCgs. On the other hand, the critical (closed loop) feed-
0
back operator Kt = —(7?+DZJD¢7‘T+)’17?+D;JC¢ can be written in form

Kerit = X1 . K, by Lemma 84. We have now enough information to translate
the DLS ®x in formula (4.58) into difference equation form; we have

(459) ¢X = (_I?-Crit ?) , KCI'it = 7_‘_Olccrit7

because mo X7y = I implies that 1o X ~tmg = I, and then mp/C = 7™, Note
that we have identified the spaces range (mp) and U in the natural way.

Now, because P§''t € rico(¢,J) is a critical solution, the outer factor X can
be expressed also as the I/O map of the spectral DLS ¢Pgrit = (—Kigrit ?)
Because the controllability maps of ¢P5rit and ¢y coincide with By, we con-
clude that K" |range (By) = K peric
Kot = K perit because both the operators are bounded. This proves now claim

range (Bg). By approximate controllability,

(i), and claim (ii) immediately follows because K = Cy ., and K = X~1- K,
0

as discussed above.

Claims (iii), (iv) and (v) are consequences of Lemma 26, where it is shown
that the state feedback structures of DLSs in I/O-form and difference equation
form are equivalent. More precisely, the pairs [K,Z — &X] and (K, 0) are
corresponding state feedback pairs for the (open loop) DLS ¢ in I/O-form and
difference equation form, respectively. It follows that the closed loop DLSs
[¢,[K,T — X]]o in I/O-form and (¢, (K", O))<> in difference equation form are

equal, by Lemma 26. But these equal & " and o Omt, extended by the equal
feedback pairs. O

Now we have tools to find out how the continuity properties of ¢ are inherited

crit

by the inner DLS ¢%o
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Proposition 196. J € L(Y) a self-adjoint cost operator. Let ¢ = (4 5) be
an output stable and I/O stable DLS. Assume that range (By) = H, and the
(unique) reqular critical solution P$™ € rico(¢,J) exists. Then

(i) qSPgrit is output stable and I/O stable. The I/O map of ngPSm is the
(J, Apgrit)-inmer factor N of Dy = NX. Furthermore, ¢ is input stable if

and only if qbpgm is.

(ii) We have range (B Pgm) = H. If ¢ is input stable, then By (*(Z_;U) = H

¢
if and only if B¢p§r;t *(Z_;U)=H.

Proof. In claim (i), the output stability and I/O stability of ¢ 5™ follows di-
rectly from equation (4.57) in Proposition 195. More precisely, the observability
map C;‘it is bounded because all operators in (4.56) are bounded by our explicit
assumptions; in particular, the inverse of the Popov operator T4 Dy JDgy is

crit

bounded because P§™t exists, see Theorem 114. Also the I/O map of ¢fo " is
(J, Apgm)—inner factor N of Dy, by equation (4.57).

To complete the proof, we first show that show that the bounded, anti-causal
Toeplitz operator 7 X~'n_ : (*(Z_;U) — (*>(Z_;U) with a causal symbol
X~ is a bijection in this space. Let us start with the surjectivity. Let m_a €
(*(Z_;U) be arbitrary. Because X is outer with a bounded inverse, it follows
that X~ : ¢*(Z;U) — (?(Z;U) is a bounded, shift-invariant and causal bijec-
tion. Thus there is a © € ¢2(Z;U) such that 7_4 = X~ '9. But now

T d=X"1r_ 04+ X b= X \n o+ n_ X 7,0
The causality of X ~! implies that 7 X~ '7, 9 =0andson_t =7 X l7_-7_%.

The surjectivity of 7_X~!n_ follows because m_0 € (*(Z_;U).

We show the injectivity of 7_ X 1m_. Assume 7_9 € ¢*(Z_;U) is such that
7_X"'7_9 =0. Then

0=XT X ' 0 =XX ' 0 - X, X ' o=n_0— X7, X 'n_1,

or equivalently 7.9 = X7, X '7r_0 = m_ X7, X 'n_o. The causality of X
implies that m_ A7, = 0, and so 7_v = 0. We conclude that the Toeplitz
operator 7_ X~ !7_ in injective, and thus a bounded bijection. It then follows
from the Open Mapping Theorem, that m7_X~'7_ has a bounded inverse in
(*(Z_;U). Because B¢P3m = ByX~! = B, - m_X~!7_ by equation (4.57) in

Proposition 195, the equivalence of the input stabilities of ¢ and ¢ 5™ follows.
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It remains to consider claims (ii) about the range of B(bpg.m. Again, we have

B(lspSm = Bym_ -m_X"'m_. As a causal operator, 7_X ! maps the domain

of any controllability map (consisting of the sequences Seq_(U) C (*(Z_;U)
that have only finitely many nonzero components) onto itself. This implies that
range (Bg) = range (B¢ perit ), and the approximate controllability claim follows.

The (infinite time) exact controllability claim follows because the Toeplitz op-
erator 7_ X ~!7_ is boundedly invertible. The proof is now complete. O

Now that we have related the DLSs ¢ and ¢ o , we proceed to consider the inner
DARE ric(p Cl ,J) and give the main result of this section. The significance of
the following theorem is that the structure of a H*DARE does not essentially
depend on the outer factor of Dy if the cost operator .J is nonnegative. It is then
possible, under proper technical assumptions, to replace an original H**DARE
ric(¢,.J) by the inner H*DARE ric(¢,.J) that has a (J, A perie )-inner 1/0
map. This result has an application in Section 5.7.

Theorem 197. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 B) be

an output stable and I/0 stable DLS, such that range (By) = H. Assume that
the regular critical solution P§™ € ricy(¢,J) exists. Then the following holds:

(i) The inner DARE Ric(qbpgri.t,J) is a H*DARE. The full solution sets

satisfy Ric(¢,J) = Ric(¢To ", J). The I/O map D¢p§m is the (J, Apgrit)-
inner factor N of Dy = N X.

(i) The wunique regular critical solution P§Mt = (C;rit ) JC;;%M

Pé:rit
€ rico(¢F5"", J) satisfies BgHt = Pt

(i1i) Assume, in addition, the input space U and output space Y are separable,
the input operator B is Hilbert—Schmidt, and J > 0. Then

(4.60) rico(, J) = rico(¢T0 ", J).

Proof. By claim (i) of Proposition 196, QSPSM is output stable and I/O stable. It
follows that Ric(cﬁPSm, J) is a H*DARE. By claim (v) of Proposition 195, the
1/O map of ¢Fo"" is (J, A perit )-inner. The full solution sets satisfy Ric(¢, J) =
Ric(qﬁpgrit, J), by Lemma 157.

We prove claim (ii) by calculating an expression for the critical (closed loop)

observability map C;‘it for the inner DLS ¢ and the cost operator .J.

crit
o

Clearly, D¢p5ric = N = NT is the unique (J, A peric)-inner-outer factorization,
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where 7 is the unique outer factor whose feed-through operator is the identity
of U. By claim (iii) Lemma 84, we obtain

(4.61) CC‘;;LW =C pene —NALL

¢ Pgrit 7T+N* JC¢p6:rit .

By claim (v) of Proposition 195, C¢P3m = C(‘;rit, and again, by (iii) Lemma 84
(4.62) CCrlt Cy — NA;,Slm T+ N*JCy,

because Dy = NX is the unique (J, A Pocm)—inner—outer factorization, where X
is the unique outer factor whose feed-through operator is the identity of U. By
combining equations (4.61) and (4.62), we obtain

Cott = (Co— NAGL T N"IC)

o 1 * o -1 = *
NAGLANT (Co = NAGL 7N IC)

=Cp = NApeu Ty N JCy — NA o T N7 JCy
+ NA L7y - (/\/ JNAL,
0

PCrlt

) - N JCy.

Because N*JN = Apeit, the last two terms on the right hand side cancel each
other, and it follows

Cm;itmt Cd) _ NA t7T+N* JC¢ Ccrlt7

Pcn

where the last equality is by (iii) Lemma 84. Now claim (ii) is verified.

We prove now the inclusion “C” of claim (iii). In fact, the inclusion “C” of
Lemma 193 is almost what we need, if we set P = P§*lt € ricy(¢,J). In the
proof of this lemma, the bounded inverse of the cost operator J > 0 was only

needed to show that ¢‘£) is output stable and I/0 stable. In the special case
when P = P§"*, we know by Proposition 196 that ¢* is output stable and I/O
stable, even if J > 0 is not boundedly invertible. We now conclude that

(P erico(¢,]), | P< B} Crico(ph, ).

as in the proof of Lemma 193. By Theorem 188, P§Hit is the largest element of
the set rico(¢, J), and P < P§"* need not be explicitly written. The claimed
inclusion now follows.

The proof of the converse inclusion “D” is identical to that given in Lemma 193
for P = P§"™. We remark that the invertibility of the cost operator .J is never
used in the proof of this converse inclusion “>”. The proof is now complete. [

The statement on Theorem 197 is in a perfect harmony with the following
intuitive observation of this paper: finding solutions for the H°° Riccati equation
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ric(¢, J) is related to moving in the lattice of the inner factors of Dy. We
remark that the input operator B € £(U : H) is required to be Hilbert—Schmidt
and the cost operator J nonnegative only in claim (iii) of Theorem 197. All the
other results in this section hold for arbitrary B and self-adjoint J.

Under the assumptions of claim (iii) of Theorem 197, it is enough to be able
to solve (numerically) H*DARESs with an inner I/O map. To transform ¢ into
ph Ocm, we need not directly solve the original DARE ric(¢, J); the regular critical
solution P§*'* can be computed from C;rit by using formula (4.56). We remark
that in this process, the most requiring thing is to calculate the inverse of the
(Toeplitz) Popov operator 7‘r+D(’;J Dyy. At least when U is finite dimensional,
and there is some smoothness in the Popov function e — Dy(e?)* JDy,(e?),
we can efficiently solve the required Toeplitz systems of equations iteratively,
see [58], [53], and [63]. We conclude that we have some hope in this direction,
even from the numerical analysis point of view.

So as to the numerical solution of the resulting H*DARE with an inner I/O
map, things seem to be wide open. It is not even clear what a nice solver would
have to do, in order to be nice. Particularly interesting would be algorithms
that would not require the dimensionality of the state space, and would not re-
duce the computation into some type of generalized eigenvalue problem. Such a
solver could possibly be an iterative process, formulated for infinite dimensional
objects and without any discretization. State space isomorphism techniques
could be helpful, so that convenient (minimal) realizations of D perit could be

used instead. Some additional functionality would have to be required, to en-
able such solver to move in the solution set of DARE and to find a particular
solution of interest. It is not clear, how the natural lattice operations of the
set, rico (T Ch ,J) can be realized, without replacing them by intersections and
spans of subspaces. These problems we leave open for the future research.
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4.9 Notes and references

Different DAREs appearing in literature

It is well known that the algebraic Riccati equations are associated to optimal
control problems, more general critical control problems and game theoretic
problems. The information structure of such a problem is reflected by the form
of the associated DARE. Because of the general nature of the critical control
problem formulation, presented in Section 2.2, we are lead to use the DARE

A*PA—P+C*JC = KiApKp,
(4.63) Ap = D*JD + B*PB,
ApKp =—D*JC — B*PA,

instead of the conventional LQDARE

164 A*PA—P+C*JC =A*PB-Ap' - B*PA
(464) Ap =D*JD + B*PB,

that appears e.g. in the linear quadratic control problems when a direct cost
is applied on the input of the system. It is the latter equation (4.64) that
is traditionally discussed in the literature, together with its continuous time
analogue. As the reader can see, the difference between DAREs (4.63) and
(4.64) is the absence of the cross term D*JC in (4.64). The more general
matrix DARE (4.63) is considered in [49, Chapter 12 and 13]. Furthermore, in
the continuous time works [82] (Staffans, 1995), [83] (Staffans, 1997), [103] (G.
Weiss and M. Weiss, 1997) and [64] (Mikkola, 1997), the presented CAREs for
the regular WPLSs generally have nontrivial cross terms.

Reduction of DARE to LQDARE

It is well known that by the preliminary static state feedback
(4.65) u; = —(D*JD)"'D*JCx;,

(if it makes sense) equation (4.63) can always be cast in the form of (4.64)
without changing the full solution set, see [49, Proposition 12.1.1]. This can
be used to check that the DARE theory presented here is in harmony with the
LQDARE and LQCARE theories presented in the literature.

However, there is a number of reasons why this reduction is not always desirable.
Suppose we are given some critical control problem whose DARE is of the general
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form (4.63). Because the preliminary feedback (4.65) changes (one might even
say: confuses) the information structure of the original DARE, it is no longer
possible to conclude what the original critical control problem is, by looking at
the modified cross term free DARE alone.

We remark that the feedback in (4.65) can be “formally” associated to an artifi-
cial zero solution of DARE (4.63), and this feedback can be given a optimization
theoretic interpretation: it minimizes the cost of the first step. The closed loop
trajectories starting from some initial states zq € H generally grows very wildly.
If the feed-through operator D of the original DLS ¢ = (4 B) has a bounded
inverse, then the zero operator 0 € L(H), indeed, solves DARE Ric(¢, J), and
the inner DARE Ric(¢", J) is of the form (4.64). Now the closed loop 1/O map
Dyo is a static constant operator D, and the inner DARE Ric(¢°,J) “lives” in
the unobservable subspace, equaling all of the state space H. If the semigroup
generator A of the original DLS ¢ = (4 B) is e.g. strongly stable, the same
is not true for the semigroup A9 = A — B(D*JD)"'D*JC of ¢°, unless Dy
is outer. Then the semigroup of DLS ¢° would have “undetectable unstable
modes” even if both the open loop semigroup A and the critical closed loop
semigroup Apeit are very nice, e.g. strongly stable.

Let us outline the control theoretic meaning of the inner DLSs for various so-
lutions of the DARE. For simplicity, assume that the cost operator J is non-
negative and coercive, and the nonnegative regular critical solution P exists.
Then, each solution 0 < P < P§*'* of the H*DARE ric(¢, J) gives a feedback
control strategy, which is a compromise between the desired internal stability
of the closed loop semigroup generator Ap, and the desired performance of the
closed loop system, corresponding to the inner DLS ¢”. Internal semigroup
stability of the closed loop is enhanced when P is chosen larger, and then the
closed loop transfer function Dyr(z) will have more “zeroes” in D. However,
because D;P JD4r = Ap and Ap increases together with P, the closed loop
systems have a larger “power gain” for larger solutions P. For larger P, a larger
portion of the state space is penalized, and the closed loop cost ||P%x0||%[ of a
given initial state ¢ € H is higher.

The non-H> solutions P > P§ can be used for feedback control, too, but then
we have introduced additional zeroes to the closed loop transfer function Dr(2)
that are not possessed by the transfer function Dg(2) of the open loop DLS. For
the corresponding (closed loop) inner DLSs ¢ we do not have a guarantee of
the I/0O stability without extra assumptions, even though the open loop DLS ¢
is assumed to be I/O stable.

Now, if the LQDARE Ric(¢°, J) describes completely the solution set Ric(¢, J),
why do we not always normalize the cross term to zero by the preliminary
feedback (4.65)? We first remark that as a H*DARE, ric(¢?,J) is trivial
because it has no nontrivial nonnegative H*® solutions, by Lemma 193. The
same comment holds for the general cross term free LQDARE (4.64). This
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is, of course, to be expected, because a nontrivial H> solution would have to
factorize the static I/O map D, see Lemma 171. We conclude that the LQDARE
Ric(#°, J) is no longer directly connected to a factorization of any I/O map into
I/0O stable factors. This is somewhat unfortunate if our interest in DAREs comes
from such factorizations.

Internal self-similarity of the DARE theory

In claim (iv) of Lemma 171 we introduce the factorization of the I/O map as a
composition of two I/O stable I/O maps

JiDy = JiDyr - Dy,

for any P € rico(p, J), P > 0. The left (I, Ap)-inner factor J%D¢p is related to
the inner DLS ¢, and this inner factor can be further factorized by nonnegative
solutions P € rico(¢”,J) of the inner H*DARE, at least if .J is boundedly
invertible. We remark that even if the whole solution set satisfies Ric(¢f, J) =
Ric(¢, J), the set of regular H> solutions rico(¢?, J) is smaller than the original
rico(¢, J) by Lemma 193. This is roughly related to the fact that the transfer
function J %D¢p has less “zeroes” than J %D¢(z) because some of them belong
to the factor Dy,,.

A similar consideration can be given for the right factor Dy,., which is a spectral
factor of the Popov operator DjJDg: nonnegative solutions of the spectral
DARE P € rico(¢p, Ap) factorize Dy, into stable factors. We remark that the
“cardinality” of nonnegative solutions in rico(¢, Ap) is diminished from that
of the original rico(¢, J) because a “shift” by P > 0 appears, as described in
Lemma 189. We further remark that each inner and spectral DARE rico(¢%, J),
rico(¢p, Ap) is associated to a critical control problem in a natural way. This
gives a system theoretic interpretation to each of the various DAREs.

We conclude that our DARE theory and factorization theory are fully recursive
in the sense explained above. It is clear that the multiplicative factorization in
any associative algebra (or factorial monoid) is recursive in the following sense:
One would like to go on factoring the previous factors, until an irreducible
element has been reached. Because the algebraic Riccati equation is related
to such multiplicative factorization, we feel that the algebraic Riccati equation
theory should be presented in a way that does not hide the recursive nature of
things. For this to be possible, we need to have a class of DAREs that is large
enough to be closed under passage to inner and spectral DAREs at solutions of
interest. In fact, many of our proofs rely on a recursive application of the same
DARE theory to inner or spectral DLSs and DAREsS.

We complete this discussion by looking at the chains of inner and spectral
DAREs Ric(¢”, J) and Ric(¢p, Ap). If D*JD is boundedly invertible, it follows
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that Ric(¢f,J) is LQDARE if and only if D*JCp = 0 if and only if Kp =
—(D*JD)~1D*JC. If, in addition, D is boundedly invertible, then the previous
is equivalent to Kp = Ko, Ap = Ag and P = A*PA. If, in addition, L4 p = 0,
then P = 0 and we conclude that an inner DARE is LQDARE if and essentially
only if P = 0. Because the feed-through operator of ¢p is the identity and the
indicator Ap is invertible, a spectral DARE is a LQDARE if and only if Kp =0
if and only if Dy, = Z. But this is equivalent with the fact that the original I/O
map Dy is (J, Ap)-inner, and if, in addition, L4 p = 0, the solution P must equal
the regular critical solution P§™t. We conclude that it is very exceptional that
an inner or spectral DARE has a vanishing cross term, and that the cross term
free class of LQDARESs (4.64) is not large enough to accommodate a recursive
DARE theory. Introducing the preliminary feedback would destroy the overall

recursive picture, and confuse the meaning of the various inner and spectral
DAREs.



Chapter 5

Invariant subspaces

5.1 Introduction

Let ¢ = (A B) be an output stable and I/O stable DLS and J € L(Y) a
nonnegative cost operator. In this chapter, we consider the connection of the
solution subset rico(¢, J) of a H*DARE to the invariant subspaces of an as-
sociated linear operator. More precisely, we seek answers to the following two
main questions:

A. Is there a bounded linear operator T, a model operator, such that the
natural partial ordering of the solution set rico(¢, J) (under some restric-
tive, but technical assumptions) gets encoded into the invariant (or co-
invariant) subspace structure of 77

B. If such a T exists, can it be expressed in simple and practical terms of the
given original data, namely the quadruple (é g) together with the cost
operator J7 Furthermore, can we obtain system theoretic information
about the DLS ¢ and the associated H*DARE ric(¢, J), by looking at
the structure of such an operator 17

It is well know that several variants of both these question can be and have been
given a positive answer, under some particular restrictive assumptions that vary
from paper to paper. Several existing approaches provide different descriptions
of the partial ordering of the solutions set of the DARE. A brief survey of this
literature can be found in Section 5.8.

In this chapter, we first give two ways to construct a candidate for the model
operator T', and then we show that these approaches are intimately connected

245
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to each other. Our starting point is Theorem 187. It relates, under technical
assumptions, the partial ordering of the self-adjoint solutions P € ricy(¢, J) to
the partial ordering of certain chains of (adjoined) partial inner factors Np of
the I/O map Dy,. More precisely, the following claims

(1) P1SP2 and

(ii) range (./\71:1 ﬁ+) C range (./\71:2 7?+>

are equivalent for Py, P, € rico(¢,J). The inclusion of ranges is connected
to the factorization of inner operator-valued functions by the Beurling-Lax—
Halmos Theorem. By using the tools of shift operator models and characteristic
functions, these factorizations are associated to backward shift invariant sub-
spaces in an order preserving way. Finally, a further connection to the invariant
subspaces of semigroup of a certain DLS is given.

The following standing assumptions are used throughout the paper: The ba-
sic DLS ¢ := (A B) is I/O stable and output stable, so that dom (Cy) :=
{x € H | Cx € {*(Z4;Y)} is the whole state space H. Furthermore, ¢ is as-
sumed to be approximately controllable in the sense the range (B,) = H where
dom (Bg) := Seq_(U). The input space U, the state space H, and the out-
put space Y are separable Hilbert spaces. The input operator B € L(U; H) is
Hilbert—Schmidt. The H*DARE ric(¢, J) has a unique regular critical solution
P§Hit whose indicator A perit is nonnegative. It given by Pgrit = (Cgrh)*JCg™t e
rico(¢p, J).

We also assume that the I/O map Dy is (J, Apent)-inner, but this technical
assumption is lifted in the final Section 5.7. To obtain the full results of this
paper, the DLS ¢ = (é B) is assumed to be input stable, and the cost operator
J is nonnegative. In this case, the regular critical solution P§''* is nonnegative,
and its indicator is, of course, positive.

We give a technical outline of this chapter. In Section 5.2, we give basic results
for a DLS ¢ whose I/O map D, is (J, S)-inner, i.e.

D;JDy = S

for some self-adjoint boundedly invertible S € L(U), regarded above as a static
operator on ¢%(Z;U). It appears that the H*DARE ric(¢,.J) has a critical
regular solution P§™* and in fact A pesit = S, see Proposition 198. In claim (iii)
of Lemma 202, we show that P§™* = C}.JCy. In claim (iv) of Lemma 202, we
show that the null space ker (POCrit — P) is A-invariant, for any P € rico(¢, J)
with a positive indicator. The rest of Section 5.2 is devoted to proving that
the null spaces of type ker (]5 — P) are Ap-invariant, provided that P,J5 €
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rico(¢, J) are comparable to each other, see Lemma 205 and Corollary 206.
The reason to study a DLS with a (J, A pee )-inner I/O map is the following. If
we consider the critical control problem of Section 2.2, associated to the pair
(¢, J), many formulae will simplify considerably. The same comment holds also
for the H*DARE theory that has been presented in Chapters 3 and 4. This is
due to the fact that the outer factor X in the (J, A perit )-inner-outer factorization
D = N X is identity, because we normalize S = A prit and mo X1y = I. We take
the full advantage of this triviality. In the final Section 5.7, we generalize the
results to DLSs having a nontrivial outer factor X # 7, by using the results of
Section 4.8.

In Proposition 208, the null space of the observability map Cy is “divided away”
from the state space H, to obtain an observable DLS ¢**d that has the same
I/O map as ¢ but a smaller state space. We remark that the I/O map D,
is not required to be (J; A pere)-inner in Proposition 208. In Definition 209, we
associate the characteristic DLS ¢(P) to each P € rico(¢, J). The characteristic
DLS ¢(P) is simply the reduced, observable version of the spectral DLS ¢p
in the sense of Proposition 208. The basic properties of ¢(P) are given in
Lemma 210. In particular, Dy(py = Dy, = Np, where Dy, = NpX = NpZ is
the (Ap, A Pgm)—inner—outer factorization, see Proposition 147. The semigroup
generator of ¢(P) is the compression IIp A|HT | where IIp is the orthogonal
projection of H onto ker (ngit - P)L, and H? := range (Ilp) is the state space
of ¢(P). Because [IpA = IIpAllp by Lemma 202, (HpA|HP)* equals the
restriction A*|HT. Trivially, if P§"* > P, > P, for Pi, Py € ricy(¢,J), then
{0} = HF™ c HP ¢ HP C H. This connects the partial ordering of the
solution set ricq(¢, J) to the partial ordering of the A*-invariant subspaces H”,
for the DLS ¢ with a (J, S)-inner I/O map. We conclude that the operator A*
can be seen as a model operator, as discussed in the beginning of this section.

We consider also another description of the solution set ricy(¢, J), with the aid
of the shift operator model of contractions and their characteristic functions. In
order to accomplish this, we must first deal with some technicalities. In Section
5.4, an orthogonality result is given for DLSs whose transfer functions are inner.
In claim (iii) of Proposition 211, it is shown that range (Cy) = range (71 Dym_)
if range (74 Dym_) is closed and proper technical assumptions hold. An applica-
tion of this result is Lemma 213, where the orthogonal direct sum decomposition

(5.1) (*(Z4;U) = range (/\7137”) @ range (quoﬁf))

is proved for DLSs ¢ whose I/O map is (J, Apgm)—inner and P € rico(o,J)

is arbitrary. We remark that the statement that range (C ) is closed is a

$°(P)
conclusion, not an assumption of Lemma 213. The operator N'p and the DLS

@°(P) are connected to the characteristic DLS ¢(P) by the defining equations
(5.7) and (5.8). In Section 5.5, we give a brief overview of a particular case
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of the Sz.Nagy-Foias shift operator model. The inner characteristic functions
for the Cyg-contractions are introduced, and necessary results from the spectral
function theory are presented. Some work is done to translate the frequency
space notions, commonly used in the literature, to the time domain notions used
in this book.

In Section 5.6 we give our first main results. For arbitrary P € rico(¢,J),

—_~—

we study the normalized and adjoint version ¢°(P) of the characteristic DLS.
The inner transfer function D——(z) = NJ(z) is the characteristic function

$°(P)
of the truncated shift operator S*|K oS in the sense of Sz.Nagy—Foias. Here
e 2 . . . *_. . . .
K¢O(P) :=0*(Z4+;U) ©range <D¢°(P)) is the S*-invariant subspace, as given in

Definition 217. This gives another candidate S* for the model operator whose
invariant subspaces K 50P) encode the partial ordering of ricy(¢, J). The spec-
tral function theory, presented in Section 5.5, connects effectively the operator

theoretic properties of the Cpp-contraction S*|K 05 to the function theory of

the normalized transfer function N 2(z), without assuming any finite dimen-
sionality in any of the spaces or the operators. It remains to connect the model
operators S*| K 50P) to the state spaces and semigroup generators of the DLSs

—~—

¢°(P).

Because Dy(py = Dy, = Np by our standing assumption on the triviality of

the outer factor X = Z, we conclude from equation (5.1) the equality K ) =

range (C ¢/°E/P))’ by Lemma 213. This gives the similarity transform

* _ = x0 . n * P
(S |K<z7°<75>> Conm = ™7 Compy = Coomy (ATIHT)

by the basic formula 7, 7*Cy4 = C4A that describes the interaction of the back-
ward time shift and the semigroup generator A for any DLS ¢. When the
observability map C 5 is a bounded bijection with a bounded inverse, the
two descriptions of the set rico(¢, J), the former by restricted adjoint semi-
group generators A*|H” and the latter by restricted shifts S*|range (C m),
are connected by a similarity equivalence, see Lemma 218 and Theorem 219. In
particular, the restrictions A*|H? are similar to a Cpo-contractions, whose char-
acteristic functions are causal, shift-invariant and stable partial inner factors of
the I/O map Dy, see Theorems 173 and 175. This connection is analogous to the
connection of the zeroes and poles of a rational inner function to the eigenvalues
of the semigroup generator of its matrix-valued realization. However, we use
neither the notion of zeroes, nor the generalized eigenspaces of the semigroups.

So far we have considered only DLSs ¢ = (4 B) whose I/O maps are (J, Aperit )-
inner. The general case, when Dy is assumed to be only I/O stable, is considered
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in Section 5.7. Instead of requiring an inner I/O map, we now require only that
the regular critical solution P§™ € ricy(¢, J) exists. It is shown in Section 4.8,
that the structure of the H*DARE ric(¢, J) remains unchanged, if a prelimi-
nary critical feedback associated to P§™ € rico(¢, J) is applied. The resulting
(closed loop) inner DLS has a (J, Apene) -inner I/O map, and the results of the

previous sections can be applied on the pair (¢’ gm,.] ) instead of the original
pair (¢, J). For details, see Theorem 223. Clearly, now the co-invariant sub-
space results are for the critical closed loop semigroup generator At = A perit

crit

of the inner DLS ¢f0", rather than the open loop semigroup generator A of the
original DLS ¢.

The results of this chapter appeared in [60] (Malinen, 1999). A preliminary
version [57] has been presented in MMARIS8 conference (Poland, August, 1998).
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5.2 DLSs with inner I/O maps

As discussed in Section 5.1, we start this paper by considering first DLSs ¢ =
(4 B) whose I/O map Dy is (J,S)-inner for two self-adjoint operators J &
L(Y) and S € L(U). Basic results for such DLSs are given in this section.
In particular, we are interested in the invariant subspaces of the semigroup

generator A that are of the form ker (P§™* — P). Here P§"'* := (C;rit) Jegt e

rico(¢, J) is a regular critical solution, the closed loop critical observability map
is given by

C = (T — 714 Dy (4 Dy J Dy )~ . D5 )Co,

and P € ricy(¢,J) is another solution that is comparable to P§*'t. Such invari-
ant subspaces are considered in Corollary 206. The A-co-invariant orthogonal
complements H := ker (P§"* — P)L in H are central in the later developments
of this work.

In order to be able to speak about the spaces ker (ngit — P), the regular critical
solution P§™* must, of course, exist. Clearly, for an (J, S)-inner I/O map D,
the Popov operator is a static constant: D3 JDy = S. Then the sufficient and
necessary conditions for the existence of a critical solution of DARE are easy
to give. The following result is a consequence of Theorem 114 and Proposition
115.

Proposition 198. Let J € L(Y) be a self-adjoint cost operator, and ¢ = (4 B)
an output stable and 1/0 stable DLS, such that Dy is (J,S)-inner.

Then S has a bounded inverse if and only if a regular critical solution PS™t €
rico(¢p, J) exists. When this equivalence holds, S = AP(():rit, Dy is (J, AP(():rit)-
inner and Dy = DyT is the unique (J, Apgm)—mner—outer factorization, where
the outer factor has a bounded inverse.

For later reference, we give somewhat trivial and technical results about DLSs
with an inner I/O map. If a DLS has an inner I/O map, so has its adjoint DLS:

Proposition 199. Let N : (3(Z;U) — (*(Z;U) be an I/O map of an output
stable and I/0 stable DLS ¢, whose input operator B € L(U; H) s Hilbert—
Schmidt and U is a separable Hilbert space. Assume that S1,S52 € L(U) are
boundedly invertible and positive. If N is (S1,S2)-inner, and the feed-through
operator N'(0) of ¢ is identity, then the adjoint 1I/O map N is (Syt, 87 ) -inner.

Proof. By Proposition 198, Dy, = DyZ is the unique (Sl,APgric)—inner-outer
factorization, where Sy = Apaic and the trivial outer factor Z has a bounded
inverse. It follows from claim (ii) of Lemma 134 that the normalized transfer
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function N°(z) is inner from both sides, and the boundary trace N°(e') is
unitary a.e. e € T. So the boundary trace of the adjoint function satisfies
- RPNt , .

Ne(e?) := S, 2N (e?)SE = N°(e~)* which is unitary a.e. ¢’ € T. But now
Nis (851, S;1)-inner. O

The following corollary is about the I/O map N p whose Toeplitz operator ap-
pears in Theorem 187.

Corollary 200. Let J € L(Y) a self-adjoint cost operator. Let ¢ = (4 5)
be an output stable and I/O stable DLS, whose input operator B € L(U;H)
is Hilbert-Schmidt and the input space U is separable. Assume that a critical
Pt € rico(¢,J) emists, such that Apgm > 0. For any P € rico(¢,J), let Np

denote the (Ap, Apene)-inner factor of Dy,. Then the adjoint 1/O map Np is

(A;,glrit , AR -inner.

Proof. By claim (i) of Proposition 147, Dy, has the (AP,APST;t)—inner factor
Np. The static part of Np is identity, by claim (iii) of Proposition 147. The
inertia result, Lemma 145 implies that Ap > 0 for all P € rico(é,J). An
application of Proposition 199 completes the proof. O

If J > 0, there are plenty of examples of DLS with (J, S)-inner I/O maps. If
the conditions of claim (iii) of Lemma 171 are satisfied, the (normalized) inner
DLS J%¢P has a (I, Ap)-inner I/O map, for each nonnegative P € rico(¢, J).
We also remark that, under restrictive assumptions, the family of DLSs with
inner I/O maps is sufficiently rich to carry the structure of all H*DAREs that
have a critical solution, in the sense of Theorem 197. This will be exploited in
Section 5.7 where the results of this paper are extended to the general DLSs
that do not have an inner I/O map.

The rest of this section is devoted to the study the Riccati equation, and semi-
group invariant subspaces of the state space. We start with a technical propo-
sition that only marginally depends on the structure of DARE.

Proposition 201. Let ¢ = (A B) be a DLS and J a self-adjoint cost oper-
ator. Let Py, P, € Ric(¢,J). Then Kp, — Kp, = ApB*(P, — P1)Ap, and
Ap!B*(Py — P1)Ap, = Ap!B* (P, — P1)Ap,.

Proof. To prove the first equation, we calculate

KPI - KPz = A;—’llQpl - A;—’;sz = (A;ﬁl - AI;ZI)Qpl + A;’; (QPI - sz)a
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where Qp := —D*JC — B*PA. Because v~ ! —y~! =y~ 1(y — z)z~!, we have
A;ll — A;; = A;;B*(Pz — Pl)BAJ_Dll. Now we obtain, because Qp, — Qp, =
B*(P,— P)A

Kp, — Kp, = Ap! (B* (P, — P\)BKp, + B*(P, — P1)A)

=Ap B*(P, — P1)(A+ BKp,).
This gives the first equation of the claim. The second equation is obtained

by interchanging P; and P» in the first equation, and comparing these two
equations. 0

Basic properties of DLSs with (J, A perit )-inner I/O map are given below.

Lemma 202. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5) be
an output stable and 1/0 stable DLS, such that range (By) = H. Assume that

. . * .
the regqular critical solution P§™* := (C;“t) JCG € rico(¢, J) ewists, and the
1/0 map Dy is (J, Apenit)-inner.

Then for any P € Ric(¢,J) the following holds:
(i) The feedback operators satisfy Kpeie =0 and Kp = — AR B*(P§"t — P)A.

Furthermore, AP(():rit = A and Cpgm = C. The operator Q = Pt — P
satisfies the following Riccati equation

52) A*QA—Q+ A*QB-Ap' - B*QA =0,
' Ap = D*JD + B*PB.

(i) The spectral DLS ¢p can be written in the following equivalent forms:

(5.3)
. A B o Apgrit B o A B
or=\_g, 1)~ Kpew —Kp 1)~ \AR'B*(Pg™t —P)A 1)

(1ii) We have Cy = C(bpgrac =C§" and P§"'* = C;JCy.

(iv) Assume, in addition, that P € rico(¢,J) and Ap > 0. Then ker (Pg™* — P)
=ker (Cyp,). In particular, ker (P§™* — P) is A-invariant.

Proof. Because Dy is assumed to be (J, Apene)-inner, the outer factor X in the
unique (J, A perie )-inner-outer factorization Dy = N X equals the identity Z. The

outer factor X = 7 is the I/O map of the spectral DLS gzﬁpocm = (7Ki§rit ?),

whence we conclude that —K peric

range (By) = 0. Because Kpere is a bounded
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operator and range (By) = H, by explicit assumption, it follows that the critical
feedback operator Kpeie = 0. Immediately Apeie = A+ BKpaie = A, Cpeie =
C + DKpei = C, and the second equality in (5.3) is proved.

By applying Proposition 201 to Kp = Kp — Kpgm we obtain Kp =
—AR'B*(P§"t — P)A, for any P € Ric(¢,J). This gives the third equality
in (5.3), and completes the proof of claim (ii).

To complete the proof of claim (i), the Riccati equation (5.2) must be verified.

Because A},gritP(?itAPgric — pgrit 4 C;grit JCpes = 0 by Proposition 160 and

AP(():rit = A, Cpézrit = C, we have
A*PSA — Pst 4+ C*JC = 0.

By rewriting the original DARE Ric(¢, J) with the aid of the already proved
Kp = —Ap'B*(P§*'t — P)A, we obtain for any P € Ric(¢,J)

A*PA— P +C*JC = A*(P§"™* — P)B - Ap' - B*(P§™ — P)A.
Subtracting these equations will give give the Riccati equation (5.2).

We now consider claim (iii). Because K perie = 0, the inner DLS at P§'it satisfies

crit A B
(bpo = (C D) = ¢a

and so Cy = C¢p§r;t. Now claim (v) of Proposition 195 gives C¢p5ric = Co°it,
where

Co" = (T — 74 Dy(74 D}y J D7y ) 7. D5J)Co.
Thus P5it i= (Cgit) JCg™ = €3Cy, and claim (iii) follows.

Because P € ric(¢,J), both ¢ and ¢p are output stable. As in the proof of
Proposition 110, we conclude from DARE A*PA—- P+ C*JC = KpApKp that

(5.4) PZP—LA,pZC;JCCb—C;PAPC@D,

where the residual cost L4 p = s — limnﬁooA*.PA exists and vanishes because
P € rico(¢,J), by assumption. Inserting P§™* = C;JCy into equation (5.4)
gives

P§™t — P =Cj ApCy,

where P € rico(¢,J) is arbitrary. Because Ap > 0, claim (iv) immediately
follows because ker (Cy,,) is A-invariant. O
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Actually, we now have all the results on invariant subspaces of the semigroup
that we need to complete this work. For academic interest, we continue to study
the subspaces ker (P§™* — P). We begin with another variant for the result of
claim (iv) of Lemma 202 is the following:

Corollary 203. Make the same assumptions as in Lemma 202. Let P €
Ric(¢,J) be arbitrary, such that Ap >0 and P < P,

Then Aker (POCrit — P) C ker (P§rit — P).

Proof. Now Q := P§™t— P > 0 satisfies DARE (5.2). Furthermore, this equation
can be put into form

A*Q? -R-Q*A=Q, R=1+Q*BA;'B*Q>.

Now, because Ap > 0 and the indicator is always invertible, A;l > 0. It now
follows that R > I. For any x € H we can now write the balance equation

IRz - Q2 Az|| = [|Q=x]].

Because ker (Q%) = ker (Q) = ker (P§™* — P), and Rz has a bounded inverse,
the claim follows. O

The case when Pt < P instead of P§'' > P is investigated similarly:

Corollary 204. Make the same assumptions as in Lemma 202, but assume,
in addition, that 0 € Ric(¢,J), Ao > 0, and F§"™"* > 0. Let P € Ric(¢,J) be
arbitrary, such that Ap > 0 and P§™ < P.

Then Aker (P§"t — P) C ker (P§"* — P).

Proof. Again, we use the DARE (5.2). This time we write Q := P — P§"® > 0.
By claim (i) of Lemma 202, @ satisfies

A"Q* R-Q*A=Q, R=1-Q*BA'B*Q*.

This is exactly the same as the corresponding equation in Corollary 203, except
that one 4+ has changed into —. The claim is proved when we can show, under
the additional assumption, that nevertheless R > 0 is boundedly invertible.

Because P§'it > 0, we have 0 < AP,POmt = Ap — B*P§"B < Ap. Because
the indicator operator always has a bounded inverse, it follows that 0 < A;,l <
A;i perit = Aél. Now, clearly R > 0 has a bounded inverse, if in equation

0

R>1-QBA;! .. B"Q% = - Q*BAL'B*Q*
0
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the right hand side is strictly positive. Because 0 € Ric(¢, J), is follows that
Ao = D*JD > 0 has a bounded inverse. We have

Q*BAL'B*Q* = Q:B (Ao + B*QB) ' B*Q*
1 _1 _1 _iN—1 o 1 1~ ~ N 1
=Q2BA,? <I+A0 2B*QBA, 2) Ay 2B*Q2 =Q*B (I+B*QB) B*Q3,

. 1
where B := BA, 2. Now, by a straightforward calculation (e.g. with the aid of
the Neumann series),

(I+Q*BB'Q*)"' =1-Q:B(I+BQB)"'B'Q* =R,

because Q%BB*Q% > 0 and thus I + Q%BB*Q% is boundedly invertible. It
follows that R > 0 with a bounded inverse, and the claim is proved. [l

An immediate consequence of Corollaries 203 and 204 is the following;:

Lemma 205. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5)

be an output stable and I/O stable DLS, such that range (By) = H. Assume
that the regular critical solution P§™ := (C;‘it) JC;rit € rico(¢, J) exists, and

P§Mit > 0. Assume that the 1/O map Dy is (J, A perit)-inner.  Assume that
0 € Ric(é,J) and D*JD = Ay > 0,

Let P € Ric(¢,J) be arbitrary, such that Ap > 0, and P is comparable to P§*t.
Then Aker (Pgrit — P) C ker (P(flrit - P).

The closed loop semigroup generators Az = A = BKp have the following
invariance properties, for P € rico(¢,J), P > 0. Recall that these solutions are
exactly those that satisfy 0 < P < P§'i', if the conditions of Theorem 188 hold.

Corollary 206. Let J > 0 be a coercive self-adjoint cost operator in L(Y). Let
¢ = (& 5) be an output stable and 1/0 stable DLS, such that range (By) =
H. Assume that the input space U and the output space Y are separable, and
the input operator B € L(U; H) is Hilbert-Schmidt. Assume that the regular

critical solution PS™t := (Cgit) JCG € rico(¢, J) exists, 0 € Ric(¢,J). Let
Pe rico(¢, J), P >0, be arbitrary.

Let P € Ric(¢,J) be arbitrary, such that Ap > 0 and P is comparable to P.
Then Apker (]5 - P) C ker (]5 - P),

Proof. By claim (iii) of Lemma 171 and the assumption that J has a bounded

inverse, the inner DLS
oF = Ap B
Cs D
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is output stable and I/O stable, and the I/O map Dz is (J, Ap)-inner. Thus
Ric(qﬁP,J) is a H*DARE. Because range(By) = H, it also follows that

range (B¢ﬁ) = H, as in the proof of Proposition 178. By Proposition 198, there

is a regular critical solution P¢"t e m’co(d)P, J), and by Lemma 192, P&t = P >
0. Because the full solution sets of DAREs satisfy Ric(¢,J) = Ric(¢ﬁ, J) by
Lemma 157, it follows that 0 € Ric(gﬁp, J). Because J > 0, it follows that the
indicator Ag = Ag = D*JD > 0. An application of Lemma 205 on DLS ¢15 and
cost operator J proves the claim. O
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5.3 Characteristic DLS ¢(P)

In this section, we first develop tools that are required to “divide” the unob-
servable subspace ker (Cy) away from the state space. This gives us a reduced
DLS. With the aid of this construction, we define the characteristic DLS ¢(P)
for each solution P € ric(¢, J), see Definition 209. The basic properties of ¢(P)
are given in Lemma 210.

Proposition 207. Let ¢ = (4 B) be an output stable DLS. Then ¢ = (4-5%)
is input stable, and C;; = Bd) ﬂ1p Here flip = flip? = flip* is the unitary

mapping on § € (?(Z;Y), given by

(Hipg); = y—j-1.

Proof. Let § € (?>(Z;Y), o € H be arbitrary. Then

<ga CiL'0> = <yja CA]$0> = <A*jC*y]7 x0>
j=0 j=0
= > (AT (fip§) -1, 20) = (B5(fip ), 20 ) = (C5,w0)
7=0

Actually the previous is (at first) true only for § with finitely many nonzero com-
ponents. Only in this case flipy € dom (65)’ but then because dom (Bdg) =
Seq_(Y) is dense in £2(Z_;Y), it follows that Bg-ﬂip coincides with the bounded
operator C* in a dense set. Because flip is unitary, it follows that Bg is bounded

and 25 is input stable. Recall that dom (B) := Seq_(U) consist of finitely long in-
put sequences for all controllability maps. The input stable controllability map
B can always be extended by continuity from dom (B) to all of ¢*(Z_;U). O

For a quite general DLS ¢, the kernel ker (Cy) can be divided away from the
state space, without changing the I/O map D.

Proposition 208. Let ¢ = (4 B) be an output stable and 1/0 stable DLS, with
state space H. Assume that Ho := ker (Cy) is nontrivial.

(i) Then there is a reduced DLS ¢"*¢ with a smaller state space H"™*? :=
ker (Cy)" € H, H = Hy @ H"™*, such that Dy = Dyrea and ker (Cyrea) =
{0}. The DLS ¢"*¢ is given by

d)red o HredA|Hred HredB
T C|Hred D )

where 117 s the orthogonal projection of H onto H™**. In particular,
¢"d is I/O stable and output stable.
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(i) We have II"*?A = M"Y A", Byrea = "By and Cyrea = Cy|H™.
Thus ¢4 written in 1/O-form is
q)red _ (HredA|Hred)j HredB¢T*j
C¢|Hred D¢

(iii) The adjoint DLS q;;;i is I/O stable and input stable. Furthermore,
range (B ) = H"e?,

(bred

(iv) If, in addition, ¢ is input stable, then ¢"°? is input stable and ¢red is
output stable.

Proof. Trivially Hy := ker (Cy) = Nj>oker (CAj) is A-invariant. By Propo-
sition 207, C} = B&; -flip, where flip is the unitary flip reflecting ¢*(Z,;Y)
onto ¢2(Z_;Y). We have ker (Cg) = range (C;;)L = range (Bg))l, where ¢ =
(gi gi) is the adjoint DLS of ¢.

Because the semigroup generator of 5 is A*, it follows that the controllable
subspace of 5, given by H"™*? := range (B(g) = ker (C¢)J‘ is A*-invariant, and
we have the orthogonal direct sum decomposition Hy @ H™*? = H. If II"*? is

the orthogonal projection onto H"?, then A*II"¢¢ = II"*¢ A*II"*? because the
range of the observability map is always semigroup invariant.

Define the bounded operators via their adjoints as follows: (A"¢4)* := A*|H"*d :
Hred _, [red (Cm"ed)* — Hredc«* Y — Hred and (Bred)* = B*|Hred .
H7d — U. Define the DLSs

¢red _ Ared Bred ¢rsd _ (Ared)* (C«red)*
. Cm"ed D ) (Bred)* D* .

These DLSs are adjoints of each other, and the state space of both ¢"*¢ and

g;’:;i is, by definition, H"*? C H. It is easy to see that ¢"*? equals the one given
in claim (i).

Because A*I™? = II"@A*II"4, it follows that (A™?)*(Cred)* =
(A*)ITI"C*. Now, because C* is the input operator of ¢, we have range (C*) C
range (B<5)’ and thus II"*/C* = C*. This shows that Bd;;d = B&Z = H”ng

where H"*? is regarded as a subspace of H and the projection I17¢¢ serves only
as a reminder of this. In particular, because ¢ is output stable, then ¢ is input

stable together with ¢ved. But then, ¢"¢¢ is output stable. From definition
ﬁd) is dense in H"*?, and then

ker (Cyrea) = {0}, where Cyrea : H™ — ((Z1;Y).

of H"*4, it immediately follows that range (B
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Claim (i) is proved, once we show that the I/O maps coincide D; = D
Because A*TI7ed — 117“@(114*117“6(17 then (A'Hred)j — Alered. Now

gred-

(Bred)* (Ared)*J (Cred)* _ B*(A*)j|Hred . Hredc*
As above, from the inclusion range(C*) C range (Bg)) it follows that
(Bredy* (A”d)*j (Cred)* = B*(A*)IC* for all j > 0. Because also the static

parts coincide, we have D&; =D and equivalently Dy = Dyrea.

&\Zda

We consider the second claim (ii). The claim about the semigroup is already
settled. We have already shown B = H’"eng, and adjoining this gives flip -

¢7’ed
Cpll™ed = flip “Cgred, OT Co|Hed = Cgrea, because flip is unitary.

It remains to consider the controllability map of ¢"*¢. Because II"%A =
HredAl-Ired7 (Ared)jBred — (HredAHred)jHredB = I1"¢? A B. Thus qumdﬂ —
"By for all @ € dom (Bs). Consequently, if ¢ is input stable, so is ¢4,
This proves claims (ii) and (iv). The claim (iii) follows by adjoining the previ-
ous results. O

We make an additional remark on the controllability properties of ¢"*¢. Be-
cause Byrea = "By, it follows from the boundedness of the orthogonal

projection that I1"°@range (B;) C II"¢drange (B,) = range (B¢Ted). Because
the range of the projection II"*¢ : H — H"? is of the second category in
Hred 1174 range (Bg) is, by the Open Mapping Theorem, a closed subspace
of range (B¢rﬁd)7 in the norm of H”. If ¢ is approximately controllable, then
"¢ range (B,) is dense in H"*?, because a continuous surjective mapping maps
dense sets onto dense sets. It then follows that range (Bd)mz) = Hd e ¢red
is approximately controllable.

Similar results as Proposition 208 for continuous time well-posed linear systems
are given in [89]. There, the state space of the reduced system is a factor space
of type H/ker (Cy). If H is a Hilbert space, we can identify this with the Hilbert

subspace ker (C¢)L.

We are ready to define the main object of this section, namely the characteristic
DLS ¢(P), for P € ric(¢, J).

Definition 209. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 B)
be an output stable and I/O stable DLS. Assume that there exists a regular
critical solution P§™t € rico(¢, J) and the I/O map D is (J, A perie)-inner. Let
P € ric(o,J) be arbitrary.
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(i) Define the closed subspaces
Hp :=ker (Cp,), H' :=ker (C¢P)J‘ ,
of the state space H. By Ilp denote the orthogonal projection onto HF .

(ii) The reduced DLS (¢p) ¢ of ¢p (as given in Proposition 208) is denoted
by

_ (TpA|H? TIpB
(b(P) T (_KP|HP I ’

The DLS ¢(P) is called the characteristic DLS (of pair (¢,J)), centered
at P

The following lemma collects the results we have obtained in a useful form.

Lemma 210. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (45)
be an output stable and I/O stable DLS. Assume that there exists a regular
critical solution P§™ € rico(¢, J), and the I/O map Dy is (J, Aperit)-inner. Let
P € rico(¢, J) be arbitrary. Then the following holds:

(i) The state space of (P) is HY. The DLS ¢(P) is 1/O stable, output stable,
and ker (Cy(py) = {0}. The I/O map of ¢(P) satisfies Dy(py = Dy, -

The adjoint DLS ¢(P) is input stable and approzimately controllable:

range (Bg(\ﬁ)) =HP.

(i) If, in addition, ¢ is input stable, then ¢(P) is input stable and gg(\._P/) 18
output stable.

(1ii) Assume, in addition, that range(By) = H, and Ap > 0. Then Hp =
ker (P§"t — P), where P§™t := (C;m> JCG € rico(p,J) is the unique

reqular critical solution.

Proof. Claim (i) follows from claims (i) and (iii) of Proposition 208. If ¢ is input
stable, so are all spectral DLSs ¢p, P € ric(¢, J) because they have the same
controllability map. Claim (ii) follows now from claim (iv) of Proposition 208.
Claim (iii) is a consequence of claim (iv) of Lemma 202. O

We remark that only the last claim (iii) required the I/O map of ¢ to be
(J,A Pgm)—inner. Because we can write Hp in terms of the solutions P and

P§it) we can actually calculate the projection Ilp and also the operators ap-
pearing in ¢(P).
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5.4 Hankel and Toeplitz operators,
and the characteristic DLS ¢(P)

Let J € L(Y) be a self-adjoint cost operator, and ¢ = (4 B) be an I/O stable
and output stable DLS, such that a regular critical P§™t € rico(¢, J) exists.
Furthermore, assume that ¢ has a (J, Apenc)-inner I/O map. In Definition
209 and Lemma 210, we associate the characteristic DLS ¢(P) to each P €
rico(¢,J). The I/O map Dy(py equals the (Ap, Apocm)—inner operator Np, where
Np is the inner factor in the (Ap, A penit J-inner-outer factorization of the spectral
factor Dy, = NpX. If Dy itself is (J, Aperi)-inner, then Dy, = Np and the
outer factor is trivially X = Z, see Proposition 147. However, we use the symbol
Np in place for Dy,,, because in the final Section 5.7, we allow Dy, to have a
nontrivial outer factor X.

In the main result of this section, Lemma 213, we consider the ranges of the
observability map C 5P) and the Hankel operator 74 ANpm_ of the adjoint char-
acteristic DLS given by

—  (A|HP —NpK}
Naturally, the I/O map of q;(\P/) equals Np. If the input operator B € L(U;H)

is Hilbert—Schmidt and the input space U is separable, it follows that Np is
(A b, Apt)-inner because Np is (Ap, A perie )-inner, by Corollary 200.

crit )
PO

The DLS ¢(P) is interesting because the ranges of the Toeplitz operators N, P+
code the partial ordering of the solution set ricy(¢,J), even if Dy, contains a
nontrivial outer factor. For details, see Theorem 187 and the discussion as-
sociated to it. We remark that because Theorem 187 deals with the adjoint

operators ./\pr rather than the original Np, the adjoint DLS d)/(\P/) must be con-
sidered instead of ¢(P).

In order to prove Lemma 213, we again need auxiliary Propositions 211 and
212 that have some interest in themselves. Let ¢ be a quite general I/0 sta-
ble and output stable DLS. In Proposition 211, we consider the inclusions of
the ranges range (C4) and range (7+Dym_). In the particular case, when the
range (T4 Dgm_) is closed, equality of the ranges appears.

Proposition 211. Let ¢ := (4 B) be an output stable and I/O stable DLS,
with input space U, state space H and output space Y. Define the domains and
ranges as follows: range (74 Dym_) 1= 74Dy (*(Z_;U), dom (By) := Seq_(U),
range (By) := By dom (By), and range (Cy) :=Cy H.
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(i) If ¢ is input stable, then

range (T4 Dgm_) C range (C) .

(i1) If ¢ is approximately controllable, i.e. range (Bg) = H, then
range (Cy) C range (T+Dypm_).

(iii) If ¢ is input stable and approzimately controllable, and the Hankel operator
T+ Dym_ has closed range, then

range (Cy) = range (T4 Dgm_) .

Proof. We start by establishing claim (i). Let § € range(71Dy7—) be ar-
bitrary. Then there exists a (possibly nonunique) % € ¢*(Z_;U) such that
§ = m4Dym_i. Because dom (By) := Seq_(U) is dense in (*(Z_;U), w
can choose a sequence {@;};j>0 C dom(Bg) such that 4; — % in the norm
of ¢*(Z_;U). Then, because D, is bounded,

(5.5) 74Dgm_t; — § as j — oo,

in the norm of ¢2(Z;;Y). Because B, is bounded, there is z € H, such that
Bym_t; — x. Because Cy is bounded,

(56) C¢B¢7T,ﬂj — C¢£L‘ as j — OQ,
in the norm of ¢2(Z;;Y). Because 74 Dym_ = CyB, on dom (By), we have

Cyx = g and § € range (Cy), by equations (5.5), (5.6), and the uniqueness of the
limit. Because § € range (74 Dy7_) was arbitrary, claim (i) follows.

The proof of claim (ii) is straightforward.  Trivially Cyrange(By) C
range (7_Dn_). But then, the continuity of Cy implies the inclusions

range (C) := C H = Crange (B,) C Crange (By) C range (7_Dm_),

because H = range (B4) as claimed. The last claim (iii) is an easy consequence
of the previous claims. O

Proposition 212. Let H be a Hilbert Space, and H; its closed subspace. Let
Hs be a (possibly nonclosed) vector subspace of H, such that Hy 1 Hys and H =
H, + H,.

Then Hy is closed, and we have the orthogonal direct sum decomposition H =
H{ ® Ho.
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Proof. If x € Hy N Hs, then the orthogonality of H; and Hy implies that 0 =
(x,2) = ||z||?, whence z = 0. Thus H; N Hy = {0}, and H = H; + Hy is an
algebraic direct sum. Assume x € H,, and let Hy > x; — « in the norm of H.
Then z = &1 + T for unique &7 € Hy and Zo € Hs. Let P be the orthogonal
projection onto Hy. Then Pz; = 0 for all j because x; € Hy C Hi. Now we
can estimate

|Pz|| = [Pz — Pzj|| < [l —2j]| =0 as j — oo

It follows that 0 = Px = P%,+ PZs. Because 1 € Hy, then PZ,; = Z1. Because
Fy € Hy C Hi, then P%5 = 0. Thus #; = 0 and # = &3 € Hy. This implies
that Hs is (sequentially) closed. O

Now we have obtained necessary preliminary results, and it remains to apply

—

Propositions 211 and 212 to the adjoint characteristic DLS ¢(P). We work
under the assumption that a regular critical P§"'* € ricy(¢, J) exists, the critical
indicator A perie 1S positive, the input operator B € L(U; H) is Hilbert—Schmidt
and the input space U is separable. Then all indicators Ap for P € rico(¢, J)
are positive by Lemma 145, applied as in Corollary 200. So we can define the
normalized I/O maps
i -1 ~ !
(5.7) ./\/1% = AIQDNPAPCQM, ./\/1% = Apfrit./\/'pAfD
0 0
where N3 is inner from the left, (i.e. (I, I)-inner). In fact, the transfer functions
of both these normalized DLSs are inner from both sides. If the input space U
is finite dimensional, this is a trivial fact because all isometries are unitary in a
finite dimensional space. The general case, when U is just a separable Hilbert
space, has been dealt in claim (ii) of Proposition 147. The normalized DLSs
are defined analogously:
1 1 —~ 1 —~— 1
(5.8) ¢°(P) := App(P)A L2, and ¢°(P) := Ao ¢(P)AR.
0 0
In the following lemma, we consider the adjoint characteristic DLS ¢°(P).
We show that the range of the Toeplitz operator Np7. is “complemented”

in (2(Z,;U) by the state space HY of ¢(P), through the observability map
oy

Lemma 213. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 B) be
an input stable, output stable and I/O stable DLS, whose input operator B is
Hilbert—Schmidt and input space U is separable. Assume that a regular critical
PS¢ rico(p,J) exists, and Aperie > 0. Assume that the 1/O map Dy is
(J, A perie ) -inmer.

For all P € rico(¢, J), we have an orthogonal direct sum decomposition

£(2430) = range (N, ) @ range (C)
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where the symbols are defined as in equations (5.7) and (5.8). In fact,
range (Cm) = range (7‘r+J\71%7r,), where both subspaces are closed.

Proof. We first show that
(5.9) (*(Zy;U) = range (N;ﬁ+> @ range (7?4_./\7137?_) ,

where both the spaces are closed in ¢2(Z,;U). Because N'3(e?) is inner from
both sides, also N’ ©(e") is inner from both sides as has been discussed before
the statement of this lemma. We conclude that J\N/I% (0H(Z;U) — 2(Z;U) is a
bounded bijection, with range (./\7 1‘3) = (%(Z;U) and a bounded, shift-invariant

(but noncausal) inverse. Thus, for each w € ¢?(Z;U), there is a @ € £*(Z;U)
such that

’(I) = ’/'_Dr./\/lgﬂ = ’/'_TJF./\/;’I_DF’& + 7_T+N1g7'(,ﬁ.

So the algebraic direct sum of the (yet possibly nonclosed) vector spaces
range (7?+./\~/§,7?+> and range (7?4_./\71‘3#_) is all of (?(Z;U).

We prove the orthogonality of these spaces. N p is a causal isometry on 2(Z;U),
by [27, part (a) Theorem 1.1]; here we have used the fact that N5 (e') is unitary
a.e. € € T, as discussed before this lemma. We have

(s Npmy) - Npmo =7y (Np)* 7y -y Npm
= 7y (N2)*Nem_ — (m_Nory ) *n_Nom_
= 7_T+7T, - (71'7./,\7]%7_'('4,)*71'7./,\7;)7(7 = O,

because m_ ~1‘37’r+ = 0 by causality. The range of the Toeplitz operator N P+
is closed, because its symbol is inner from both sides. The range of the Hankel

operator range (7?4_./\7 fm_) is closed, by Proposition 212 where the spaces are

H = (*(Z4;U), H; = range (./\71%) and Hy = range <ﬁ+A71%7T_). This verifies
that we have the orthogonal direct sum decomposition (5.9), and it remains to
show that the same is essentially true when the Hankel operator is replaced by
the observability map C 0P)

As discussed before the statement of this Lemma, Ap > 0 for all P € ricg(¢, J),

——

and the adjoint characteristic DLS is described by Lemma 210. Clearly ¢°(P)
is I/O stable, because its I/O map is even inner. By claim (i) of Lemma 210,

@°(P) is input stable, and approximately controllable range (Bm> = HP.

Finally, by claim (ii) of Lemma 210, ¢°(P) is output stable, because ¢ is as-
sumed to be input stable. Now, claim (iii) of Proposition 211 implies that
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range (7‘r+J\~/ ;;w,) = range (Cm), and, in particular, they are closed sub-
spaces. The proof is now complete. O

For the closedness of the range of a Hankel operator, see [35, p. 258-259]. In
Theorem 219 it is important that the observability map C P is coercive. To
have this under the conditions of Lemma 213, it is enough to establish the
injectivity.
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5.5 Truncated shifts and operator models

In this section, we recall some notions from the Sz.Nagy—Foias operator model
for later use in Section 5.6. Good references are e.g. [27, Chapter IX, Section
5], [70], and [90]. In this section, all Hilbert spaces are assumed to be separable.
This makes it possible to work in terms of the boundary traces because our
transfer functions are always of bounded type. As before, if ® denotes an
I/O map, then ©(z) is its transfer function, and ©(e?) is the nontangential
boundary trace. We identify the spaces H?(T;U), (L*(T;U)) and ¢*(Z;U),
(¢*(Z;U), respectively), by Fourier transform. With this identification, the
unilateral shift operator S = 77, denotes the forward shift on (?(Z,;U) as
well as multiplication by e on H?(T;U). The adjoint backward shift S* =
747" is understood in the analogous way. Finally, the symbol © denotes the
multiplication operator by ©(e?) on L?(U), as well as the corresponding 1/0
map on (?(Z; U).

As before, an analytic function ©(z) € H>*(L(U)) is called inner (inner from the
left), if the boundary trace function ©(e) is unitary (isometry, respectively)
a.e. €’ € T. If ©(z) is an inner from the left, the closed subspace is defined by

(5.10) Ko := H*(T;U) © OH?*(T;U).

By Peo we denote the orthogonal projection onto Kg. Because @ H2(T;U) is S-
invariant, K¢ is S*-invariant, or equivalently, S-co-invariant. By the Beurling—
Lax-Halmos Theorem, all S*-invariant subspaces of H?(T;U) are of the form
H?*(T;U) © ©H*(T;U’), where ©(z) € H*(L(U;U")) is inner from the left,
and U’ C U is a Hilbert subspace.

We now consider the restriction S*| K¢ and its adjoint, the compression PoS|Kg.
The restriction S*|Kg is a contractive linear operator on the Hilbert subspace
Ko C H*(T;U). It is well known that various properties of S*|Kg are coded
into the function ©(e?); for this reason it is called the characteristic function of
S*|Ke. In a more general case, the characteristic function ©(e?) € H>(T;U)
can be allowed to be just contractive in the sense that ||©(e??)|| < 1 a.e. ¢ € T.
In this case, the set of operators {S*|Kg} is rich enough to model all contractive
linear operators. This is the famous Sz.Nagy—Foias operator model of contrac-
tions. For a lucid introduction, see [27, Chapter IX, Section 5]. The special
case, appropriate to this work, is when the characteristic function ©(e') is in-
ner. Then the contraction S*|Kg has a number of interesting properties and we
now look at some of them. The following proposition is [70, Corollary, p. 43]:

Proposition 214. Let ©(e*®) be a contractive analytic function. Then ©(e')
is inner (from both sides) if and only if S*| Ko € Coo. Here Coog denotes the
class of contractions T' on a Hilbert space, such that

s —1limj_oT9 =0, s—1limj_ T =0.
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We clearly see that class of Cyp-contractions is invariant under unitary similarity,
and closed under taking the Hilbert space adjoint. Actually [70, Corollary on p.
43] says more than Proposition 214: all Cyp-contractions are unitarily equivalent
to some S*|Kg, for some inner O(z). The adjoint (S*|Kg)* = PoS|Ke is a
Copo-contraction, and it is unitarily equivalent to S*|Kg, where é(z) =0(2)* is
the adjoint inner function. For proof, see [70, Lemma on p. 75].

The spectrum of S*|Kg € Cy is studied in Lemma 216 with the aid of spectrum
of the function ©(z), defined as follows:

Definition 215. Let ©(z) be an inner function. Its spectrum o(©) is defined to
be the complement of the set of z € D, such that an open neighborhood N, C C
of z exists with

(i) ©(2)~ ! exists in N, N D,

(ii) ©(z)~! can be analytically continued to a full neighborhood N.,.

For the proof of the following Livsic-Moller -type result, [70, Theorem on p. 75].

Lemma 216. Let U be a separable Hilbert space, and ©(z) € H*®(L(U)) be
inner. Define Tg := PoS|Ko € L(Ko). Then

(i) o(Te) = o(©), where 0(©) C D is the spectrum of the characteristic
function ©(z).

(i1) The point spectrum of Te and Tg = S*|Ke satisfies
op(Te) ={z€D | ker(0(z)) # {0}}
op(Te) ={z€D | ker (8(2)) # {0}

We remark that op(Te) C 0(Te), and the inclusion can be proper. The dimen-
sion dim U is the multiplicity of the shift that models Tg. If dim U < oo, then
op(Tg) = op(Te), by dimension counting. Also, dimker (z — To) < dimU for
all z € D. Much more is known about the truncated shift S*|Kg if we know
its characteristic function ©(z), and conversely. For example, the invariant sub-
space structure of S*|Kg and the left inner factors of O(z) are connected. To
apply these descriptions to DARE, we need to translate these notions into the
time domain and state space language.

Definition 217. Let ¢ = (& B) be an I/O stable and output stable DLS. We
define the following subspaces

Ky :=*(Z1;Y) S range (Dy7y)
K4 = range (Cy) C £2(Z4;Y).
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Both K4 and f(q; are S*-invariant. If the transfer function Dy(z) is inner,
we see that the closed subspace Ky corresponds, via Fourier transform, to the
co-invariant subspace Kp, C H?(T;Y), as defined in equation (5.10). In this
paper, the spaces K 50P) is investigated. Under the assumptions of Lemma 213,

we have the equality of the spaces range (C m) =K where

¢ w7 = Ry

Dm = Np. The model operator S*|K ., is the truncated unilateral shift
P

(™) |K¢’o(§) in space (2(Z;U). Actually, we shall write S* instead of 7,7

also in the time domain. Stated in other words, the backward shift S* = 7, 7%,

restricted to K ) = rarige (Cm) is a contractive linear operator whose

characteristic function is Np(z) € H*(L(U)). In the next section, we shall

make a connection to the state space and semigroup of ¢°(P).
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5.6 Invariant subspaces of the semigroup

It is now time to combine the results of previous sections, and produce the
first of our main results. We start by reminding the main lines of previous
sections. Let J € L(Y) be a cost operator, and ¢ = (& B) be an output stable
and I/O stable DLS, such that m = H. We assume that the regular
critical solution P§™* := (C§™)*JCG™ € rico(¢,J) exists and Apene > 0. It
then follows that all P € rico(¢, J) have a positive indicator, see Corollary 146.
In this section, we still make the technical assumption that the I/O map D,
is (J, A peric )-inner, as in Lemma 210. This assumption will be removed in the
final Section 5.7 of this work.

Under these assumptions, we associate two mutually orthogonal subspaces Hp :=
ker (Cy,) C H and HY := H & Hp to each solution P € rico(¢,J). Here, as
always before, ¢p = (_f}P ]}_”) denotes the spectral DLS, centered at P. In
claim (iv) Lemma 202 it is shown that Hp is A-invariant. By the same lemma,
the subspace Hp is related to the solution P € rico(¢, J) in the following sim-
ple way: Because Dy is (J, Apene)-inner, Hp = ker (Cy,) = ker (Psit — P).
Now we see that the solutions P € rico(¢,J) are immediately associated to a
family {HT} of A*-invariant subspaces. This makes it possible to define the
restricted operators A*|H¥ and their adjoints, the compressions Ip A|HT of
the semigroup generator.

In this section, we study the structure of the restriction A*|HY € L(HT)
in terms of the characteristic (transfer) function Np(z), for arbitrary P €
rico(¢, J). This is done with the aid of the (normalized) adjoint characteristic

DLS ¢°(P) whose semigroup generator is A*|H? | and 1/O maps is Dm (z) =

./\N/}’,(z) The DLS ¢°(P) is the conveniently normalized adjoint DLS of ¢(P)
which has been introduced in the following way: By Proposition 208, the null
space Hp := ker (Cy,) C H is divided away from the state space H of the spec-
tral DLS ¢p. We obtain another DLS, the characteristic ¢(P) := (¢p) ¢ whose
state space is HY — it is the reduced DLS whose 1/O map equals that of the
spectral DLS ¢p. Furthermore, the DLS ¢(P) is output stable and observable:

—

ker (C¢( p)) = {0}. The adjoint DLS ¢(P) is input stable and approximately

controllable: range (Bm) = HP. A simple normalization is now required to

—

turn ¢(P) into ¢°(P).

Under the above assumptions, the I/O map Np of ¢(P) is (Ap, Aperic )-inner,
where both Ap and Apeic are positive. The normalization of formulae (5.7)

and (5.8), gives us ¢°(P) and its adjoint DLS ¢°(P). The latter is particularly
interesting to us, and already considered in Section 5.4. The DLS ¢(P) and its
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normalized version ¢°(P) is given by

UpA/HY TpB o HpAH? HpBA it
o(P) := < , @°(P):= 1 Be .
Pr=Ckplar T ) “AZKpHP  ARALZ
The state space of the DLSs ¢(P), ¢°(P), q?(\P/) and m is HP, which is re-

garded as a subspace of H. The properties of ¢°(P) and its semigroup generator
A*|HF are described in the following.

Lemma 218. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5)
be an output stable and I/0 stable DLS, whose input operator B € L(U; H) is
Hilbert-Schmidt and input space U is separable. Assume that the regular critical
solution P§"* := (C$™)*JCG" € rico(¢, J) exists, and Apeic > 0. Assume that
the 1/0O map Dy is (J, A perie)-inner.

For arbitrary P € rico(¢, J), the following holds:

—_~—

(i) The normalized adjoint characteristic DLS ¢°(P) is input stable and
—_—~— = P
range (B¢°(P)> H". The observability map C¢ TP

and closed in HY. We have the commutant equation

is densely defined
(5.11) (S*|K . P)) Coms @0 = Comppy - (AT[H )29, 5% 1= 7y,

for all xg € dom (Cm
(*(Z4;U) is given in Definition 217.

) where the possibly nonclosed subspace K¢ P) C

—_~—

(ii) Assume, in addition, that ¢ is input stable. Then the DLS ¢°(P) is output

stable and dom (C ) = HP. The range ofC/?/) is closed, and equals

4°(P)
K¢°(P)’ gwwen in Definition 217. The following similarity transform holds

* O — * P
(5.12) (S | ¢°(P)> C¢°(P) C¢°(P) (AT[HT),
where all the operators are bounded.

(iii) Assume, in addition, that ¢ is input stable and approzimately controllable:
range (Bg) = H. Then ker (C¢°(P)) = {0}, and the observability map

. P . . . . .
C¢o B cH K¢O(P) is a bounded bijection with a bounded inverse.

Proof. We start with claim (i). The DLS ¢°(P) is input stable and approxi-
mately controllable, by claim (i) of Lemma 210, because the normalization by
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the boundedly invertible indicator operators A prit and Ap plays no essential
role. For any I/O stable DLS ¢, range (By) C dom(Cp), by Lemma 35. It

follows that the observability map C¢o B is densely defined in H”, because

range (m) = HP. The closedness of C 3 has been proved in Lemma 31.

Equation (5.11) is a basic property of the DLS and claim (i) is now proved.

We proceed to prove claim (ii). Claim (ii) of Lemma 210 implies the output
stability of ¢°(P), if it is assumed that ¢ is input stable. By the Closed Graph
theorem, we see that dom (C¢° P)> = HP. The range of Cfo(\p/) is closed, and

equals K by Lemma 213. Now the similarity transform (5.12) follows now

$°(P)’
from equation (5.11).

To prove the final claim (iii), we show that approximately controllability

range (Bs) = H implies the injectivity of the observability map C—— 505)" We

first show that if range (By) = range (By,) = H, then range (Bypy) = HX =
range (IIp). For contradiction, assume that zo € range (Ilp) © range (B¢(p)).
Because Bypy = lIpBy, = IIpBg by claim (ii) of Proposition 208, we would
have for such z¢ and all @ € (?(Z_;U):

0= <.130,HPB¢1~1,> = <Hp.230,3¢’0,> = <J)Q,B¢ﬂ>.

But then zo = 0 because range (By) is dense in H. So range (By(p)) = HY, or

equivalently, ker (C P P)) = {0}, by Proposition 207. The proof is completed,
by recalling the well known functional analytic fact that a bounded bijection
between Hilbert spaces has a bounded inverse. [l

We conclude from claim (iii) of Lemma 218 that if the observability map C ——

¢° P)
injective, then the similarity transform (5.12) effectively combines the properties
of A*|HF to the properties of the restricted shift S*|K——. By using the theory

¢°(P)
of shift operator models as outlined in Section 5.5, the properties of S*|K —— P)

and its characteristic function D —— =N (%) are tied together in a very

»° (P)( ?)
strong manner.
Theorem 219. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5)

be an input stable, output stable and I/0 stable DLS, such that range (Bg) =
Assume that the input operator B € L(U; H) is Hilbert-Schmidt and the input
space U is separable. Assume that the regular critical P§'t := (Ccrit)*JC%rit €
rico(¢, J) exists, and Apene > 0. Assume that the 1/O map Dy is (J, Apent)-
inner.

Then for arbitrary P € rico(¢p, J) the following holds:
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(i) The restriction A*|HT is similar to a Coo-contraction, whose inner char-
acteristic function is Np(z) € H>®(L(U)). The similarity transform is

given by
* (. * P
(5.13) (S |K¢°(P ) C¢°(P) C¢°(P) (AT[HT)
where Cf\f,) HP — Km is a bounded bijection, and the S*-invariant
subspace K —— s given in Definition 217.

$°(P)

(ii) The spectra satisfy o(IlpA|HF) = o(N8) = o(A*|HP), where the bar
denotes complex conjugation, and the spectrum of the inner function is
giwen in Definition 215.

In particular, both o(Ilp A|HT') and o(A*|H?) are subsets of the closed
unit disk D.

(i1i) The point spectra satisfy

(5.14) 0y (A*|HT) = {z € D | ker (Np(2)) # {0})
and
(5.15) o,(IIpA|HP) = {2 € D | ker (ﬁp(z)) £ {0}}.

In particular, if A*|HY is compact, then it is power stable
(i.e. p(A*|HF) < 1).

(iv) Both A*|HT and its adjoint Ip A|HT are strongly stable.

Proof. The first claim (i) follows from the similarity transform in equation
(5.12), under the assumptions of claim (iii) of Lemma 218, together with the
discussion in Section 5.5.

Let us look at claim (ii) of the spectrum. Let A € C be arbitrary. Then we have

(5.16) ()\ S*|K¢O<P> Compy (A= A*|HP)(¢O(P))71.

-1
o o P . . _
where <C¢°(P)) K¢O(P) — H* is the bounded inverse of the bounded bijec

tion. Immediately, o (S*|K ) = o(A*|HT). By adjoining

¢°(P)
o R * PV P
(P¢0(P)S|K¢O(P)) U((A |H ) ) J(HPA|H )ﬂ
where P 50D) is the orthogonal projection of ¢?(Z,;U) onto K 70P) Lemma
216 implies now that o(A*|HP) = o(IllpA|HT) = o(Ng). This proves claim
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(ii). Claim (iii) about the point spectra follows similarly from equation (5.16)
and the latter claim of Lemma 216. We just remark that if A*|H is compact,
then o(A*|HY) C D because the origin is the only accumulation point that a
spectrum of a compact operator can have.

To verify claim (iv), note first that (S *|K W) is a Cpo-contraction, see Propo-
sition 214. Then we have

] 1 j
* P\J *
< — . — — —
1A EPY aoll < 11 (€5 )~ 111 (51K 5 ) Comoll — 0,
as j — oo. The adjoint part is similar, and the proof is complete. O

Corollary 220. Make the same assumptions as in Theorem 219, but assume,
in addition, that dimU < oo . Then for arbitrary P € rico(¢, J)

(5.17) o(A*|HP) D = 0,(A*|H) = o, (IpA[HT),

where the bar denotes complex conjugation. If {\;(A*|HT)};>1 is the enumera-
tion of the eigenvalues o,(A*|HT') in the nondecreasing order of absolute values,
then the following Blaschke condition is satisfied

(5.18) D> (1= X (ATHP))) < oo.

J=1

In particular, both A*|HY and IIpA|H? are injective.

Proof. From claim (iii) of Theorem 219 we conclude that o,(A*|HF) =
op(IlpA|HP) because for each z € D, ker (./\71‘3(2)) # {0} is equivalent to

ker (./\71%(2)*) = ker (Np(2)) # {0}, by dimension counting in the finite dimen-

sional space U. Because a,(A*|H?) C o(A*|HY)ND by claim (iii) of Theorem
219, the equality (5.17) is proved once we establish o(A*|HY)ND C o,(A*|HT).

Because n := dim U < oo, we can consider the complex function det N'g(z), for
z € D. By recalling the definition of the determinant as a finite sum of products
of the matrix elements, we see that det N3(z) is an analytic function. For any
n X n matrix M we have by

| det M| =TT 1% (M)] < [T oy (M) < ||
7j=1 j=1

where \; (M) are the eigenvalues of H, o;(M) are the singular values of M,
and their inequality is by H. Weyl, see [24, p. 1092]. This makes is possible to
conclude that det Np(z) € H>(D;C), and because | det(U)| = 1 for unitary U,
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we conclude that det NV 2(%) is an inner function. Of course, the same is true for
det N3 (z), too.

We proceed to show that

(5.19) c(Ns)ND = {z €D | det N'3(z) = 0}.

By the basic property of the determinant, the open set
E:=D\{z€D| det N3(z) = 0}

is exactly the set of z € D where ./\7}’,(2') is invertible. To show (5.19), we
must additionally show that the mapping z — N 2(2)7! is analytic in the set
E C D. This follows from the following outline of an argument: Assume f(z)
is a matrix-valued analytic function in £ C C, such that det f(z) # 0 for some
zo € E. Then f(zo) has an inverse, and we can assume that f(zo) = I without
any loss of generality. By developing f(z) into its power series at zp, we have
[[I — f(2)]] <1/2if |z — 2] < § for some ¢ > 0. It then follows that the von
Neumann series

FRT =TT =) =) (- f))
Jj=0
converges for all |z —zp| < §. In fact, the convergence is uniform on the compact
subsets of {z]||z — 20| < ¢}. Because the limit of such a sequence of analytic
functions is analytic, f(2)~! is analytic for |2 — 29| < §. Equation (5.19) follows
from this consideration and Definition 215 of o (/] 2)-

From equality (5.19), we conclude that o(A*|HF) N D = {z € D |
det./\Nfl%(z) = 0}, by claim (ii) of Theorem 219. Let z € o(A*|HF) N D be
arbitrary. Then detJ\N/I%(z) = 0, and the matrix J\N/I%(z) fails to be injective.
The same is true for N3(z) = N3(2)* because dimU < oo. Now claim

(iv) of Theorem 219 shows that z € op(A*|HT), and the converse inclusion
o(A*|HP)ND C 0,(A*|HT) follows.

We have now proved that
o(A* | HP)ND = {z € D| det Np(2) = 0} = op(A*|HT),

where det Np(z) is an inner function. By e.g. [78, Theorem 17.9], the zeroes of
an inner function can be factorized away by a Blaschke product. Because the
zeroes of the Blaschke product satisfy the Blaschke condition, equation (5.18)
follows. The final claim about the injectivity of A*|HY and IpA|HT follows

because Np(0) = I is invertible. O

Under particular conditions, we can make conclusions of the unrestricted semi-
group generator A itself. The proof of the following corollary is based on Lemma
218 and Corollary 220.
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Corollary 221. Make the same assumptions as in Theorem 219. Assume that
there exists a P € rico(¢,J) such that H® = H. Then A is similar to a
Coo-contraction, and is strongly stable together with its adjoint A*. If A is
compact, then it is power stable p(A) < co. If dimU < oo, then the eigenvalues
Aj(A) o(A) N D satisfy the Blaschke condition

> -y <o

In particular, if P$™ > 0 and there exists a P € rico(¢p, J) such that P <0, it
follows that HY = H.

§>0 =

We complete this section by considering what happens if the approximate con-
trollability condition in claim (iii) of Lemma 218 is not satisfied, but all the
other conditions of the preceding claim (ii) are satisfied. Then all the operators
are bounded in the commutant equation

<S| ¢°(P>) Cotm = Com ATH "),

and even range (C m) K 50P) is closed. However, ker (C ¢/°E/P)) can be nfn—
¢°(P)) @

trivial. If we make the decomposition of the state space HY = ker (C
ker (C (P)> and use the fact the null space of the observability map is semi-
group invariant, the commutant equation takes now the form
S*K —— .
( | ¢°<P>) 5o er ( ¢°<P>) 0

- [ C ot [ker ( a>°<P>)L 0] '

M A*fker (C7) 0
(I- Hl)A*|ker<¢o(P)) (I - Hl)A*|ker(¢o(P))
or
(S*|K¢°(P> |ker( w(P))L

:Cm|ker (C¢O(P)) <H1A |ker< ¢O(P))L);

where II; is the orthogonal projection of H” onto ker (C and

1L
‘ )
C m| er (C m) is now a bounded bijection. What has already been stated
about A*|HF under the approximate controllability of ¢, can now be generally

stated about the compression II; A*|ker (C , at the cost of increased no-

tational burden.

=)
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5.7 Generalization

In this section, we use extensively the tools developed in Section 4.8, and in
particular Proposition 196 and Theorem 197. The general goal of this section
is to translate the results of previous sections (valid for DLSs ¢ having a (J, S)-
inner I/O map) to general output stable and I/O stable DLS ¢ without this
restriction. For this to be possible, we must require that a regular critical
solution Pg* := (C§™)* JCGH" € rico(¢, J) exists, where

CY = (T — 7. Dy (74 Dy J Dy ) 174 D5 T )Co.

Furthermore, we make it a standing hypothesis that both J > 0 and
range (By) = H. This implies that P§™ is the unique critical solution in set

ric(¢, J) D rico(o, J).

We first make the preliminary state feedback, associated to the solution Pg't.
This gives the closed loop system

¢Pgrit _ <AP5.rit B) .
CP(()tri(: D

This is the inner DLS of ¢, centered at the regular critical solution P$™t €

rico(¢,J). The DLS ¢! 5" carries much of the interesting structure of the
original DLS ¢, see Proposition 196, Even the structure H*DAREs ric(¢, J)
and ric(d)PSm,J) is quite similar, see Theorem 197. However, the I/O map of
T s (J, A perie)-inner, by Lemma 171. To the inner DLS %™ and inner
DARE ric(qﬁpgm,J), we can apply the theory of Section 5.6. The results are
then translated back to the original data, namely the DLS ¢, cost operator J and
H>DARE ric(¢,J). This trick gives us information about the invariant and
co-invariant subspace structure of the closed loop semigroup generator A Pgrit
rather than the open loop semigroup generator A.

The full solution sets of the DAREs Ric(¢, J) and Ric(¢P5™ | J) are equal by
Lemma 157. Thus the spectral DLS (¢75" ) p makes sense, for all P € Ric(¢, J).
It is given by

it A crit B
PRty P,
(5.20) (70 )p= (KPSMO_ Kp I) .

by equation (4.2) of Proposition 151. With the aid of formula (5.20), we enlarge
the definition of the characteristic DLS ¢(P) (see Definition 209) to DLSs whose
I/O map need not be (J, A perit )-inner.

Definition 222. Let J € L(Y) be a self-adjoint cost operator. Let ¢ = (4 5)
be an output stable and I/0 stable DLS, such that the input space U is separable.
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Assume that the regular critical solution P§™* := (C$™)*JCG™ € rico(¢, J)
exists.

For P € ric(¢,J), the characteristic DLS ¢(P) of P is the reduced DLS (in the
sense of Proposition 208) of the spectral DLS (P Vp. It is given by

HPAPcrit HP HPB
o(P) = ((Kpgm CKp)HP T

where HY := ker (P§* — P)l, Ip is the orthogonal projection of H onto H.

If range (By) = H and ¢ itself has an (J, A penie)-inner I/O map, then Kpeie =0,
Apgrit = A and immediately qSPgrit = ¢, see the proof of Lemma 202. In this
case, the characteristic DLS ¢(P) coincides with the one given in Definition 209,
for DLSs with (J, A perit )-inner I/O map. We now consider restrictions of A peric
to its certain invariant subspaces, for each P € rico(¢, J).

Theorem 223. Let J > 0 be a self-adjoint cost operator. Let ¢ = (4 B) be
an input stable, output stable and I/O stable DLS, range (Bg) = H. Assume
the input operator B € L(U; H) is Hilbert—-Schmidt and the input space U and

output space Y are separable. Assume that the regular critical solution P§™t :=
(€5 JCgt € rico(¢, J) exists.

Let P € rico(@,J) be arbitrary. By ¢(P) denote its characteristic DLS, given
by Definition 222. By Np denote the (AP,APSrst)-inner factor of Dy,p. Then
the following holds:

(i) The restriction of IpA%

erit HYT is similar to a Cyg-contraction, whose
0

characteristic function is N 2(2). The similarity transform is given by

* o e (. crit* P
(5:21) (S |K¢°(P)) C¢°(P) C¢°(P) (A1)
where Cfo(\p/) cHP — ngs/o—(}/) is a bounded bijection, and the S*-invariant
subspace Km is given in Definition 217.

(it) The spectra satisfy o(IlpApen

HF) = o(N3) = o(A%e |[HP), where the
0
bar denotes complex conjugation, and the spectrum of the inner func-

tion is given in Definition 215. In particular, both O'(HPAPOcrit HFP) and
o (A% |[HT) are subsets of the closed unit disk D.

crit
PO

(ii) The point spectra satisfy
H”) = {z € D | ker (Np(2)) # {0}}

*

Up( Pocrit
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and

Op (HPAP(():rit

HP)={z €D | ker (ﬁp(z)) £ {0}}.

HP? is compact, then it is power stable

In  particular, if A%

Pé:rit
(i.e. p(A}Ocm

HP) <1).
(iv) Both A%

crit
PO

HY are strongly stable.

HY and its adjoint I p Aperic

Proof. We reduce this theorem to Theorem 219 by making a preliminary feed-
back, associated to the solution P§™* := (C§"*)*JCG™. This amounts to re-

crit

placing the original pair (¢, .J) by the pair (¢, J). By claims (i) and (ii) of
Proposition 196, the inner DLS ¢p5~m is input stable, output stable, I/O sta-

ble and approximately controllable range (B¢P5r;t> = H. Also, the I/O map of

ph 5™ s (J,A Pgr;c)—inner. The input and output spaces of ¢ and ¢ (N coincide,
and are thus separable. The Hilbert—Schmidt input operator B € L(U; H) is

crit

common to both ¢ and ¢o

By (ii) of Proposition 196, P§Mt is the unique regular critical solution of its
inner DARE ric(qbpgm ,J), too. Because J > 0, it follows that PS$™t > 0 and its

indicator, equaling A pere, is positive. We conclude that the inner DLS ¢* (I
together with the cost operator J, satisfies the conditions of Theorem 219.

An application of Theorem 219 to the DLS ¢! 5“", the cost operator J and the
H>™DARE ric(¢P5"" | J) proves all claims (i), (i), (iii) and (iv) for arbitrary
Pe rico(qﬁpgrit,J). But rico(qﬁpgrit,J) = rico(¢, J), by claim (iii) of Theorem
iii and the fact that the input operator B, common to both ¢ and ¢’ gm, is
Hilbert—Schmidt. This completes the proof. O

Under the assumptions of Theorem 223, also the analogous results to Corollaries
220 and 221 hold, if the open loop semigroup generator A is replaced by the
closed loop semigroup generator Apocrit. In particular, Corollary 221 gives a
stabilization result for the critical closed loop semigroup. We remark that the
Hilbert—-Schmidt compactness assumption of the input operator B in Theorem
223 is required only to obtain the equality of the solution sets m‘co(gﬁpgm, J) =
rico(¢, J). In particular, if dim U < oo, this assumption is trivially satisfied.
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5.8 Notes and references

Description of Ric(¢,.J) in terms of invariant subspaces
of a Hamiltonian operator

The standard theory of a matrix DARE has been presented in great detail in
the monograph [49] (Lancaster and Rodman, 1995). The presented algebraic
Riccati equation theory provides us with a construction of a model operator in
the following way. The solutions of the DARE are shown to be in one-to-one
correspondence with the family of maximal, j-neutral invariant subspaces of a
j-unitary Hamiltonian operator T'. Here the Hermitian matrix j := (;)I _3-1 ) in-
duces an indefinite scalar product, and the requirement of j-neutrality is related
to the requirement that the solution of the DARE should be self-adjoint. For a
particular construction of T' from the data of DARE, see [49, Chapter 12]. See
also [47] (Tonescu and M. Weiss, 1993) which contains a lot of further references
and an account of the history.

Analogous operator approaches have been developed for systems with an infinite-
dimensional state space, see the continuous time example [18, Ex. 6.25] (Curtain
and Zwart, 1995) for Hamiltonians that are Riesz spectral operators, and its ap-
plication [23, Lemma 3.0.4] (Dumortier, 1998). The latter two references deal
with the LQDARE

(5.22) A*PA—P+C*JC =A*PB-Ap' - B*PA
' Ap=D*JD + B*PB.

Description of Ric(¢,J) in terms of unobservable,
unstable semigroup invariant subspaces

The unobservable and unstable subspaces of the semigroup generator A can
be used to classify the nonnegative solutions P for LQDARE of type (5.22).
These subspaces coincide with (the essential part of) the null spaces ker (P).
In this direction we refer to finite dimensional papers [104], [105], [107], [106]
(Wimmer, 1994, 1995, 1996, 1996) and [50] (Langer, Ran and Temme, 1997).
Solutions of a special homogeneous algebraic Riccati equation are parameterized
by unobservable, semigroup invariant subspaces of the semigroup and by the
inner factors of a rational inner I/O map in [36, Theorem 4.3] (Fuhrmann,
1995) in continuous time and [39, Theorem 4.1] (Fuhrmann and Hoffmann,
1997) in discrete time. The continuous time infinite dimensional results in [9]
(Callier, Dumortier and Winkin, 1995), [23] (Dumortier, 1998) and [8] (Callier
and Dumortier, 1998) are also closely related.
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We now consider the discrete time matrix work [107] (Wimmer, 1996) as a
representative of this genre. The LQDARE considered is a special case of (5.22),
written in our notations as

(5.23) A*PA— P+ C*C = A*PB(I + B*PB)" ' B*PA.

The linear system associated to this LQDARE is assumed to output stabiliz-
able, which is a sufficient and necessary condition for the LQDARE to have a
nonnegative solution. The state space C" is written as a direct sum of two sub-
spaces C" := Uy®U,, where U is a subspace of V_(A, C'), which is the subspace
spanned by unobservable generalized eigenvectors associated to the unimodular
eigenvalues of A. In [107, Theorem 1.1], it is shown that any nonnegative so-
lution P of LQDARE (5.23) can be decomposed according to this direct sum
representation. The part corresponding to Uy, say Py > 0, is a solution of a
Liapunov equation. As a source of inconvenience, Py is essentially forgotten.
The other part, say P, > 0, solves a reduced algebraic Riccati equation, and it
is interesting enough to be further studied. The nonnegative solutions P, € S of
the reduced algebraic Riccati equation can now be classified roughly as follows.
Firstly, the family N of subspaces of C"

N:={NcC" | ANCN,
V<(A,C)C NCV(AC), N+R(A B)+E-(A)=C"}

is introduced where V (A, C) is the unobservable subspace, V<(A, C) is the sta-
ble unobservable subspace, R(A, B) is the controllable subspace (range of the
controllability map) and E.(A) is the stable spectral subspace of the semi-
group generator A. The set A/ is shown to be in one-to-one order-preserving
correspondence with the solutions P, € S of the reduced LQDARE, see [107,
Theorem 1.3]. The correspondence is given by the mapping v : & — N is given
by v(P,) = ker (P,). We remark that for the class of LQDAREs (5.23), it is
quite easy to show that the null spaces ker (P) are A-invariant. In fact, we use
this type of technique in the proof of Lemma 205.

Comparison of existing approaches

In the previous subsection, it was indicated how to parameterize the solution of
LQDARE by the A-invariant null spaces of P. In our approach, we seem to have
turned everything upside down; we associate (Acrlt) *_invariant subspaces HY :=
ker (P(‘frit — P)L to the solutions P < P§™* of DARE. We now explain why this
is done. For all nonnegative P € rico(¢, J) we have the stable factorization

(5.24) JEDy = JiDyr - Dy,

assuming that the technical assumptions of Lemma 171 are satisfied. In princi-
. 1 . .
ple, either of the factors J2D,r and Dy, could be used to associate chains of
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inner factors and shift-invariant subspaces to the ordered chains in rico(¢, J).
In Chapter 4.2, we have chosen to use spectral DLS ¢p because it is an easier
object to handle than the normalized inner DLS J 2 #T. The first reason for this
is that the input space U and the output space Y of J %QBP are generally differ-
ent, but for ¢p only the space U is used. We have the additional trouble that
for noncoercive J > 0, we can conclude the output stability and I/O stability
of only J%QSP in Lemma 171, and not of the inner DLS ¢*. Thus Ric(¢”, J)
is not necessarily a H*DARE, even if P € rico(¢, J) is nonnegative. Finally,
because we make the requirement that any solution P € Ric(¢, J) must have a
boundedly invertible indicator Ap, it has been possible to normalize the spec-
tral DLSs ¢p so that they have boundedly invertible feed-through operators —
in our case they equal the identity. Thus the inconvenient nonsquareness and
possible “zero” of the transfer function Dy(2) at z = 0 is always included in the
left factor J%qu in the factorization (5.24).

We now explain why the choice of ¢p over ¢ “turns everything upside down” in
the sense discussed in the beginning of this subsection. Denote the (Ap, A Pgm)—
inner-outer factorization by Dy, = NpX. Because the inner factor in Dy,
“decomposes” from the left in the factorization (5.24), and it should “decom-
pose” from the right in order to be in harmony with the Beurling-Lax—Halmos
Theorem, we have to adjoin and use Np instead of Ap in Theorem 187. This is
the reason why (Acrit)*—invariant subspaces H” must be used, instead of some
A°t_invariant subspaces.

In this section, we have discussed two approaches to parameterize the solution
set of an algebraic Riccati equation. We remark that, under proper technical
assumptions, the two approaches discussed in the previous subsections give a
full classification of the solution sets of the DARE by invariant subspaces of a
linear operator, at least in the case of a finite dimensional state space. Par-
ticularly interesting equivalence results on the factorization of rational inner
function are [36, Theorem 4.3] (Fuhrmann, 1995) in continuous time and [39,
Theorem 4.1] (Fuhrmann and Hoffmann, 1997) in discrete time. In [36, The-
orem 4.3], an equivalence is shown between left and right inner factors of an
inner I/O map, nonnegative solutions of a DARE and invariant subspaces of
the semigroup generator. However, a special minimal realization and a homo-
geneous CARE is used. Our corresponding results work only in one direction:
to each reasonable solution of the DARE, a restricted backward shift is associ-
ated, but not conversely. Much of this apparent weakness could be fixed (under
stronger assumptions) if a practical form of a state space isomorphism theo-
rem were available, and equivalence results on the special realizations could be
transferred to more general realizations.

Grau, theurer Freund, ist alle Theorie
Und grin des Lebens goldner Baum.

J. W. Goethe
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