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Chapter 1

Introduction

1.1 Motivation

Differential equations provide the basis for mathematical models in many
fields in engineering, physics, and economics. They describe the change of
the quantities of the physical or economical system with respect to time and
place. Together with an initial state, we have an initial-value problem. A
general linear initial-value problem is described by the following equation.

x(t) = Ax(t), x(0) = xo, (1.1)

Starting at x(0) = xg, the change of the system state x is given by operator
A.

Equation (1.1) is not restricted to first-order linear equations, since higher
order linear systems can be reduced to this first-order one by increasing the
dimension of the state space.

If the state space, i.e., the space in which x takes its values, is finite-
dimensional, then A will be a matrix. In this case equation (1.1) covers
ordinary differential equations.

If the state space is a Hilbert or Banach space, then the operator A can be
a differential operator. In this way equation (1.1) covers partial differential
equations as well.

The solution of this equation is given via a family of operators (eAt)tZO,
which maps the initial state xo to the state at time ¢ by

z(t) = ez,  t>0. (1.2)
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This family of operators is called a Cy-semigroup. The semigroup maps an
initial state to the future states. It has the following defining properties:

eA(t—i—s) _ €At€As, t,s>0,
e =1,
ety — xo — 0, ast— 0%, forall g € X.

Note that in this definition ¢ is assumed to be non-negative. However, for
some systems these properties hold for all ¢ € R. In this case the family of
operators is called a group.

In general it is not possible to calculate the semigroup corresponding to a
generator A. To numerically solve the initial-value problem one could use
difference methods. In this method the differential equation (1.1) is replaced
by a difference equation.

z((n+1)A) = Qz(nA), z(0) = zo, (1.3)

where constant A is the time step and Q is an approximation of e®4, since
we can not calculate e®4. Time is now denoted by n which we take from
N, the set of non-negative integers.

For an approximation of the exponential function, there are several methods.
However, explicit methods, like Euler and Runge-Kutta, require impracti-
cally small time steps for approximating stiff equations. Since A does not
need to be a bounded operator, equation (1.1) can be stiff. Therefore, it
is better to look at implicit, A-stable methods like Padé approximations,
which do better at a larger time step, see [15].

This means that the difference operator @ is a rational function and the
difference equation (1.3) takes the following form.

Tpi1 = r(AA)x,, with z, = z(nA). (1.4)
In the Crank-Nicolson scheme, see [32], r is chosen as the Mobius transform,
s/2+1
=—- 1.
o) = S (15)

The first three terms of the Taylor series of the Mobius transform r(s) are
equal to the first three terms of the Taylor series of e®, so r(s) ~ e®.

A natural question is whether the solution r(AA)"z( of equation (1.4) is a
good approximation of the solution ez of (1.1) on a time interval [0, 7).
Another question is, if the behaviour of the solutions is the same on the
long run, as time goes to infinity. We will not discuss the first question, but
concentrate on the last one.



1.1. Motivation

The discretisation step A is very important in numerical schemes. However,
since we are looking to the limit behaviour of abstract semigroups, we may
scale the time axis. Thus without loss of generality, we may take A = 2.
The operator function corresponding to the Mobius transform (1.5) is known
as the Cayley transform and was introduced by von Neumann, [27]. For his-
torical reasons the Cayley transform is defined as minus the Mobius trans-
form. We denote it by Ay.

Ag=(A+I)(A-1)". (1.6)

An other important application of the Cayley transform comes from systems
theory, see [28] and [9]. We consider the following example of a controlled
system

&(t) = Ax(t) + Bu(t),

where A is the generator of a Cy-semigroup in a Hilbert space X. The
operator A~1B is a bounded control operator from the control space U to
the state space X. The discrete-time counterpart of this equation can be
obtained using the Cayley transform of A, i.e. Agq, and By = v/2(I—A)~'B:

z(n+1) = Agz(n) + Bau(n).

The Cayley transform maps the unbounded operators A and B of the conti-
nuous-time system into bounded operators in the discrete-time counterpart.
This certainly brings a technical advantage, and it turns out that control
properties, such as controllability, are the same for both systems, see e.g. [9].
The Cayley transform is a link between continuous-time and discrete-time
systems. It maps the generator in the continuous-time system A to its
cogenerator Ag of the corresponding discrete-time system.

As mentioned previously, we are interested the limit behaviour, in particu-
lar; the relation in stability between these systems. So do the systems have
the same behaviour when t — oo, and n — oo, respectively?

The Mobius transform (1.5) maps the closed left half-plane, which is denoted
by C_, into the closed interior of the unit disc, which is denoted by D. For
the eigenvalues of A and A, this means,

op(A) CCT_ <= o,(Aq) C D. (1.7)

Here o, denotes the point spectrum, that is the set of all the eigenvalues.
So one would expect that the Cayley transform of a stable system is again a
stable system. However, in general this is not the case. In Example 1.1 we
examine a stable continuous-time system which is mapped by the Cayley
transform to a discrete-time system which is not stable.
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In this thesis we examine the stability relation between a continuous-time
and a corresponding discrete-time system. If we know that the solutions
of the differential equation (1.1) are stable, what can be said about the
solutions of the difference equation (1.3) and [|A}||? Hence, we want to
investigate the relation between the behaviour of the semigroup (eAt)tZO
and the power sequence (A})nen. The precise definitions of stability can be
found in Chapter 2.

In the following section we look at the overshoot of a system. In Sections
1.3 and 1.4 we summarize the known results for Banach and Hilbert spaces.

1.2 Overshoot

For most people an exponential function is either a increasing or a decreasing
function. Thus by a stable system this function is expected to be decreasing.
If |[e4*|| < 1 for all ¢+ > 0, then this holds since

4] = [leAt2eAs|| < [led*| < 1, for t > s > 0. (1.8)

for every t > 0 the norm is not bigger than one. Semigroups satisfying
let|] < 1 for all + > 0 are called contraction semigroups. However, in gen-
eral equation (1.8) will not hold. Stable semigroups can have an overshoot.
This means that the norm of the semigroup can grow initially, but go to
zero afterwards. See for example in Figure 1.1 the plot of a stable system
le4t||. The semigroup is generated by a 7 x 7-matrix. We can see a huge
overshoot in the initial period and the system does not seem to be stable.
This is a stable matrix having all its eigenvalues on the left half plane. With
the location of the eigenvalues one can determine the stability properties
of the system, but not the transient behaviour. For more details on the
matrix and the behaviour of the system we refer to [31]. Nice estimates for
bounds on the overshoot are given by Davies in [12]. More information can
be found in [38] and [25].

One had to be careful when obtaining numerical solutions of systems with
a large overschoot. For this finite-dimensional system the Cayley transform
is stable and follows the wild transient behaviour of the continuous time
system. In Figure 1.2 we can see this. Here we plotted the powers of the
Cayley transform for the time step A = 0.1.

However, for infinite-dimensional systems this in not guaranteed. The Cay-
ley transform of a bounded infinite-dimensional system can be unbounded,
see Example 1.2.

4
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Figure 1.1: Transient behaviour of the stable semigroup.

1.3 Banach space

Van Dorsselaer, Kraaijevanger and Spijker [37] studied the general problem
of establishing upper bounds for the power sequence (A}}),en for the case
when X is a finite-dimensional Banach space. For these finite-dimensional
systems, the Cayley transform does not change the asymptotic stability
properties of the solutions, since the eigenvalues are mapped according to
equation (1.7).

For example, if for the semigroup there holds:

At < M, t>0,
|

then its eigenvalues are in C_, that is the closed left half-plane.

and by equation (1.7) the powers of the Cayley transform are bounded,
that is, || A% || < My for some My. Surprisingly, My is also a function of the
dimension of the state space. The best bound is given by

A7l < min(m,n + 1) e M, for all n € N, (1.9)

where m is the dimension of the space X.

Thus this bound depends on the dimension m of the space X. For infinite-
dimensional systems this suggests that the best bound for the powers of the
Cayley transform is given by n, i.e. [|A]| < Min.
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Figure 1.2: Transient behaviour of the Cayley transform.

However, it turns out that the best estimate is given by Mj+/n, that is
|A%|| < Mi+/n, see Lemma 1.1.

In Example 1.2 we show a stable continuous-time system, for which the
powers of Cayley transform grow like /n.

In Banach spaces there is the famous result of Brenner and Thomée, [7],
giving an upper bound.

Lemma 1.1 For each rational function r with |r(z)] < 1 for Re(z) < 0
there is a constant My such that for a Co-semigroup et, satisfying ||eA?|| <
M

J

[r(AA)| < MMy, t=nA.

This result holds in particular for the Cayley transform since

z—1

Z‘Ll‘ <1 for

Re(z) < 0. For the Cayley transform this estimate is sharp, as can be seen
in the next example.

Example 1.2 In this example we show that for a specific contraction semi-
group, the powers of the cogenerator grow like \/n. We provide the idea of
the proof without going into technical details.

Let X be Cy(0,00), which is the space of bounded continuous functions on
(0,00) wanishing at infinity. With the maximum norm this is a Banach
space. We consider the left-translation semigroup on X given by

(e*f)(s) = f(s+1t),  f€Co(0,00),t>0.
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It is easy to see that this semigroup is a contraction.
By [20, equation 13] we know that we can write the cogenerator in the fol-
lowing way,

- 2/0 e 'L (2t)etdt,  neN,

where L&)_l)(Qt) are the generalized Laguerre polynomials. We treat this
relation in more detail in Section 4.4 and Chapter 6.
Thus,
(A30)(s) = £6) =2 [ e L 20 (s + byt
0
and
11+ 04570 > 2| [ 2,05 + 0t
0
= max2 / e 'L (2t) £ (s —i—t)dt‘
s>0 0
> 2 / etL;”l(gt)f(t)dt‘ (1.10)
0

If we let f approximate the sign-function of e*tL;121(2t), i.e.
ft) = sigrl(e*tLgllll(2t)),

then
LA+ ARl = 2 \ / etLSM(?t)f(t)dt\
0

~2/ ‘e—tLSll(%)’dt
0
> cy/n.

In the last step we used an estimate from [1, page 707]. Thus the bound in
Lemma 1.1 is sharp.

For other examples see [8], [5], [6].

Example 1.2 shows that for the Cayley transform Lemma 1.1 is sharp in
general. However, if we focus on exponentially stable semigroups this result
can be improved. The definition of exponentially stability is given in Section
2.1.
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Lemma 1.3 Let A generate an exponentially stable Cy-semigroup, that is
ledt]] < Me=*t, M,w > 0, on the Banach space X, and let Ay be its
cogenerator, then there exists a constant My such that

[(Ag)™|| < Mt n>1.

This estimate is sharp as well. For the proof we refer to [19].

For bounded semigroups, there are other results. In [18] Gomilko and Zwart
present two technical sufficient conditions on the resolvent operator under
which the powers of the Cayley transform are bounded. However, these
conditions are not so easy to check.

Focussing on more specific Banach spaces, lower growth bounds can be
found. Montes-Rodriguez, Sanchez-Alvarez and Zemanek, [26], look at the
Volterra operator V defined on LP[0, 1] by

V)= /:v f(&)dt, for f € LP[0,1]. (1.11)
0
For
(Af)(@) = f(z) =2f'(z),  D(A)={f € S,(0,1)] f(0) =0},
where S;; is a Sobolev space, its Cayley transform is given by A, =1 —V.

Lemma 1.4 Let operator V' be the Volterra operator given by equation
(1.11). For the operator I —V the following relation holds:

(I = V)|, = nlt/4=1/CP) forn > 1.
In particular, I —V is bounded on LP[0,1] if and only if p = 2.

For the proof we refer to [26, Theorem 1.1].

Lemma 1.4 corresponds to Lemma 1.3 since the growth of (I — V)" for
n — oo is bounded by n'/4.

Another result for the Volterra operator V on LP[0,1] is given by Gomilko,
see [17]. He shows that for every p € [1, ]

Tim (t_|1/4_1/(2p)|||e_tv||L ) > 0.

t—+oo

With this result we end the section on Banach spaces and focus on Hilbert
spaces.

8
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1.4 Hilbert space

In the previous section we examined Banach spaces. From this section on,
X will be a Hilbert space. For the growth of the powers of the cogenerator
in Hilbert spaces the bound from Lemma 1.1 holds as well. For the Cay-
ley transform however, Gomilko, [20], showed it is possible to get a better
estimate.

Lemma 1.5 Let A generate a bounded Cy-semigroup on Hilbert space X,
that is ||e?t|| < M for all t > 0, and let Aq be its cogenerator, then there
exists a constant My such that

I(A))" € Miln(n+1),  neN.

For the proof we refer to [20]. In Chapter 3 we provide an alternative proof
for the case that A generates an exponentially stable semigroup.

While for Lemma 1.1 it is known that the bound is sharp, until now this is
unknown for the estimate in Lemma 1.5. Moreover, under the conditions of
Lemma 1.5 there is no example known for which ||A%]| is unbounded.
However, for some groups of systems stable solutions of the differential
equation lead to stable solutions of the difference equation. From [21], [20],
and [2], we know the following result

Lemma 1.6 Let A € L(X) be the generator of a bounded semigroup, that
is ||eA|| < M for all t > 0, then the power sequence of its cogenerator,
(A%)pen, is bounded.

For a proof we refer to Corollary 7.7.

Another well-known case is when A generates a contraction semigroup. A
contraction semigroup is a Cy-semigroup (eAt)tZO with the additional prop-
erty that [|e4f| < 1 for ¢ > 0. Since the norm of a physical system is
often directly related to the energy in the system, contraction semigroups
correspond to dissipative systems, and so they form a large subclass.

The well-known Lumer-Philips theorem characterizes the generators of con-
traction semigroups, see [24].

Lemma 1.7 (Lumer-Philips) A densely defined closed linear operator A
generates a contraction semigroup if and only if

(Az,z) + (z, Ax)
(A*z,z) + (x, A"z)

0, for all x € D(A) and (1.12)

<
<0, for all x € D(A™) (1.13)

For the proof we refer to [10, Theorem 2.2.2].
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A contraction is a bounded operator Ay, with the property that the norm
|A4]l < 1. Note that the powers of a contraction have the same property,
|A%|| <1 for n € N.

The following lemma characterizes contractions.

Lemma 1.8 The bounded operator Ay is a contraction if and only if
AZA—1 <0, on X. (1.14)
Proof: The operator A, is a contraction if and only if
| Agz|? < ||z, for all z € X.
Since we are in a Hilbert space this is equivalent with
(Agzx, Agz) — (x,x) <0, for all z € X.

This is equivalent to inequality (1.14). O

The following theorem states that the Cayley transform maps contraction
semigroup to contractions. See [33, Theorem 3.4.9] for a detailed proof, but
the result is much older.

Theorem 1.9 Let A generate a Cy-semigroup and let Ay be its cogenerator.
Then A generates a contraction semigroup if and only if A4 is a contraction.

Proof: Assume that A is a contraction. By Lemma 1.8 and relation (1.14)
this is equivalent to

(Agz, Agz) — (x,x) <0, for all z € X.
This is equivalent to
(A+D)(A-D) 'z, (A+D(A-T)"'z) — (z,2) <0, forallz € X. (1.15)

For all y € D(A) there exists a © € X such that x = (A —I)y. Thus we can
reformulate relation (1.15) as follows.

(A+ Dy, (A+Dy) — (A= Ty, (A-Ty) <0, for all y € D(A),

which implies inequality (1.12).
Relation (1.13) is proved similarly using ||A4|| = ||A}||. Lemma 1.7 implies
that A generates a contraction semigroup.

To prove the other implication, we assume that A generates a contraction
semigroup. Using Lemma 1.7 and relation (1.12), we know that

(A+D)y, (A+D)y)—(A—ID)y, (A=I)y) <0,  for all y € D(A). (1.16)

10
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The operator A — I maps D(A) onto X and so for all z € X there exists a
y € D(A) such that y = (A—1I)"tx. We can write relation (1.16) as follows.

(Agz, Agz) — (z,z) <0, for all z € X,

which implies inequality (1.14).
Lemma 1.8 implies that A4 is a contraction and this completes the proof.
O

Another class of operators for which the relation between the boundedness
of the semigroup and the boundedness of the powers of the cogenerator is
known, is the class of analytic semigroups.

First we define for o € (0, §) the sector A, in the complex plane by

Ay :={teC||arg(t)] < a,t #0}.

A Cy-semigroup (eAt)tZO is analytic if it can be continued analytically into
A, for an o > 0.

Lemma 1.10 Operator A generates the analytic semigroup et and ||e1t|| <
M for allt € A, if and only if there exists an m > 0 such that

(sT — A7} < %7 for all complex s with |arg(s)| < g—i—a.
S
For the proof we refer to Pazy, [30, Theorem 2.5.2].
Theorem 1.11 Let A generate an analytic Cy-semigroup on the Hilbert

space X and let Ay be its cogenerator. If (eAt)tZO 18 bounded, then the
powers of the cogenerator (Al )nen are bounded as well.

For the proof we refer to [21, Theorem 6.1]. See also Chapter 7

There is a relation from the discrete-time system to the continuous-time
system as well. This relation involves bounded and strongly stable power
sequences. In Section 2.1 and Section 2.2 we give a definitions of these
properties.

Theorem 1.12 Let Ay be the Cayley transform of operator A and the pow-
ers (A )nen are bounded. If —1 is not an eigenvalue of Aq and A}, the
adjoint of Agq, and if there exist a C' > 0 and § > 0 such that

i+ 1R A < C. for all |u+1] < 5, Re(n) < 1.

then A is generates a bounded semigroup, which is analytic.
Moreover, if (A%),en is strongly stable, so is (e?*);>.

For the proof we refer to [21, Theorem 7.1].

11
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1.5 General lemmas

For future reference we list here simple relations between the operator A
and its cogenerator A4. We start with the definition of the cogenerator Ay,
which is the Cayley transform of operator A.

Let A be a densely defined closed operator and let 1 € p(A), where p(A) is
the resolvent set of A. The cogenerator A, is defined as

Ag=(A+D(A-1I)""
By simple manipulations we obtain another way to write the Cayley trans-
form.

Lemma 1.13 Let Ay be the Cayley transform of A. Then another way to
write Agq is given by,
Ag=T+2(A-1)"". (1.17)

Proof: Equation (1.17) is easily derived from the definition of Ag4.
Ag=(A+D(A-T)7!
=A-T+20)(A-1)7!
=T+2A4-1)"%
This proves the lemma. O

The inverse of the Cayley transform is the Cayley transform itself. This
implies that the Cayley transform of the cogenerator A4 is the operator A.

Lemma 1.14 Let Ay be the Cayley transform of A. Then A is given by,
A= (Ag+D)(Aq—1)71, D(A) =ran(4y4 — I). (1.18)

Proof: From Lemma 1.13 we know that Ay —I = 2(A— 1)1 so the inverse
operator (A4 — I)~! with domain ran(A4 — I) exist.

On its domain ran(A; — I) we can substitute equation (1.17) in the right-
hand side of equation (1.18).

(Ag+D)(Ag—I) ' = 2T +2(A- 1) [24-1) 1]
=[I+A-D)""(A-T1)
=A-I+1=A
So D(A) =ran(Ag — I) and equation (1.18) holds.
This proves the lemma. O

After the inverse of the Cayley transform, we look at the Cayley transform
of the inverse.

12
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Lemma 1.15 Let A be a densely defined closed linear operator on X and
assume that the inverse A~ exists.
For the Cayley transform of A=1 the following relation holds:

(A_l)d = —Ad, on X.

Proof: From 1 € p(A) follows that 1 € p(A™1).
On X the following relations holds:

(A Ng=AT+DA T =D =T+ AT -A)"
= Ay

This proves the lemma. O

In the following lemma, we define the operator A; and derive its Cayley
transform.

Lemma 1.16 Let A be a densely defined closed linear operator on X with
its spectrum contained in the left half-plane, i.e. o(A) C {\ € C|Re(\) < 0}.
Let Ay be the cogenerator of A.

If for some s € R the inverse of A — isl exists as a closed operator, then
the operator A defined as

Ag = (—isA+T)(A—isl)™, D(A,) = ran(A — isl), (1.19)
s a densely defined closed operator as well. Furthermore,
Ag = —isl + (s> + 1)(A —is)™}, (1.20)
and
(Ag)a = a(s)Aq, where a(s) = (is — 1)(is +1)7 1. (1.21)
Note that |a(s)| = 1, and hence the growth of Ay and (As)q are the same.

Proof: From the assumptions on A and the definition of the operator A,
it follows that A; is a densely defined closed linear operator.

Ay = (—isA— T+ 2T+ I)(A —isI)™! (1.22)
= —isl + (s> + 1)(A —isI) ™, (1.23)

which proves equation (1.20).
Using the equality

As—1 = —(iS—F 1)(A—I)(A_Z'SI)71’

13



Chapter 1. Introduction

we find that

(Ag =)' =—(is+ 1) YA —is)(A-T)""
—(is+ 1) N AT~ (is— DI)(A-1)7"
=—(is+ 1) " T+a(s)(A-1)"1
_ (is—1)—(is+1)
2
_ 70‘(5)2) i as@a-n

(is+ 1) T+ a(s)(A—1)"!

Thus
(Ag)a=T+2(4; — I)*1 =a(s)I +2a(s)(A — I)*1 = a(s)Aqg,

which proves the assertion. O

With s = 0 we see that the growth of Ag and (A7), are identical.
The next remark is a consequence of Lemma 1.16.

Remark 1.17 From equation (1.20) we conclude that (A — isI)™1 is the
generator of a Cy-semigroup if and only if the operator As is the generator
of a Cy-semigroup. Moreover,

||eAbt (s2+1)(A7isI)_1tH’ t>0.

1.6 Overview

In this thesis we look at the relation between continuous-time systems and
their corresponding discrete-time systems via the Cayley transform. We
examine the question how the growth of the powers of the cogenerator is
related to the growth of the semigroup.

In particular, we examine the stability relations. In Chapter 2 we give the
definitions of stability and show some important results which we need in
the other chapters.

In Chapter 3 we prove that for exponentially stable semigroups on a Hil-
bert space the growth of the powers of their cogenerator is bounded by
In(n +1). Although this result was shown before by Gomilko, we provide a
different proof using Lyapunov equations. Chapter 3 has been published as
an internal report, [4].

In Chapter 4 we define the notion of Bergman distance as a distance between
semigroups as well as a distance between cogenerators. If two semigroups
have a finite Bergman distance, they have the same stability properties.

14



1.6. Overview

For cogenerators the same holds. Furthermore, the Bergman distance is
preserved by the Cayley transform. With this notion we are able to extend
the class of stable semigroups with stable cogenerators. Chapter 4 is based
on [3].

Equivalence classes defined by the Bergman distance are examined in Chap-
ter 5. We look at some class properties and give a characterization of equiv-
alence classes in finite-dimensional state spaces.

In Chapter 6 we examine and extend the proof from Section 4.4. There we
proved the preservation of the Bergman distance by the Cayley transform
using Laguerre polynomials. By including more general Laguerre polyno-
mials we can extend this method.

In Chapter 7 we introduce the inverse of A to get further stability results.
We provide sufficient conditions under which the growth bounds on semi-
group generated by the inverse hold as well for the powers of the cogenerator,
and the other way around. Furthermore, if A and A~! generate a bounded
semigroup, the powers of the cogenerator is bounded as well. Chapter 7 is
based on [19].

15






Chapter 2

Stability

In this chapter we summarize some stability results for continuous and dis-
crete time systems. The state space in this section is the Hilbert space X.
First we have a quick look at the systems already introduced in Chapter 1.
The continuous time system is given by the abstract differential equation

B(t) = Az(t),  2(0) = . (2.1)

We assume that A is the infinitesimal generator of the Cy-semigroup (eAt)tzo.
Thus the (weak) solution of (2.1) is given by

z(t) = ey, t>0. (2.2)
Our discrete time system is given by the difference equation,
za(n+1) = Agzq(n), x4(0) = xo, (2.3)
with Ag € £L(X). The space L£(X) is the space of bounded linear operators
on X.
The solution of (2.3) is given by,
zq(n) = Az, n € N. (2.4)
We begin with the study of stable continuous-time systems in Section 2.1. In
Section 2.2 we study stability of discrete-time systems. Preliminary results

on the relation between stability of the Cy-semigroup and the powers of the
difference operator are given in section 2.3.

17



Chapter 2. Stability

2.1 Continuous-time case

For the system (2.1) we distinguish several kinds of stability, which are
defined next.

Definition 2.1 The Cy-semigroup (eAt)tZQ is bounded if there ezists a
constant M > 1 such that

HeAtH < M, for allt > 0. (2.5)

The Cy-semigroup (eAt)tZO is exponentially stable if there exist constants
M >1 and w > 0 such that

edt| < Me*t, for allt > 0. (2.6)
Ezponentially stable semigroups have a growth bound which is defined by
wo = inf {w € R | IM,, > 1 such that |et]] < M,e*t Vit > 0} (2.7)

The Co-semigroup (e?);>q is strongly stable if for all o € X,

eMrg =0, ast— oco. (2.8)
So the difference between strongly stable and exponentially stable is that
in the second case the solutions of equation (2.1) converge to zero exponen-
tially.

The smallest constant M for which equation (2.5) holds, is called the over-
shoot of the semigroup.

We have defined stability as a property of the Cy-semigroup. However, since
the semigroup is directly linked to the abstract differential equation (2.1), we
will sometime say that the equation (2.1) is bounded, exponentially stable
or strongly stable.

For the adjoint semigroup (eA*t)th the following holds.

Remark 2.2 The following properties hold for the adjoint semigroup:
o (e)>¢ is bounded if and only if (eA!);>o is bounded,

o (e)>¢ is exponentially stable if and only if (e* *)1>¢ is exponentially
stable.

For strong stability such an equivalence does not hold. For example, the left
translation semigroup on X = L?(0,00), given by

(e f)(s) = f(s+1), f € L*0,00), s,t>0, (2.9)

18



2.1. Continuous-time case

18 strongly stable. Howewver its adjoint, given by

A*e f(s—1t) s>t,
= 2.10
7)o {0 2 210)
is not strongly stable, since ||e* "t f|| = || f|, for all t > 0.

Since stability plays an important role in all kind of applications, it is im-
portant to have (simple) characterizations of it.
For exponential stability we have the following sufficient condition:

Lemma 2.3 Let A generate a Cy-semigroup. There exists a time ty such
that
edte] =7 <1, (2.11)

if and only if the semigroup (eAt)tZO 1is exponentially stable.
Proof: Let time t( satisfy equation (2.11). Define

—1Inr

, and M= sup [eA+)t.

to t1€(0,t0)

w =

Now we have w > 0,
|edto]| = e~to, and edt]| < Me~“%, for all t; € [0,t0).

For every t > 0 we can write t = ntg+tq, with n € N and ¢2 € [0,t9). Using
the semigroup properties and the estimates above we get,

le] = || ()" 2|
< efnwthefwtg — Mefwt'
Hence the semigroup (et);>¢ is exponentially stable.

If (), is exponentially stable and |[e!|| < Me~*', then all t, > M
satisfy equation (2.11). O

A well-known technique for proving stability of a general, possible non-
linear, system is the construction of a Lyapunov function. For the linear
system (2.1) this technique can be used to characterize exponential stability.
The following lemma by Datko is important for the proof of this equivalence.

Lemma 2.4 (Datko) Let A be the infinitesimal generator of the Cy-semi-
group (e?*)i>o on the Hilbert space X. Then (e?*);>q is exponentially stable
if and only if

o0
/ e o |[2dt < oo, (2.12)
0

for all xg € X.
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Chapter 2. Stability

For the proof we refer to Datko [11] or Curtain and Zwart [10, Lemma 5.1.2)].

Theorem 2.5 Let A generate a Cy-semigroup on the Hilbert space X.
Then (eAt)tzo is exponentially stable if and only if there exists a positive
operator Q € L(X) such that

A*Q+QA=—I,  on D(A). (2.13)

For the proof we refer to Curtain and Zwart [10, Lemma 5.1.3]. Equation
(2.13) is called a Lyapunov equation.

Remark 2.6 Another way of writing the Lyapunov equation is using its
weak form, i.e.,

(Az, Qz) + (Qx, Azx) = —(x, ), for all x € D(A). (2.14)

It is not hard to show that if equation (2.14) holds, then @ maps D(A) into
D(A*) and so equation (2.14) can be written as equation (2.13). To shorten
our formulas we use the form of equation (2.13).

The associated Lyapunov function V(x) is given by
V(z) = (Qw,x). (2.15)
Since @ is positive we have that V(z) > 0. Furthermore, a small calculation
shows that V' (z(t)) is negative.
V(ettzo) = (QAeMtxg, eay) + (Qettxy, AeMay)
= —[le™ao]%,
where we used that @ is positive and equation (2.14). Hence V satisfies the

standard properties of a Lyapunov function. This Lyapunov function can
be used to verify stability.

Remark 2.7 If the Lyapunov equation (2.13) has a positive or a non-ne-
gative solution, then this solution is unique.

Remark 2.8 If the semigroup is exponentially stable, then the solution @
of equation (2.13) is given by

(Qz,y) = /000<6Atm,e‘4ty>dt. (2.16)

Hence by using equation (2.6), we have the following estimate for the norm

of @,
M2

<
19l < 5

(2.17)
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For further details on Lyapunov equations we refer to [10, Chapter 4].
Van Casteren, [36], gave a characterization of bounded semigroups. For
completeness we include the proof of this characterization.

Lemma 2.9 The semigroup (eAt)tZO is bounded if and only if there exists
a My such that for allt > 0, and all xg € X,

1/t 1 [t 4
o [ Nt anlds < Mool and . [ w0 |Pds < Mool (215)
0 0

with Ms independent of t and xg.

Proof: Assuming the boundedness of (e*);>¢, we directly prove the rela-
tions in equation (2.18). For (e/);>¢ we find a M; such that |e?|| < M,
forallt > 0.

t t t
| etsaalas < [ s etsaltas < [ g jalPds = bl
S

The second inequality in (2.18) is proved similarly.
To prove the converse implication we use the Datko trick in the first three
steps.

Herll = sup b (yetta)
llzll, [yl <1
t
= sup /(y,eAtsc>ds
llz]llyll<1 /o
t
= sup /( sy, et ) ds
Izl lyll<1 Jo
= sup (e? 'y76A(t7')I>L2((o,t),x)
llzll, [yl <1

3 ¢ 3
( / R ds) ( / ||eA<”>x||2ds)
lel Hy\|<1 0

< sup  /Mot|yll/ Mat||z|| = Moat,

llzllllyll<1

where we used the Cauchy-Schwarz inequality in the second last inequality.
Thus the semigroup is bounded. O

Using the above result, we can characterize strong stability. Note that we
look at element-wise behaviour.
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Chapter 2. Stability

Lemma 2.10 Assume that the semigroup (eAt)tZO 18 bounded and let x(y €
X. Then

1
lim —
t—oo t

t
/ le?¥xol|?ds =0 if and only if  lim etz = 0.
0 t—o0

Proof: To prove the =" implication, we choose an ¢ > 0. Since the
semigroup is bounded, there exists a M such that ||e4t|| < M for all ¢ > 0.
The first step is to show that the condition

1
lim —
t—oo

t

/ leA*20|ds = 0, (2.19)
0

implies that there exists a 7. such that

3
€A 20| < 7 (2.20)

If there does not exist such a 7., then
lleAtaoll > i, for all ¢t > 0.
Z 2

Thus

1 t As 2 1 ¢ 52 52
;/0 lle™*xol| dSZ;/O stzm, for all t > 0.

This contradicts condition (2.19). Hence, there exists a 7. satisfying condi-
tion (2.20).

Thus, for all ¢t > 7,

€

leAtaol] = A= eAmg]) < M-

E.

This holds for all € > 0, so lim;_, o etzg = 0.
To prove the ”<" implication, we choose an € > 0. Since lim;_, eAley =0,
there exists a 7. such that for all t > 7., |[e??zo|| < . This implies that

1 [t 1 [T 1 [t
= e wolPds = [ e zolPds + S [ [l mo||*ds
tJo tJo t ).

< M?||xo|| . n et — T
t t

For t large enough, the left-hand side is smaller than 2. This holds for all
€ > 0, so the left-hand side goes to 0, as ¢ goes to co. O
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2.2 Discrete-time case

Next, we define what we mean by stability in discrete time.

Definition 2.11 The operator sequence (Al )n>o is bounded if there exists
a constant M > 1 such that

|AZ]| < M, for allm > 0.

The operator sequence (A} )n>0 is power stable if there exist constants M >
1 and r € (0,1) such that

[Agll < Mr™,  for alln > 0. (2.21)
The operator sequence (Al})n>o ts strongly stable if for all xy € X,
nxo — 0, asn— 0.

So the difference between strongly stable and exponentially stable is that
in the second case the solutions of equation (2.3) converge to zero exponen-
tially.

We have defined stability as a property of the operator sequence (A}})n>o.
However, since the sequence is directly linked to the abstract difference
equation (2.3), we will sometime say that the equation (2.3) is bounded,
power stable or strongly stable.

For the power sequence of the adjoint difference operator (A5")n>o0, the
following holds.

Remark 2.12 The following properties hold for the adjoint difference op-
erator:

o (A7)n>0 is bounded if and only if (AJ™)n>0 is bounded,
o (A7)n>0 is power stable if and only if (A" )n>0 is power stable.

For strong stability such an equality does not hold. For example, the operator
which applies a left translation of size A on X = L?(0,00), given by

(Aaf)(s) = f(s+4),  feL*0,00), s>0 (2.22)
18 strongly stable. Howewver its adjoint, given by

fs—=A) s> A,

2.23
0 s <A, ( )

(Aaf)(s) = {
is not strongly stable, since |ALf| = | fll-
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Chapter 2. Stability

Since stability plays an important role in all kind of applications, it is im-
portant to have (simple) characterizations of it.

Lemma 2.13 If for the operator sequence (Al})n>o there exists a ng € N
such that
AL = R < 1,

then the operator sequence (Al})n>o is power stable.

Proof: Define

r= ¥R, and M= sup

0<ni<ng

ﬂ ni
r

A = 7™, and |AZH|| < Mr™t, for all 0 < ny < no.

Now we have r < 1,

For every n > 0 we can write n = kng + ng, with £ € N and 0 < ny < ng.
This gives the following estimate,

JAT] = || (Am)* A2 || < pkmodrpm2 = My,

Hence the operator sequence (A%),>o is power stable. O

A well-known technique for proving stability of a general, possible non-
linear system is the construction of a Lyapunov function. For the linear
system (2.3) this technique can be used to characterize power stability. The
following lemma is important for the proof of this equivalence.

Lemma 2.14 (Datko) Let Ay be a bounded operator on the Hilbert space
X. Then (Al))nen is power stable if and only if

o0
D Ao < oo, (2.24)

n=0

for all xg € X.
Theorem 2.15 Let Ay be a bounded operator on the Hilbert space X. Then
(AM)nen is power stable if and only if there exists a positive operator Q) €

L(X) such that
AjQA— Q= -1, on X. (2.25)

Equation (2.25) is called a discrete Lyapunov equation.
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Remark 2.16 Another way of writing the discrete Lyapunov equation is
using its weak form, i.e.,

(QAqz, Agz) — (Qx,x) = —(z, ), forallz € X. (2.26)
To shorten our formulas we use the form of equation (2.25).
The associated Lyapunov function V (z) is given by
V(z) = (Qz, z). (2.27)

This is positive since @ is positive. Furthermore, a small calculation shows
that V(z(n+ 1)) — V(z(n)) is negative.

V(AG o) — V(Afwo) = (A5QAaATxo, Ajzo) — (QAGwo, Afo)

= — [ Ao,
where we used that @ is positive and equation (2.26).

Remark 2.17 If the discrete Lyapunov equation has a positive or non-ne-
gative solution, then this solution is unique.

Remark 2.18 If the power sequence (Al})nen is power stable, then @ is
given by

oo

(Qa,y) = S (A, Aly). (2.28)

n=0

Hence by equation (2.21), we have the following estimate for the norm of

Q,
M2
1—r2

QI < (2.29)

So we have linked discrete Lyapunov equation to stability. However, looking
more carefully, this connection goes via a quadratic sum. Other quadratic
sums can also be related to Lyapunov equations.

Lemma 2.19 Let Ay be a bounded operator on the Hilbert space X, and
let C' be a bounded operator on X. Then, for all xo € X

> lICAGxo|dt < oo, (2.30)

n=0

if and only if there exists a non-negative operator Q) such that

AjQA— Q= -C"C, on X. (2.31)
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For all Q satisfying equation (2.31) there holds
o0
D ICAGzo|* < (Qwo, o), (2.32)
n=0

for all xg € X.

For the proof we refer to Guo and Zwart [21, Lemma 3.1].

Remark 2.20 Without additional assumptions we will not have equality in
inequality (2.32). For example Q = I, A% = A;l, and C = 0 satisfies
relations (2.31) but does not have an equality in the last relation.

The characterization of Van Casteren from the previous section has a dis-
crete time version as well. This version characterizes bounded and strongly
stable operator sequences.

Lemma 2.21 (Van Casteren) The operator sequence (Al)n>o is boun-
ded if and only if there exists a M such that for all N € N, and all xg € X,

N N

1 1 .

N D N[ Afwo|* < Mlao|® and N Do AFw|? < Mlao|?. (233)
k=1 k=1

with M independent of N and x.

Proof: Assuming the boundedness of (A}),>0, we directly prove the rela-
tions in equation (2.33). For (A%),>0 we find a M; such that ||A%|| < M
for all n > 0.

N N N
> [ Afmol* < ZSI;P [A%wol* <D~ MF||zo||* = MFN |||
k=1 k=1 k=1

The second inequality in (2.33) is proved similarly.
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To prove the converse implication we use the discrete Datko trick in the
first three steps.

N||AJ||= sup N-(y, AYz)
lz]l;llylI<1
N

= sup <y,AéVx>

lzllNyll<1 =

Z Ad yvAIIjV_kz>

H’IH Hyl\<1k 1
= sup (Ayy, AV T x)ex)

lz]l, |yl <1
1 1
2 N 2
sup ZHA FyllPds |- | DAY ) Pds
Hm\l [lyl[<1 k=1
<o % N||y|[VMN||z| = MN,
z|, |yl <1

where we used the Cauchy-Schwarz inequality in the second last inequality.
Thus the operator sequence is bounded. O

Using the above result, we can characterize strong stability. Note that we
look at element-wise behaviour.

Lemma 2.22 Assume that the operator sequence (Al})n>o0 is bounded and

let g € X. Then

Jim —Z |A52z0)2 =0 if and only if Jim AN gy =0.
—00

b2 ”

Proof: To prove the implication, we choose an ¢ > 0. Since the
operator sequence is bounded7 there exists a M such that ||AY] < M for
all N > 0.

The first step is to show that the condition

1
lim — Y || Afzol* =0, (2.34)

implies that there exists a n. such that

n g
| ALz < I (2.35)
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If there does not exist such a n., then

| ARaq|| > %, for all k£ > 0.

Thus

X

~ 2 [ AGoll? > Z = forall N0

k=1
This contradicts condition (2.34). Hence, there exists a n. satisfying condi-
tion (2.35).
Thus, for all N > n.,
_ €
| A xoll = | AY " Ageao | < M7 =¢

This holds for all € > 0, so limy_sso Aévaro =0.
To prove the ”<” implication, we choose an € > 0. Since limy_, A’;xo =0,
there exists a n. such that for all k > n., [|Afzq| < e.

N

1
~ Z [Afzol*ds = — Z | Afo||*ds + 5 > Nl AfxolPds
k: ne+1
M2||J:0||2nE N —n,

<

= N + e N
For N large enough, the left-hand side is smaller than 2e. This holds for all
€ > 0, so the left-hand side goes to 0, as N goes to co. O

We end this section with a characterization of the boundedness of an oper-
ator sequence.

Lemma 2.23 Let Ay be a bounded operator on the Hilbert space X. Then
the operator sequence (Al})n>0 is bounded if and only if the following esti-
mates hold for all x € X :

sup (1—r Z | A% zol|r2™ < My ||zol|?, (2.36)
relo, 1) 0

st) (1—r Z | A% ao||r?™ < M|zl (2.37)
relo,1

Furthermore, if equations (2.36) and (2.37) hold, then the bound of (A})n>0
18 given by
HAZ” S € MlMQ.

For the proof we refer to Guo and Zwart [21, Theorem 3.2 and Remark 3.3].
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2.3 From continuous to discrete time

In the previous sections we stated stability results for either continuous or
discrete time systems. In this section we focus on Lyapunov equations which
which show the interaction between these systems.

From Theorem 2.5 and Remark 2.7 we know that for every exponentially
stable semigroup (eAt)tzo, one can find a unique solution @ of the continu-
ous Lyapunov equation,

A Q+QA=—I (2.38)

With this equation, we show that @ is also the solution to the discrete
Lyapunov equation for Ay,

A5QA; — Q = —C*C, with C = vV2(A —1)~". (2.39)
This discrete Lyapunov equation leads to the following estimate:

Lemma 2.24 (Lyapunov estimate) Let A generate an exponentially sta-
ble Cy-semigroup, such that, ||e?t| < Me™*t with w > 0, then for the Cay-
ley transform Aq of A and the operator C = /2(A — I)™1, the following
estimate holds:

Z ICAG|* < ||33||2 (2.40)

Proof: The semigroup (eAt)tzo is exponentially stable, so there exists a

Lyapunov function @ such that:
A" Q+ QA =—1. (2.41)

From equation (2.17) we know that ||Q] < J;L;
We show that for the Cayley transform Ay a discrete Lyapunov equation
exists with solution ). For this we use equation (2.41):

AiQA = Q= (A= D)™ [(A+ 1) QA+1)
~(A-1QU-D|(A-D"
—C* [A*Q + QA} c
= —C*C. (2.42)

From this and equation (2.32), the following estimate for A4 follows:
o0 2

Yool < lQll® < el

2w
n=0
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This proves the lemma. O

For further details on Lyapunov equations we refer to [10, Chapter 4].

Remark 2.25 For A*, a similar estimate holds:
Z [C*Aga|? < ||fv||2 (2.43)

We would like to point at the importance of the operator C. If C' = I,
Lemma 2.24 would prove stability of Ag4.

Remark 2.26 The operator Q is a solution of continuous Lyapunov equa-
tion (2.38) and discrete Lyapunov equation (2.42). By Remark 2.8 Q sat-
isfies equation (2.16) By Lemma 2.19 Q satisfies inequality (2.32) as well.
Combining these relations, gives the following result:

oo

32 AR(A 1) | < / et o] 2. (2.44)
0

n=0
Equality holds as well, this is a special case of Theorem 6.11.

We introduce the following notation A=* = (A~1)".

Now we focus on three specific Lyapunov equations and the relation between
them. These equations are important in Chapter 7, where we look at growth
of the semigroup generated by the inverse of A as well.

Under the assumption that A is real and A\, A™! are in the resolvent set of
A, we consider the following two Lyapunov equations

N 1N -A) PN -A)—P =1 (2.45)

and
N =1 - A Y P, - A ) Py =1 (2.46)

For the Cayley transform we consider the following Lyapunov equation

(i:j) A=A+ D)'Py(A+D)(A-D)"' =Py =—1. (247

Lemma 2.27 Let A € R be such that A\ and A\~ are in p(A), the resolvent
set of A. Furthermore, assume that 1 € p(A).

1. The Lyapunov equation (2.45) has a solution if and only if (2.46) has
a solution. Furthermore, the solutions are related via

Py = (I = MA)*(M — A)* Py (M — A)7 I — \A). (2.48)
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2.3. From continuous to discrete time

2. If (2.45) has a solution, then a solution of (2.47) is given by

1
oy (Pt Pt A= 1) = Py, (2.49)

Proof:
Part 1. Equation (2.45) can be equivalently written as

N =1 M -A) PN —-A)'—P =1
N2 = 1P, — (M — A)*PL (M — A) = —(M\ — A)* (M — A)
—A*PLA+AA*P, + APLA— P, = —(\ — A)*(\[ — A)  (2.50)

Equation (2.46) can be equivalently written as

N 1N -A YN - A —Py=—T
N =P~ M- AP M —-AH)=- A —-AH* A -4
AT PAT L AAT P AR AT - Py = (M- AT (M- AT
—Py + AP, A+ ANATPy — A*Py A= —(DNA - T)* (VM - 1).
(2.51)

Assuming that Py satisfies (2.50), we substitute (I —AA)*(A[—A) *P (A —
A)~1(I — MA) in the left hand-side of (2.51),

— (I = XA (N — A)*PL (M — A) 7T — MA)+
AT = MA)* M — A)*Py(M — A" NI — NA) A+
MA*(T = NA)* (M — A)*Py(AM — AN — NA)—
A*(I = NA)*(N — A)7*Py (M — A7 I — MA)A
= = MA)"(M — A" [P + MAP, + AP, A* — A* P A]
(A — A)"HI — \A)
= (I = XA — A [~(M — A)*(M — A)] (M — A)~HT — NA)
= —(I = NA)*(I — \A).
Thus we see that (I—AA)*(AM—A)~* P (A —A)~*(I—\A) satisfies equation

(2.51) and thus it is a solution of (2.46). The other implication is proved
similarly.

Part 2. Since (2.45) has a solution, we have by part 1. that (2.46) also has
a solution.
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Chapter 2. Stability

The left hand-side of the Lyapunov equation (2.47) can written as

(;:1) (A-D)(A+D)*'Py(A+ D) A-1)"' - Py
1

= ——(A-D((A=1)(A+ID)*Py(A+1)

A+1
—A+D)A-I)*Py(A-I)A-D!
2
= )\—H(A —I) T (=A*Py A+ MNA*Py + APy A — Py)(A—1)"".
(2.52)
Thus the Lyapunov equation (2.47) can be equivalently written as
. N A+1 .
—A*PyA+2A PV+/\PVA—PV:—T(A—I) (A-1). (2.53)

Next we replace Py in the left hand-side of this equation by P+ Po+ Al —1,
and we obtain

—A"(P+P,+ M - DA+ N (PL+ P+ M - 1)+
MNP, +Py+ M —DA—(PL+P+X—1)
=—(M—-A*MN—-A) - MA-D1)*NA-1)
+ A=1)(=A*"A+XA* + XA - 1)
= AT+ M A — AA - NAA+NAT+ N — T+
M—A*AFANA"+ XA )+ A*A - DNA* —NA+ T
=(=A2 N (A*A—A*—A+1),

where we have used (2.50) and (2.51). Thus if we choose Py = 5= (P +
Py + AI — I), then the left hand-side of (2.53) becomes

1
2\

(A2 =M\ (A"A— A — A+ 1) = —%(A —D*(A-TI). (2.54)

Since this equals the right hand-side of (2.53) we see that 55 (Py+Po+AI—1)
is a solution of the Lyapunov equation (2.47). O

This ends Chapter 2. In this chapter we summarized stability results for
continuous and discrete time systems.
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Chapter 3

Log estimate using
Lyapunov equations

3.1 Overview

In Chapter 1 we have seen that for a bounded semigroup on a Banach space
the powers of the corresponding cogenerator do not grow faster that /n.
In [20], Gomilko proved that for bounded semigroups on a Hilbert space this
estimate can be improved to In(n 4 1). In this chapter, we obtain a similar
result. However, only for exponentially stable semigroups. Our proof is
very different than that of Gomilko and it is based on Lyapunov equations.
The result is:

Theorem 3.1 Let operator A generate the exponentially stable Cy-semi-
group (eAt)t>0 on the Hilbert space X. Furthermore, let M and w > 0 be

such that |e?t|| < Me=“*. Then for the n-th power of its cogenerator Ag,
the following estimate holds:

A% <14 2M + (f\/é + 1) % + (slogn — 1) (M2 + ﬁM) . (31)

The most important term on the right-hand side is the slog n-term. This is
the part that depends on n and indicates the growth of ||A%|| as n — occ.
In the slog n-term depends quadratically on M. This is the same as in the
proof of Gomilko, where the In(n + 1)-term depends quadratically on M,
the bound of the semigroup.
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Chapter 3. Log estimate using Lyapunov equations

As mentioned above our proof uses Lyapunov equations. This technique is
also used by Zwart for estimating the growth of (eAilt) , see [39].
>0

Although the proof is rather technical, the idea can easily be explained.
Let K € N and n = 2%, For A; we introduce a sequence of operators
Ap, Ay, ..., Ag such that Ay = A4 and the norm

JAZ" — ATl < M2, meN.

Using this equation, we find

k—1
] n
145 = Al = I DA - AT m=
k—1
< ) IIAY = AV,
§=0
k—1
< 2 = kM? = 3logn M.

I
o

J
For Ay, we derive an estimate which is independent of k. Thus equation (3.1)
is derived for n a power of 2. Obtaining equation (3.1) for all n, requires an
extra inequality, see Lemma 3.5.
The /n-bound in Banach spaces is a sharp bound. Example 1.2 shows a
contraction semigroup of which the powers of the cogenerator grow like 1/n.
For the In(n+1)-bound in Hilbert spaces it is not known whether the bound
is sharp. Moreover, under the conditions of Theorem 3.1 there is no example
known for which ||A%| is unbounded.
In Section 3.2 we define the sequence {Aj}reny and we prove the above
mentioned estimates. Thus this becomes a quite technical section.
In Section 3.3 the proof of Theorem 3.1 is given.

3.2 Estimates on operators

In this section we apply the Lyapunov estimates of Section 2.3, to show the
technical steps towards the proof of Theorem 3.1.

Firstly, we define a sequence of operators which starts with A7. Secondly,
we estimate the norm of the last operator in this sequence. Finally, we
estimate the difference between two adjacent operators in the sequence.
By repeatedly applying this last estimate, we can prove the main result as
indicated in the previous section. This will be done in Section 3.3.

We begin by defining a sequence of cogenerators and output operators.
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3.2. Estimates on operators

Definition 3.2 For A given in Theorem 3.1 we define the operators A; and
Cj by.'

Ay = (A= + 1) (A =T = 1), (3.2)
C; =V2(yjA—e; I -D"",  j=0,1,.. (3.3)
with:
1
Wi+ = 575 Y =1 (3.4)
1 1
€j+1 =§+§Ej, €o =20 (35)
We make several remarks concerning this definition.
Remark 3.3
L] Ao = Ad,

o A; is the Cayley transform of v;jA—e; 1. Sincev;,e; > 0, we have that
v A —€;1 generates an exponentially stable semigroup on X. Hence,
we can apply Lemma 2.24 to Cj, and v;A —€;1.

Now, we consider the operator sequence:

AT

7

with j € {0,...,N}, N = |2logn], (3.6)

Njp1 = L%J, with ng =n, ny=1. (3.7)

Here |¢] is the largest integer not greater than ¢, which is called the floor
function. We start with an estimate on the norm of the last operator,
AR]N = ANZ

Lemma 3.4 Let Ay be the operator as defined by Definition 3.2, then the
following estimate holds:

AN < 1+2M. (3.8)

Proof: For the proof, we use the Hille-Yosida Theorem [10, Theorem 2.1.12]
and the fact that vy, w, and e are positive:

JAN] = | (\WA—enI+1)(\wA—enI—1)7"|
= | (\wA—enI =T +2I)(ywA—enI — 1)
= [I+2(ywA—(en+1)D)7"|

M
<l142——— <1+4+2M.
YyNw+en +1
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Chapter 3. Log estimate using Lyapunov equations

This proves the lemma. O

Next, we estimate the difference between two successive operators, A;” and
A1 For this, we need the following lemma, which focusses on even n;.
Lemma 3.5 Let Ay and Ag11 be defined by Definition 3.2, and let m € N.
Then the following estimate holds:

M2
AZm— AT < . 3.9
1437 = AT < e e (3.9)
Proof: Firstly, we prove the result for m = 1.
A} — Apa
= (’)/kA — el + I)2 (’}/kA — el — I)_2
— (V1A — eppr] + 1) (Y1 A — e I = 1) 7
= (A —el —1)2.
[(WA —enl + D)% (s A — enird — 1)
— (wA—exl = I)* (ps1 A — epa I +1) |-
(Vg 1A — epyrd — 1) (3.10)

We simplify the middle part:

(A—erl +1)* (Vep1 A — epyrd — I)
— (WA —eel = I)* (1A — epr I + 1)
= (A — exD)* (1A — eppa D) + 2(mA — D) (1 A — e )
+ (1A — epg1d) — (A — exl)® = 2(ypA —epl) = 1
— (A = erD)* (1A — erpa D) + 2(A — i) (i1 A — e )
— (Ve 1A — epg1]) — (A — erD)? +2(A —epI) — I
=4 (A — exl) (1A — eprI) — 2 (A —erd)® — 21
= (4vevit1 — 2v;) A% + (deyn — dertit1 — depr1i) A
+ (derepsr — 265 —2) I
= (25k — 45k+1)7kA + (45k£k+1 - 252 - 2) I
=29, A+ (26, —2) 1
=-2(wA—e l+1),
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3.2. Estimates on operators

where we used equation (3.4) and (3.5). Substituting this in equation (3.10),
and using equation (3.3), gives:

AZ—Ap s
= 2(wA—e ] — D) (mA—exd + 1) (1A — el = )7
= —A;CrCly1. (3.11)

Secondly, we remark that we can write AZ™ — AR, as the following finite
sum,

m m (m— 2(m—1— 1
Ai k+1 — Z A j)Agc+1 A ( - Aiil

= 3 T A - A ] 4. (3.12)

Now using equation (3.11) and equation (3.12), we get the following expres-
sion:

|AZ™ — AL | = || Z Ai motd) { Ak+1}Ai+1H

3

AT O AL |
0

<.
I

= sup | Z A==y Cri14] 12|

lel=1" 1=

m—1
= sup [y, > AT Crn AL )]
llzll,lyll=1 —
m—1
< ST [y, ATTICL O AL )]
HIH HyH 1520
2(
Z [(CrAm =™ y,Ck+1Ak+133>\
Hrl\ HyH 1520
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Chapter 3. Log estimate using Lyapunov equations

| A3 — A7 |
1 1
m—1 2 m—1 2
2(m—j)—1 j
< sup | S GATTT T Y Gk AL 2
[lz]],]|yl[=1 j=0 =0
2 2

oo
< sw ch* 2| [ S lCk AL al?

Izl llyll=1 =0
M2
< .
2V kW F Epv/Vht1w + Ekp1

In the second last step we used the Cauchy-Schwarz inequality on #5(X).
In the last step we used Lemma 2.24 and Remark 2.25 and 3.3. O

If ny, see equation (3.7), is even, then Lemma 3.5 gives an estimate for two
successive operators. For an odd power nj, we need an extra step.

Lemma 3.6 For Ay defined by Definition 3.2 the following estimate holds:

M
APt — A € ———. 3.13
|| k k” — \/m ( )
Proof: Using the definition of C} and Ag, we find that:
JA+t = Al = ) (A = D) ARl = | (T+ V20, — T) AR
= VA = sup \fck |’|€5””
ICedpal?\ ® M
<sup | 2 < ;
2£0 < z_% [|2]|? VW + e
where we have used Lemma 2.24, see also Remark 3.3. O

The previous three lemma’s enable us to estimate the difference between
Al* and AZfll. The difference between two successive operators can be
estlmated as follows:

Lemma 3.7 Let Ay and Agy1 be defined by Definition 3.2 and let ng, ngy1
be defined in (3.7). The following estimate holds:

M? M

g — A <
T 2vw + eV +1W F €kt \/ka +ex

k+1

(3.14)
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3.3. Proof of Theorem 3.1

Proof: If nj is even, then estimate (3.9) of Lemma 3.5 implies equation
(3.14). In case ny is odd, we combine Lemma 3.5 and Lemma 3.6 to obtain
nE ATk ng nkTil
HAk - k+1 || - ||A Ak+1 ||

ng—1

o—1 —1 55—
= Ap = AT AT = ALR |

-1 -1 Tl
< [JARE = AR+ AT = Ay |l

< M n M?
T VW F ek 2w T e/ k1w F gl
Thus we have proved equation (3.14). O

As explained in Section 3.1, these estimates will give us the inequality (3.1).

3.3 Proof of Theorem 3.1

In this section we prove Theorem 3.1. For this we use the notation of
Definition 3.2 and the estimates of Lemma 3.4 and Lemma 3.7.
Proof of Theorem 3.1: We write A} as a sum of operators of equation

(3.6):
N-1
A1 = 14571 = 4w + (450 — A7) + D7 (A7 — A7)
Jj=1
N—-1
< AN+ A0 = AT+ D AT = AF (3.15)
j=1
By Lemma 3.4, we have that.
AN < 14+ 2M. (3.16)

Furthermore, by Lemma 3.7 we have that for k =0, 1, ...

M? M
= 2w + €/ V1w F Exga \/%w e
Combining equation (3.15), (3.16), and (3.17), we find that

Hf4nk nk+1

(3.17)

M? M
|AZ]| <1+ 2M + +
2\/70a)+750\/71aJ+751 \/70u7+’€0
+ + :
2\/YkwW + Ep/ V1w T Ekr1 VYW T ek

j=1
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Chapter 3. Log estimate using Lyapunov equations

Since yow + €9 = w, (YW —|—5k)_% <V2fork>1,and N = |slogn], we
can majorize the above by

M2 M =,
A% < 1+2M + =t Y (M2
4l < V2w Vw ( f)

:1+2M—|—<f\/{+1>% (glogn—l)(M2+\/§M>.

Thus we have proved inequality (3.1) and thereby Theorem 3.1. O

j=1

We remark that for this estlmate w has to be positive. As w approaches
zero, we can see from the /w™ ! term on the right-hand side of inequality
(3.1), the estimate is getting worse.

This means that the semigroup has a negative growth bound, and the esti-
mate does not hold for bounded semigroups.

3.4 Conclusions

In this chapter we provided a logarithmic estimate for the powers of the
cogenerator of an exponentially stable semigroup on a Hilbert space. For
the proof we used an estimate with Lyapunov functions and a technical
method which divided the estimate in In(n + 1) sub-estimates. A similar
estimate for bounded semigroups was proved by Gomilko, [20].
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Chapter 4

Bergman distance

4.1 Introduction

In Chapter 1 we have seen that for contraction semigroups and bounded
analytic semigroups the power sequence of the corresponding cogenerator is
bounded. In Chapter 3 we showed that for a general exponentially stable
semigroup, the growth of its cogenerator is at most logarithmic. In this
chapter we show that if two semigroups are close to each other, then the
corresponding cogenerators share the same growth properties.

We measure the distance between two semigroups in the Bergman distance.

Definition 4.1 The semigroups, (e*!);>o and (eAt)tZO on the Hilbert space
X, have o finite Bergman distance if the following two inequalities are sat-
isfied for all g € X :

> i 1
/0 (e Aol < oo, (4.1)

o0 " e 1
/O 7t — A )|t < oo, (4.2)

Note that the measure ¢t~'d¢ is the invariant measure for the multiplication
group RT. The space L?(R") with this measure is isometrically isomorphic
to the unweighted Bergman space A2?(IT"), see [14, Theorem 1]. Thus two
semigroups have finite Bergman distance, if (¢4t —e*)zq and (e4 ™t —e? )z
are in the Bergman space for all zy € X. Hence the name Bergman distance.
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Chapter 4. Bergman distance

Remark 4.2 Assume that the integral term in equation (4.1) is finite for
all xyg € X. From the Uniform Boundedness Theorem, we know this is
equivalent to the existence of a b € [0,00) such that

e i 1
/ | (et — eAt)on2Edt < ||, for all zg € X. (4.3)
0

Proof: Let (Q,) be a sequence of linear operator @, : X — L2(0,00)
defined by

L1 (1)
\/z )

where 11 ., is the indication function of [, n].

Qnro = (e — eAt)xO

Using inequality (4.1), we know that for every xg € X there exists a constant
My, such that

" i 1
1Quaol® = [ (e — e~ dt
\ t

oo
i 1
< / | (et — eAt)x0\|2¥dt = M,,, for all n € N.
0

Using the Uniform Boundedness Theorem, we find that there exists a con-
stant b such that

1Qnll <0, for all n € N.
Hence,
o i 1
i Qo = [ (64 = Aol < 8ol
n— o0 0 t
Thus inequality (4.3) holds. O

A similar remark holds for inequality (4.2).
Let B be the set of all b € [0, 00) for which equation (4.3) holds. It is clear
that B is a subinterval of [0, 00).

Definition 4.3 Let the semigroups (e4*);>0 and (e**);>0 satisfy equation
(4.1) and (4.2) and let B be the set of all b € [0,00) for which equation
(4.3) holds. The Bergman distance between the semigroups, (e!);>o and
(eM)¢>0, is defined as
d (eAt, eAt) = inf b. (4.4)
beB
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4.1. Introduction

So two semigroups have a finite Bergman distance if and only if d (eAt, 6At) <
00.
In Chapter 5, we show that d (eAt7 eAt) defines a metric on the space of

Cy-semigroups and that it divides the space of Cy-semigroups on X into
equivalence classes. In this chapter we study properties of Cy-semigroups
with a finite Bergman distance. In Section 4.2 we show that the semigroups
with finite Bergman distance share the same stability properties. In Section
4.6, we investigate which pair of generators have a finite Bergman distance.
Among others, we show that if A and A generate exponentially stable semi-
groups, and if A— A is a bounded operator, then they have a finite Bergman
distance.

As to infinitesimal generators, we define a discrete-time Bergman distance.

Definition 4.4 The cogenerators, (A} )nen and (A JneN, have a finite Berg-
man distance if the following two inequalities are satisfied for all zy € X :

o0 1 5
Z EH(A]; — Af)zo* < oo, (4.5)
k=1

Z E AiF)ao | < o (4.6)

Remark 4.5 Assume that the sum in equation (4.5) is finite for all zg € X .
From the Uniform Boundedness Theorem, this is equivalent to the existence
of a b€ 0,00) such that

(A% — AK) 20| < blzo]|?, for all zp € X. (4.7)

NE
el

>
Il

1

The proof of this result is similar to the proof of Remark 4.2.

A similar remark holds for inequality (4.6).

Let B be the set of all b € [0, 00) for which equation (4.7) holds. It is clear
that B is a subinterval of [0, 00).

Definition 4.6 Let the cogenerators (A} )nen and (A YneN satisfy equation
(4.5) and (4.6) and let B be the set of all b € [0,00) for which equation
(4.7) holds. The Bergman distance between the cogenerators, (Al})nen and
(AM)en, is defined as

a4z, A3) = inf . (4.8)

So two cogenerators have a finite Bergman distance if and only if
a Ay, Ay) < oo
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Chapter 4. Bergman distance

As for semigroups, two cogenerators with finite Bergman distance share the
same stability properties, see Section 4.3.

One of the main results of this chapter is, that the Cayley transform con-
serves the Bergman distance. That is, the following equality holds for all
zo € X:

o0

e i 1 1 ~
|t et ha = S LIS - Aol (@9)

k=1

This equality is proved in Section 4.4.
Combining the invariance of the stability properties with equation (4.9),
leads to the following theorem:

Theorem 4.7 Let (e);>¢ and (eAt)tZO have a finite Bergman distance.
Then (A%) >0 and (A7) >0 share the same stability properties, e.g. (A%)n>0
is strongly stable if and only if (Al})n>o is strongly stable.

Furthermore, the other implication also holds. Thus, if (A}),>0 and (A7)n>0

have a finite Bergman distance, then (e?);>¢ and (eAt)tzo have similar sta-
bility properties. We prove this in Section 4.5.

4.2 Properties of semigroups with finite
Bergman distances

The finite Bergman distance groups semigroups into classes, see Section 4.1.
In this section we show that within these classes of semigroups the stability
properties are the same. For this we use the Van Casteren characterization
of stability, see Lemma 2.9 and 2.10.

Theorem 4.8 Let (et);>q and (eAt)tZO be Cy-semigroups on the Hilbert
space X having a finite Bergman distance. Then the following holds

1. (e?)y>o is bounded if and only if (eAt)tZO is bounded,

2. (eA);>¢ is exponentially stable if and only if (e“it)tzo is exponentially
stable,

3. (eAt)tZO is strongly stable if and only if (eAt)tZO 18 strongly stable.

Proof: We prove the boundedness or stability of (eAt)tzm given the bound-

edness or stability of (e‘[”)tzo. By symmetry, the other implication then also
holds. We begin with item 1.
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4.2. Properties of semigroups with finite Bergman distances

1. For all t > 0 and zy € X, the following inequalities hold:
1 ‘ As 2 1 ! As As 2 1 ! As 2
— [ |le?xo||*ds < = | 2||e™xg — e agl|?ds + = [ 2|l xo||“ds
t Jo t Jo t Jo

t
) ) )
< 2/ Slezo — eaol*ds + 2sup le™ | o |1
0
< M1Hx0H2v

where we have used (4.1) and the boundedness of (e“it)tzo. Similarly,
we obtain the dual result. Hence by Lemma 2.9, we conclude that
(e?);>0 is bounded.

2. For t > 1, we have for all g € X

"1 ‘1 i "1z
/ f||eA3:170||2ds§2/ fHeASacofeAsxo||2ds+2/ —||eA*z0]|?ds
18 1 S 18
< Majzol?, (4.10)

where we have used the finite Bergman distance and the exponential
stability of (e*);>0, see Remark 4.2.

The exponential stability of (e“it)tzo trivially implies that (eAt)tZO
is bounded. By item 1., we have that (e!);>o is bounded as well.
Combining this with (4.10), we find for ¢ > 1:

t
1
tn(t)e ol = [ % e ol
1
! 1 A A
< [ eIt s

t
1
< Ml/ gHeASxOHQ‘dS < My M|z |*.
1

So for t > 1 we have that
M, M,
In(t)

le®)* <

Since the right-hand side is less than one for sufficiently large t, we
have by Lemma 2.3 that (e*);>¢ is exponentially stable.

3. Let o be an element of X. Since [;° 1[e4*zg — e?*z||?ds < oo, for
every € > 0, there exists a t. such that

o0 1 -
/ ~ etz — eA¥xo||?ds < e. (4.11)
5
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Chapter 4. Bergman distance

Furthermore, the following inequality holds

1/t 1 st ~ 1t
— | Jle?xolPds < = [ 2||ef%xo — eMomo||Pds + = [ 2]le?oxo]|?ds.
t 4 t

0 0 0

Using this inequality and Lemma 2.10, we have that

t—o0

1 t 1 te .
lim f/ |eA5x0]|2ds < lim f/ 2)leexg — e x| ?ds
t Jo t—oo ¢ Jg

I i
+ lim — [ 2]e?*z0 — e xo%ds + 0

t—oo t t
te [
< lim —6/ ~|leAs g — e ?ds
t—oo t 0
t -
+ lim ZlleAt g — e ao)|?ds < 0+ 2e,
t—o00 t

where we have used inequality (4.11).

Since this holds for all € > 0, we have shown that

I
lim f/ leA¥z0]|2ds = 0,
0

t—oo t

and so by Lemma 2.10, (e?);>¢ is strongly stable.
This third item concludes the proof. O

Note that the proof of Theorem 4.8 is done element-wise. So if the semi-
group (eAt)tZO provides a stable solution for the initial condition zg, then
semigroup (e1);>o provides a stable solution for the same initial condition
as well. This is independent of their behaviour on other elements in X. We
examine this property of the Bergman distance in Lemma 5.7.

4.3 Properties of cogenerators with finite
Bergman distances

The discrete-time case is similar to the continuous-time case. The finite
Bergman distance also creates equivalence classes of sequences of bounded
operators, see Section 5.1. Elements within a class share the same stability
properties, as is shown next.

Theorem 4.9 Let (A)n>0 and (A)n>0 be a power sequence of bounded
operators on the Hilbert space X. If they have a finite Bergman distance,
then the following assertions hold:
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4.3. Properties of cogenerators with finite Bergman distances

1. (A%)ps0 is bounded if and only if (A%),>0 is bounded,
2. (A%),>0 is power stable if and only if (A%),>o is power stable,
3. (A})n>0 is strongly stable if and only if (Ag)nzo is strongly stable.

Proof: We prove the boundedness or stability of (A7), >0, given the bound-
edness or stability of (A )n>0. By symmetry, the other implication then also
holds. The proofs are similar to the ones in the continuous time.

1. For all N > 1 and zy € X, the following hold,
QAR
~ Z | Akao |2 < ~ Z 2| Aljrg — Aol + = 3 2] Ak
k=1

< 22 *||Ad330 - §$0||2 + 251}11) ||1‘~1§950||2
< M1||Io||2,

where we have used (4.5) and the power stability of (A%),>¢. Simi-
larly, we obtain the dual result. Hence by Lemma 2.21, we conclude
that (A})n>0 is power stable.

2. For all N > 1 we have for all g € X,

N1 N1 . Y1
Z gHA’éon? <2 Z E”Agfo - A§$0||2 +2 Z E”AZCUOH2
k=1 k=1 k=1
< Ma||ao]?, (4.12)

where we have used the finite Bergman distance and the power sta-
bility of (A%),0.

The power stability of (A7), >0 implies that (A7), is bounded. By
item 1., we have that (A}}),>o is bounded as well. Combining this
with equation (4.12):

In(n + 1)|| Aol <Z*II awoll?

—k k
< E EHAZ 17| Agzol®
k=1

—_

<My E\\A§$0||2 < My Mo |
k=1
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So we have that
n MM,y
IAG]? < ——.
In(n+ 1)

Since the right-hand side is less than one for sufficiently large n, by
Lemma 2.13 we have that (A7), >0 is power stable.

3. Let 2o be an element of X. Since Y ;7 +[Akzg — Akzo]]? < oo, for
every € > 0, there exists a n. such that

> f||Adq:0 — Akgo|? <. (4.13)

k=n.

Furthermore, the following inequality holds
LS bl < 1S o) by — Aol + 15 2] Ao ?
"= ’ It ‘ ’ "= !

Using this inequality and Lemma 2.22, we have that
ne—1

1 -
lim *ZHA%O\P hm e Z 2| Afwo — Afo|?

n—oo N —
1 n
T k. ko2
+nlgn - g 2| ALxg — Agzo||© + 0

k*nE

<0+ nll)n;o Z *HAdQT() — A§x0||2 < 2e.

k=n,

where we have used inequality (4.13).

Since this holds for all € > 0, we have shown that
tin L 3 Abio]? =
Jim, 5 2 Mol =

and so by Lemma 2.22 (A7}),>0 is strongly stable.

This third item concludes the proof. O
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4.4 Equivalence of the Bergman distances

In the previous sections we have derived properties of operators with finite
Bergman distance. In this section, we show that the Cayley transform
preserves Bergman distances.

We do the proof under the condition that the Hilbert space X is separa-
ble. However, Lemma 4.13 and Theorem 4.14 also holds for non-separable
Hilbert spaces. Since separable Hilbert spaces are most often encountered
in applications and it makes the proof easier to read, we use this condition.
For non-separable Hilbert spaces the idea of the proof is the same as for
separable Hilbert spaces, but we have to interchange the countable set of
basis vectors for a uncountable one.

First, we define the inner product space H.

Definition 4.10 Let H denote the space of Lebesgue measurable functions
f from [0,00) to the Hilbert space X such that:

/0 1F(0) 3t dt < oo

Note that this is a weighted L*([0, o0, X)-space On H we define the following
inner product:

. g)n = / (), 9t xt di. (4.14)

The following result is easy to see.

Lemma 4.11 The inner product space H defined in Definition 4.10 is a
Hilbert space.

To create an orthonormal basis for this Hilbert space, we use the generalized
Laguerre polynomials L%l)(t) [34, p. 99]. These are defined by

n—1 i k
Len=%" <n _Z - 1) ( ]jf) , forn>1landte0,00). (4.15)
k=0 :

Lemma 4.12 Let H be the Hilbert space defined by Definition 4.10 and let
{em}men be an orthonormal basis of X. The vectors @, ., defined by:

qn(t)
Pnm(t) = em, n,m > 1, (4.16)
! Jn

with
gn(t) = —2e7 LY, (20), (4.17)

form an orthonormal basis in H.
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Proof: We begin by showing that the sequence {apnﬁm}ffm:l is orthonormal
in H. Using equation (4.14), we find:

0o — 1 _
( = [ ‘Lo (20) =21 (20)
Pn,ms Pv,u) H o \/’ﬁ ms \/17
1

=2 20 L (20)dt (e, en) x

6“>Xt dt

4 /°°
= —F e
Vv Jo
-7 / T e LD (LD, (Pdr (emsen)x
Vv Jo

1 n
NN (n - 1) O(n—1)(v—1)0mpu = OnwOmy,

where we use the orthogonality of the Laguerre polynomials in L?(0,c0)
with weight T7e™7, see [34, p. 99].

Next we show that the sequence {‘Pn,m}z‘jm:l is maximal in H. If h € H is
orthogonal to every ¢, y,, then for all n and m > 1:

—t

e —2e
n,m h = L(l) 2 m h t = U.
ot = [ L @0 = e bt xtdt =0

From the maximality of {L{" (2t)e~t},>1 in L2(0, 00), see [34, p. 107], we
conclude that for all m > 1,

(em, h(t))x =0 almost everywhere.

This, combined with the maximality of {e,, }men in X, leads to the con-
clusion that the Lebesgue measurable function h(t) = 0 almost everywhere.
Soh=0in H and {@nm}, . _; is maximal. O

Lemma 4.12 gives us the following Parseval equality:

1A =D 1f nm)al* (4.18)

n=1m=1

We use the Laguerre polynomials to write the Cayley transform as an inte-
gral.

Lemma 4.13 Let g, be defined by equation (4.17), let A generate a Cy-
semigroup with growth bound wy < 1, and let Ag be the Cayley transform of
A. Then,

/ gn(t)eMzodt = Az — 20, x0 € X. (4.19)
0
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Proof: Using equation (4.17) and (4.15) we rewrite ¢, (t) as follows:

q"(t) = _tngl)l( 2t)
= —2¢~* (—2t)*
) E—: (” R 1) k!
S n! X y
- ;:(:J R S ES A AC

- n! -1t
= 22 gD @) e

where we introduced ¢ = k + 1 in the fourth equality.
We insert this expression into the left-hand side of equation (4.19) and use

o0 £—1
(A—1)"tzg = (-1)'R(1, A)~ay = / (—1)€t7'e_te‘4txodt,
0 (£—1)!

see [16, p. 57].

=0
= (I (A I) ) o — To
= AZIO — Zo,
where we used equation (1.17). Thus equation (4.19) holds. O

The previous lemma’s enable us to prove the main result of this section.
Namely, that the Cayley transform preserves the Bergman distances.

Theorem 4.14 Let A and A generate a Cy-semigroup, with growth bounds
wo < 1 and wo < 1 and let Aq and Ay be their Cayley transforms. Then
(e At)t>0 and (e*);>0 have finite Bergman distance if and only if (A%),>0
and (A%),>0 have finite Bergman distance.
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Furthermore, for all xg € X

oo

e i 1 1 n in
/ ||(€At - eAt)$0||§< ;dt = Z gH(Ad - Ad)xon?x- (4.20)
0

n=1

Proof: First, we write the left-hand side of (4.20) in the norm on H, see
Definition 4.10. Next, we apply the Parseval identity of H, see equation
(4.18):

0o _ 1 )
| = el = |
0 t 0

oAt _ oAty o
[ ===

> (eAt _ eAt)fL'o 2
ZZK t 7('Dn’m>H‘ '

Zooming in on the inner product, and applying equation (4.16) and Lemma
4.13, we find

~ 2
(eAt _ eAt)xo

t

tdt
X

H

3
I
-
3
I
—

/oo (eAt—eAt)xo Qn(t)e
0
1

- A m>Xtdt

= L< /OOO gn (t) (e — eAt)xodt,em>X
= (A = Aro,em)

We zoom out again and use the Parseval equation of X for the orthonormal
basis {em tmen-

> A 1 o 1 n An 2
|t = eMaoligar = Y0 3 | =i - Aaosen) |
0 n X

Thus equation (4.20) holds.
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In particular, this shows that (e? )t>0 and (e At)t>0 have a finite Bergman
distance if and only if (A%),>0 and (A%),>o have. O

4.5 Proof of Theorem 4.7

In this section, we return to Theorem 4.7. With the results from the Sections
4.2, 4.3, and 4.4, we are able to prove it. First, we extend the formulation
of Theorem 4.7.

Theorem 4.15 Let (e*);>0 and (e? A Y)i>0 be Co-semigroups on the Hilbert
space X with growth bounds wg < 1 and Wy < 1 and let the Cayley transforms
of A and A exist and be denoted by Aq and Ag, respectively.

A If (eA)>0 and (eAt)tZO have a finite Bergman distance, then the fol-
lowing three equivalences holds.

1. (A%),>0 is bounded if and only if (A%)n>0 is bounded.
2. (A)n>0 is power stable if and only if (A”) is power stable.

3. (Al)n>0 1s strongly stable if and only zf( )n>0 is strongly sta-
ble.

B If (A%),>0 and (A%),>0 have a finite Bergman distance, then the
following three equivalences holds.

1. (e*)s>0 is bounded if and only if (eAt)tZO is bounded.

2. (eA);>¢ is exponentially stable if and only if (eAt)tZO s expo-
nentially stable.

3. (eAt)tzo 1s strongly stable if and only if(eAt)tZO 18 strongly stable.

Proof: Recalling from Theorem 4.14, that (e?*);>o and (e4*);>0 have a
finite Bergman distance if and only if (A%),>¢ and (A%),>o have a finite
Bergman distance.

So to prove item A1 the argument goes as follows. The finite Bergman dis-
tance of (e )t>0 and (e1);>( implies the finite Bergman distance between
(A%),>0 and (A%),>¢. Using the first item of Theorem 4.9, we conclude
that (A%),>0 is bounded if and only if (A%),>0 is bounded.

Ttems A2 and A8 are proved similarly. Only now we use the second and
third item of Theorem 4.9 instead of the first item.

The equivalences BI, B2 and B3 are proved in same as the other three
items. Only now we use Theorem 4.8 instead of Theorem 4.9. 0
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Chapter 4. Bergman distance

Now, we return to the central question in this thesis: If we know that the
semigroup (e*);>¢ is strongly stable, what can be said about (4%),>¢? Or
what can be said about sequences (z‘ig)nzo at a finite Bergman distance of
(AG)n>0-

Before answering this question, we first recall the following result by Guo
and Zwart [21, Theorem 4.3].

Lemma 4.16 Let (e?!);>0 be a Cy-semigroup and let the Cayley transform
of A, denoted by Ay, exist. If (eAt)tZO and (A})n>0 are bounded, and
(eA)y>0 is strongly stable, then (A%)n>o is strongly stable.

Hence, if we combine this lemma with Theorem 4.15, we find that if (e*);>
and (A%),>o are bounded, then the strong stability of (e);>o implies
the strong stability of (eAt)tZO, (A7)n>0, and (Ag)nzo, provided the two
semigroups or the two discrete operators have finite Bergman distance.
The above argument can be used to extend the class of infinitesimal gener-
ators with a power bounded cogenerator. If we combine by Theorems 1.9
and 4.15, we obtain the following corollary.

Corollary 4.17 Let A be the infinitesimal generator of a contraction semi-
group on X, and let A be another generator with finite Bergman distance

to A. Then (A})n>0 is bounded.

This motivates the question which semigroups or cogenerators have finite
Bergman distance. In the next section we derive some sufficient conditions.

4.6 Applications

In this section we present some classes of semigroups with a bounded Berg-
man distance. We begin with bounded perturbations of exponentially stable
semigroups.

Lemma 4.18 Let A and A generate exponentially stable semigroups and
let A— A be bounded, then (e!);>q and (e*);>¢ have a finite Bergman
distance.

Proof: Since the semigroups are exponentially stable, there exist My, Ma,
wy and wo all positive such that ||e??|| < Mie~*1* and ||e??| < Mye w2t
respectively. We show that these semigroups satisfy equation (4.1) by cut-
ting the time interval [0, 00) into two parts, and showing, for each part, that
the integral is finite.
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The first time interval is from 0 to 1. Using the perturbation formula
ery = ety + fot e (A — A)eAt=9)z4ds, we find

1 ) 21 1
[ 1)l - f
0 t 0
1 t o 2
g/ (/ eAs(A—A)eA(t_s)x0|ds> St
0 0

2

1 t
~ 1
<[ < M1|A—A||Mz||$o||d5> L
0 0

2

¢

-2 1

/ e (A — A zyds Edt
0

1 - 21
g/ (tMleHA—AHHI‘OH) s
0

1
< M2M2|A - A|\2||x0||2/0 bt < oo, (4.21)

On the second time interval (1,00), we use the exponential stability

e’ - 21 ~ 2
[Nyl s [ )
1 1

oo -~
< / Alleagl|? + 2[jeAao|2dt
1

o0

M? M2
< Lo g2 + —L e gy |? < oc.
w1 wo

(4.22)

Since (4.21) and (4.22) hold for all zy € X, equation (4.1) holds.
The proof for the adjoint operators goes similarly, and hence we conclude
the proof. O

We remark that combining this lemma with Theorem 4.8 gives the following
corollary.

Corollary 4.19 Let A generate an exponentially stable semigroup, let Q be
a bounded operator, and define A as A = A+Q. Then (e*?);>¢ and (e?);>0
have a finite Bergman distance if and only if (e!);>¢ is exponentially stable.

We apply the previous result to the closed loop generator in the linear
quadratic optimal control problem.

Lemma 4.20 Let A generate an exponentially stable contraction semigroup,
and let B be bounded. By II we denote the stabilizing solution of the alge-
braic Riccati equation, corresponding to the optimal control problem

i [ ICxOI + (u(t), Ru(o)at,
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where C € L(X,Y) and R € L(U) with R > rol > 0 and U and Y are
Hilbert spaces, see [10, Chapter 6]. Then the Cayley transform of A —
BR™'B*1I is strongly stable.

Proof: By Lemma 4.18 the semigroups (e4!);5o and (e(A=BR™"B7IDt),
have a finite Bergman distance. Since (eAt)tZO is a contraction semigroup,
we know that (Af),>o is bounded by one, see Theorem 1.9. It is strongly
stable a well, since (e*);>¢ is exponentially stable, see Lemma 4.16. The-
orem 4.15 proves the assertion. O

Lemma 4.18 provides an answer for bounded perturbations of A. Next we
study a class of unbounded perturbations. We show that a subset of the
class of Desch-Schappacher perturbations leads to pairs of semigroups with
finite Bergman distance. First, we introduce the class of Desch-Schappacher
perturbations, see Engel and Nagel [16, Section III.3.a].

We need some notation. By X_; we denote the dual of the domain of
A*. We regard X as the pivot space, and thus we have the inclusions
D(A) C X € X_; all with dense injection. Next we define A_; : X — X_;
as follows

<A—1ﬂfo,x*>x,1xD(A*) = (20, A" x4), (4.23)

with 29 € X, 2. € D(A*), and (-,-) x_, x p(4«) denotes the duality product
of D(A*) and its dual.

For zyp € D(A), we see from (4.23) that A_1z¢9 = Azg, and so A_; is an
extension of A. It can be shown that A_; generates a Cpy-semigroup on
X_1, see [35] and [16] for this and more results on X_; and A_;.

We continue by defining X;, as the space of all strongly continuous, £(X)-
valued functions,

X, = C([0,t0], £(X)),  with the norm ||F|loc = sup [|F(r)|zx)-

r€l0,to)

Note that A}, is a Banach space. For the Cy-semigroup (e!);>o and the
operator B € £(X,X_1) from X to the extrapolation space X_; we define
the abstract Volterra operator Vz on the space A, by

t
(VBF)(t) = / eA-1 = BE (1) dr, for all t € [0,¢0] and F € Xy,.
0

Note that we use the extended semigroup on X _; in this definition. The
class of Desch-Schappacher perturbations is defined by

Si¥ ={B € L(X,X1) |V € L(X,), V3]l < 1} (4.24)
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In [16, Theorem II1.3.1] it is shown that for B € SP° the operator (A_; +
B)x defined by

(A1 + B)xxo = A_129 + By,
D((A,1 + B)X) = {1‘0 e X ‘ A_1x9+ Bxg € X}7

generates a Cy-semigroup on X.

Furthermore, if we restrict the class of Desch-Schappacher perturbations by
two extra conditions, then a perturbation B in this restricted class leads to
a finite Bergman distance.

Lemma 4.21 Let A generate an exponentially stable semigroup and let B €
Sgs. If, for some M >1 and o« > 0

[(VB)llcay < Mt*,  fort € (0,t),
and, for some q € (0,1)
IR\, A_1)B|| <q, forallAeC" ={seC|Re(s) >0}, (4.25)

then the semigroups generated by A and (A_1+ B)x have a finite Bergman
distance.

Proof: First, we define A = (A_; + B)x. It follows from equation (4.25),
that the semigroup generated by A is exponentially stable, see [29, Propo-
sition 5.8].

Now, the proof is similar to the proof of Lemma 4.20. Let My, Ms, wy
and wy be positive constants such that [e4?| < Mye~“t and |e??| <
Msye=%2t respectively. We show that these semigroups satisfy equation
(4.1) by cutting the time interval [0,00) into two parts, and showing, for
each part, that the integral is finite.

The first time interval is from 0 to 5. We use the variation of constant

formula.
to _ 21 to t g 1
/ (eAt - eAt) xOH —dt = / / eA=10=9) (A — A)eMxods|| ~dt
0 t o IlJo t
to N 2 1
_ / (Vaed)(O)zo|| 3dt
0 t
to
< /O M2420=1 02 g | 2t
M2 M3
= 2120|120 < o0. (4.26)
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Chapter 4. Bergman distance

This holds for all zg € X.

The second time interval is from ¢y to co. The proof for this interval is
similar to the second part of the proof of Lemma 4.18, and is therefor
omitted.

For the adjoint operators we make the following observation:

)] = g o
Yol|=1

= sup [((e"" —eM)yo, 20)]

lyoll=1
t ;
= sup |</ eA(t_S)(A—A)eASdsyo,ac())\
lyoll=1 JoO

= sup [(Va(e™)yo,zo)|
[lyoll=1

< sup Mt® Ma||yol|||zol|-
llyoll=1

= MtaMQH.’EQ”.

Using this inequality, we find similar to (4.26), that
0o 4 1 MM
A G B ey S

Concluding, we see that the semigroups generated by A and (A_; + B)x
have a finite Bergman distance. O

4.7 Conclusions

In this chapter we introduced the Bergman distance for semigroups. This
distance is the integrated difference between the semigroups with the weight
%. For cogenerators we introduced the Bergman distance as well. In this
case the distance is an infinite sum of the difference of the powers with
weight %

If two semigroups have a finite Bergman distance, then they have the same
stability properties. So if one semigroup is stable or bounded so is the other
one. For two cogenerators with a finite Bergman distance holds the same.
Another property of the Bergman distance is, that it is preserved by the
Cayley transform. This means that if two semigroups have a finite Bergman
distance, then their cogenerators have a finite Bergman distance as well.
The main theorem of this chapter combines these properties. For two semi-

groups with a finite Bergman distance, their cogenerators have the same
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stability properties. And also two semigroups corresponding to cogenera-
tors with a finite Bergman distance, share the same stability properties.
Furthermore, we gave some examples of generators with finite Bergman
distance and we applied this to the quadratic optimal control problem.

In Chapter 5 examine the equivalence classes created by the Bergman dis-
tance further and prove other shared properties.
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Chapter 5

Extension
Bergman distance

In Chapter 4 we introduced the Bergman distance. In this chapter we
show that the Bergman distance divides semigroups and cogenerators into
equivalence classes. On an equivalence class the Bergman distance defines
a metric. We derive some properties of semigroups within one equivalence
class and we characterize the classes of finite-dimensional semigroups and
cogenerators.

5.1 Equivalence classes

The finite Bergman distance is defined in Definition 4.1 and Definition 4.4
for semigroups and cogenerators, respectively. In the next subsections we
show that the finite Bergman distance divides the semigroups and the co-
generators into equivalence classes.

5.1.1 Classes of semigroups

The Bergman distance on the Hilbert space X can be seen as a binary
relation on the set of operators on X which generate a Cy-semigroup. We

define A £ A if the semigroups generates by A and A have a finite Bergman
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distance, that is if the following two equations hold.
> i 1
| et = ey < o
0 t
& x i 1
/ (e — eA ) ao|2 > dt < .
0 t
These equations are the same as equations (4.1) and (4.2).

Lemma 5.1 The binary relation E on the set of operators on X which
generate a semigroup, is an equivalence relation.

Proof: We have to check the reflexivity, symmetry and transitivity of L.

The reflexivity, A L A, and the symmetry, if A L Athen A X A, are trivial.
So it remains to show transitivity. Using the inequality

o = z)1* < 2[lz — y||* + 2[ly — 2|7,
the transitivity, if A L Band BE C then A 2 C, is easy to see from
> 1 b 1
|l = emlrar < [ @1 - ePal + 2 — o) i
0 0

e 1 ° 1
= 2/ | (et — eBt):z:0||2¥dt + 2/ | (ePt — eCt)zOHQEdt < 0.
0 0

And the same holds for the adjoint operators A, B, and C.

So the binary relation L is an equivalence relation. O

The equivalence relation L divides the set of infinitesimal generators on X
into equivalence classes. Such a class is denoted by [A]p, and defined by,

[Alp = {A| AR 4. (5.1)

Note that the choice of the representative of the class is arbitrary.

Every two semigroups in an equivalence class have a finite Bergman distance
by definition. On an equivalence class, the Bergman distance defines a
metric.

Lemma 5.2 The Bergman distance d (eAt,eAt) as defined in Definition

4.3 defines a metric on the equivalence classes.

Proof: We need to check the four properties of a metric.
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M1

M2

M3
M4

d is real-valued, finite and nonnegative. From Definition 4.3 of the
Bergman distance, it is easy to see that d is real-valued and non-
negative. The definition of the equivalence classes provides that d is
finite.

ﬂ&w:OdemWHx:yHd@“£&>:0mmbnmm

i i 1
/ (et — eAt)ao||2=dt = 0.
0 t

Thus (et — e’z‘t)xo = 0 almost everywhere. Since the semigroups are
strongly continuous, this means e#'zq = ez for all t > 0 and for
all g € X. Hence (e4t);>0 = (e!);>0.

The other implication is trivial.
d(z,y) = d(y,z). The symmetry trivially follows from Definition 4.3.

d(z,y) < d(z,z) 4+ d(z,y). We know from Remark 4.2 and Definition
4.3 that for all g € X,

e 1
(W%fwmz¢/nwtﬁ%Wﬂa
0

o0
1
d@%éﬂwo>¢/|w&—wmwgw
0

Now we take the square of their sum and use the Cauchy-Schwarz
inequality in the second step.

(d (eAt7eBt> +d (eBt’eCt»z ||ac0||2

> 1 e 1
> [T - eyl [T ol L
0 0

e 1 ° 1
+2¢/’an—emWMP,ﬁ¢/ (e = )2 s
0 0

> 1 e 1
> [T 1 - el [T e - ol L
0 0

> 1
2 [ = (P - ]
0

° 21
A P R [ R

e 1
> [l - a5t (5.2)
0
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where we used the triangle inequality for the norm of X in the last
step. Since inequality (5.2) holds for all 2y € X, we have

d (eAt7eCt)2 < (d (eAt’ eBt) +d (eBt’ eCt))2
Hence the triangle inequality holds.

The Bergman distance defines a metric. O

5.1.2 Classes of cogenerators

The Bergman distance on the Hilbert space X can be seen as a binary

relation on the set of cogenerators on X. We define 4,4 2 Ay if the cogener-
ators A and A have a finite Bergman distance. that is if the following two
equations hold.

1(A§ — Af)aol® < oo,

i]s
| =

8

N\H

)SC()H2 < 00.

These equations are the same as equations (4.5) and (4.6).

Lemma 5.3 The binary relation L on the set of cogenerators on X, is an
equivalence relation.

Proof: We have to check the reflexivity, symmetry and transitivity of R
The reflexivity, Aqg Z Ay, and the symmetry, if Ay 2 A, then Ay z Ay, are
trivial. So it remains to show transitivity. Using the inequality

lo = 211* < 2fle — ylI* + 2lly — 21,

the transitivity, if Ay £ By and By 2 Cy4 then Ay z Cy, is easy to see from

Z% ~ Cieoll” < 3 (AT - BRwoll + 215§ — Cieoll)
k=1 k=1
=2 L l(A§ = Bi)wol® +2  LII(Bf — Choll* < oo.
k=1 k=1

And the same holds for the adjoint operators Ay, By, and Cy.
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So the binary relation £ is an equivalence relation. O

The equivalence relation £ divides the set of cogenerators on X into equiv-
alence classes. Such a class is denoted by [A4]p, and defined by,

[Adlp = {Aa | Ag % Ag}. (5.3)

Note that the choice of the representative of the class is arbitrary.

Every two cogenerators in an equivalence class have a finite Bergman dis-
tance by definition. On an equivalence class, the Bergman distance defines
a metric.

Lemma 5.4 The Bergman distance d (AZ, AZ) as defined in Definition 4.6

defines a metric on the equivalence classes.
Proof: We need to check the four properties of a metric.

M1 d is real-valued, finite and nonnegative. From Definition 4.6 of the
Bergman distance, it is easy to see that d is real-valued and non-
negative. The definition of the equivalence classes provides that d is
finite.

M2 d(z,y) =0if and only if x = y. If d (AQZ Ag) = 0 then for all z

1(AG — Af)zol|* = 0.

M8
| =

k=1

In particular, (A4 — fld)xo =0 for all 29 € X. Hence Ay = A,.

The implication the other way is trivial.
M3 d(x,y) = d(y,z). The symmetry trivially follows from Definition 4.6.

M4 d(z,y) < d(z,z) + d(z,y). We know from Remark 4.5 and Definition
4.6 that for all zg € X,

n n - ]'
d(Ag, By) [|xoll > ZEII(A’J—BS)%IIQ,
k=1
21
d (B, Cq) ol = | D EII(Bii — Ch)xoll.
k=1
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Chapter 5. Extension Bergman distance

Now we take the square of their sum and use the Cauchy-Schwarz
inequality in the second step.

(d (A3, B) + d (B}, C))* |lzo]®

=1 =1
> Z EH(AS — B)xol* + Z EH(BQ — C§)o|?
k=1 k=1

oo oo

1 1
+2, 3 A5 = Bi)ao|2, | 3 II(BE — Chao?
k=1 k=1

=1 =1
> Z EH(A’; — B)zol” + Z EH(Bff — C§)o|?
k=1 k=1

|(AG = Bi)ol|l|(Bg — Ci)ol

_|_

[N}
[
=

2
|(AG = B)aoll + (B — Ci)zoll)

(A4
NE
|

e
Il
=

1(AG — Cd)oll?, (5-4)

\Y4
NE
|~

k

Il
-

where we used the triangle inequality for the norm of X in the last
step. Since inequality (5.4) holds for all zy € X, we have

d (eAt,eCt)Q < (d (eAt’ eBt) +d (eBt’ eCt))2 _
Hence the triangle inequality holds.

The Bergman distance defines a metric. O

5.2 Class properties

In this section we study the elements belonging to one equivalence class.
First we show that if A generates a Cy-group then the other elements in its
class also generate a Cy-group. Furthermore, we define stable states and
show that these stable state are the same for the generators in an equivalence
class.

Lemma 5.5 Let A and A generate a_Co-semigroup and A L A If A
generates a Cy-group on X, then also A generates a Cy-group on X.
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5.2. Class properties

Proof: The operator A generates a Co-group if there exists a to > 0 such
that e is invertible, that is Ker(eA%) = {0} and Ran(e) = X see [23,
Theorem 2.6-10].

First, we show that if A generates a Cy-group and equation (4.1) is satisfied,

then there exists a small ¢; > 0 such that Ker(e4t) = {0} for ¢ € (0,;).
Since (eAt) N is a semigroup and since (eAt)te]R is a group, there exists a
>0

M > 1 such that for all t € [0,1] and all 2 € X,
i 1
le| < M, le| < M, and [le?'z] > VAL (5.5)

Assume that there exist a t; € (0,1) and a 29 € X such that

et

ol < 577z ll@oll- (5.6)

1
2M?
Using equation (5.5) and the semigroup property, we have that ||e‘4t$0|| <

717 lwo]| for all ¢ € [t1,1]. With equations (5.5) and (5.6), we can estimate
the following integral,

1 5 21
/ e = eAyaolPar > [ (el = letal) jdt (1)

t1

L | 1 1
> — — —)?||o||P=dt .
|G gl (58)
—Int
> WH%W- (5.9)

Note that —Int; is positive. Since equation (4.3) holds, assumption (5.6)
cannot hold for sufficiently small ¢; > 0. So there exists a t; > 0 and a
0 > 0 such that for all € X and ¢ € [0, ¢o]

le?tal| > 6. (5.10)

In particular this implies that Ker(eAt) = {0} for ¢ € [0, ¢].

Next, we show that there is a to € (0,#;) such that Ran(eAto) = X.

Slnce (eA)ier is a Co-group, (eA!);cr is also a Cy-group. By applying
the first part of the proof, we find that there exists a ¢t > 0 such that
Ker(eA™) = {0} for all t € (0,t,]. Thus for to = min{t;,to} we have

Ker(e) = Ker(eA ) = {0}. (5.11)

The last equality is equivalent to the fact that the range of (gAtO is dense in
X. Next, we show that this range is closed and thus Ran(e4*) = X.
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Chapter 5. Extension Bergman distance

Let y, € Ran(eAtO) be a sequence converging to y. The sequence x,, € X

defined by eAthm = vy, is a Cauchy sequence as well, since by equation
(5.10),
Ato(

1 1
lzn = @m]l < Sle™ (@n = 2m)ll = Sllyn = ymll (5.12)

In the Hilbert space X, the Cauchy sequence x,, converges. Let x be the
limit. Then

ly = e™al = lly = yo + 0w, — eHoa]
< Hy_yn”+||6At0||||xn_$” — 0, as m — o0.

So y = ez and thus Ran(eAtO) is closed.
Summarizing we have that Ker(e4) = {0}, and Ran(e?*) = Ran(eAto) =

X. This means that e is invertible and thus A generates a Cy-group on
X. O

Now we focus on the set of states for which the semigroup is stable.

Definition 5.6 Let A generate a semigroup on X, then we define the set
of stable states S(A) as follows,

S(A):={ze X |eMr =0, ift » ool
By Theorem 4.8 we know that stability properties which hold for all elements
of the space X, are shared by semigroups within the same Bergman class.

In the following lemma, we state that also stability properties on a subset
of X are shared within the Bergman classes.

Lemma 5.7 Let A X A, and let the semigroup (e“it)tzo be bounded, then
S(A) = S(A)
Proof: Since A & A, and (eAt);5¢ is bounded, the semigroup (eA);>q
is bounded as well, see Theorem 4.8. Now, we show that S(A4) C S(A).
Then by symmetry the equality holds. Let 29 € S(A). Since fooo ety —
eA5x0)|%ds < oo, for every € > 0, there exists a ¢, such that
o0 1 ~
/ ~|letzg — eoaol|?ds < e. (5.13)
t. S

Furthermore, the following inequality holds
1 [t 1t y
— | Jle?zolPds <= | 2||le?xg — e xg|?ds
t Jo t )

1 ! As 2
+ = | 2|e?®xol|*ds.
t Jo
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5.3. Bergman equivalence classes on finite-dimensional state spaces

With zg € S(fl) and using this inequality and Lemma 2.10, we have that

Ut A L (" gpoas is
tin 5 [ et alds < fim 1 [ 2t — Ao s
t 0 t—oo 0

t—o0
t

1 ~
+ lim = [ 2)e?*zg — e x> +0
t—oo t t

t
2 ~
<0+ lim / ~|leAszo — eA¥xo)|?
te S

t—o0

< 2e

— )

where we have used equation (5.13).
Since this holds for all € > 0, we have shown that

: 1 ‘ As 2
lim — [ |[e*®xo||*ds =0,
tJo

t—o0

and so by Lemma 2.10 limy_, o, e**zg = 0. Hence, zg € S(A). O

5.3 Characterization of Bergman equivalence
classes on finite-dimensional state spaces

Although most of our results are formulated for infinite-dimensional state
spaces X, for finite-dimensional spaces some additional results can be ob-
tained. This is the topic of this section.

Let M,,(C) be the space of all complex n x n matrices. A square matrix is
called Hurwitz if all the eigenvalues have a strictly negative real part.

We begin by giving a characterization of the class [—I]p on the space C.

Lemma 5.8 On C" we have that all Hurwitz matrices are in one equiva-
lence class, i.e.,

[Ilg={A € M,(C)|Re A< 0, forall \€c(A)}.

Proof: If all eigenvalues of A have negative real part, then A generates
an exponentially stable semigroup, just as —I. Since the operator A + I is
bounded, it follows from Lemma 4.18 that A £ —T, and thus A € [—I]B.
If A has an eigenvalue A with Re A > 0, then for the corresponding eigen-
vector v the limit, ,
lim / ||6)‘tvfeftv||21d7'

0 T

t—o0
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Chapter 5. Extension Bergman distance

does not exist. Thus this A is not an element of [—I]g. This concludes the
proof. O

So Hurwitz matrices form one class.

Now we examine matrices with unstable eigenvalues. For this we look at the
Jordan decomposition A = P~'.JP, with J in Jordan form with increasing
real part of the eigenvalues on the diagonal. We can write

J= { {)1 52 } : (5.14)

where the diagonal elements of J; have a negative real part, Re(\) <
and the diagonal elements of .J; have a non-negative real part, Re(\) >
Corresponding to the decomposition (5.14), we split vector v as v = [}

Definition 5.9 Let A € M, (C) be written as A = P~YJP, with J the
Jordan canonical form, see (5.14). We define the set of unstable states

U(A) as follows,
U(A) = {xe(C”|Px: ( 5’2 )}

It is easy to see that

S(A)::{:ce(CﬂP:c:(%l)}.

and S(A) @ U(A) =C".

Lemma 5.10 Let n,m; € N and a;, \; € C. Assume that a; # 0 and if
i # j then (A, m;) # (N\j,m;), that is A\; # A\; and/or m; # m;. Then the
following two assertions are equivalent.

(1)
LR

n
§ altml e/\it
=0

0,
0

21

(1)
Z aitm’ie’\it =0, for allt > 0.
Re(X\;)>0

Proof: (i) = (ii): Assume that the integral is not equal to zero. Let u be
the biggest real part of A;. Then we can rewrite the sum as

n n
§ aitmie)\,yt — eut at™ 4+ § ﬂjtmj el/jt
=0 j=0
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5.3. Bergman equivalence classes on finite-dimensional state spaces

where Re(v;) < 0 for all j. Since the integral is finite, we must have that
Re(p) < 0. Thus assertion (4¢) holds.

(#4) = (4): Since the sum over Re();) > 0 is zero, for the integral we only
have to look at the terms with Re(\;) < 0. For all these terms individually
the integral is finite, so the total integral is finite as well and assertion (7)
holds. 0

With this notation we can characterize [A]p for A € M, (C). Two matrices
are in the same equivalence class, if they have the same set of stable and
unstable states and on the unstable states they have the same behaviour.

Theorem 5.11 For A and A matrices in M, (C), the following assertions
are equivalent:

(i) A and A are in the same Bergman equivalence class, that is A LA
(i) S(A) = S(A), U(A) = U(A), and for all x,, € U(A) holds Az, = Az,,.

Proof: (i) = (ii): For the orbits given by the semigroup, we can write

ey = Zaiekit t" ey, , (5.15)

K2

with constants a;, A as eigenvalues of A and basis elements ey.

From Lemma 5.10 we see that the Bergman distance is bounded, if all the
terms with Re(\) > 0 cancel in the difference. That means e
both have these terms.

The matrix e’2* contains exactly the terms et ™ with Re();) > 0. So the
jzt

z and etz

matrix e’?" must contain the same terms elements. Since both matrices are
ordered in the same way: e’2! = e’2!, .
To show S(A) = S(A), we take z; € S(A) and show x5 € S(A).

U1

For z, € S(A), we can write Pz, = (7} ) and

(eAt - eAt)zS = (P ledtP - Pilejtp)xs

_ p-1 (eJt(Pms) _ (Pp—l)ejt(PP—l)(sz)>

_Pl(e-”< " > — (PP Y)et < Z; )),

with (PP~1) Pz, = (34}).

Ja2

No elements of e”2 may appear in the sum, so we = 0. This means

Pzy = (PP_l)PxS = ( u(J]l ) .
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Chapter 5. Extension Bergman distance

Thus z, € S(A) for all x; € S(A). This means S(A) C S(A) and by
symmetry S(A4) = S(A). )

To show U(A) = U(A), we take z,, € U(A) and show z,, € U(A).
For z, € U(A), we can write Pz, = (.2 ) and

V2

(et — ez, = (P~ teltP — ]s_lejtp)xu

—p! (e‘”(qu) - (pﬁfl)eft(prl)(qu))

:P_l(e‘”< 1?2 ) —(Pp_l)ejt( Z; ))

with (PP~')Pz, = (%1).
Both e’ (1?2 ) and PP~ 1e’t ( £2 ) only contain terms with nonnegative eigen-
values. All the terms must be cancelled. Thus,

A(8)ema(2)-(8) o

for some vector ys.
In this equation, we can see that it is possible to write PP~! as a lower
triangular block matrix,

51 P 0
PP = |: P, Py
This means PP~! = (PP~1)~! is a lower triangular block matrix as well.
So,
B 5 p—1 sp—1( 0 0
Pr, = PP~'Pz, = PP - . (5.17)
V2 w2

Thus z, € U(A) and U(A) C U(A). By symmetry we have U(A) = U(A).
To conclude this part of the proof, we show that Az, = Ax,. For this we
use equations (5.16) and (5.17).

e, = Pt Py, = Plelt ( 1? >
2

0

_ P—lpp—lejt (
w2

p—1_Jt 1 At
>:P e’'Px, = e 'x,.

Hence Az, = Az, for all z, € U(A).
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5.4. Conclusions

(#4) = (i): There exist z, € S(A) and x,, € U(A) such that z = x5 + zy,.
<A A 1 A A A A 1
/ (et — ez ||?=dt = / ez, — eMa, + e, — e, || —dt
0 t 0 t
> i 1
< / |eAta, — e, =dt.
0 t
State g is a stable state for both semigroups, so the integral from 1 to oo

is bounded. The matrix difference A — A is bounded, so the integral from
0 to 1 is bounded as well. Hence the Bergman distance is bounded. O

To illustrate Theorem 5.11 we give two examples. First we look at the
semigroups on C.

Example 5.12 The Cy-semigroups on C are given by (e*)i>o with a €
C. The finite Bergman distance divides them into the following equivalence
classes

e The class [—1]p contains the semigroups (e*);>o with Re(a) < 0.
e Ifa € C Re(a) > 0, then the class [a]p only contains one semigroup.

Next we look at the equivalence class of the Cp-semigroup generated by
A€ M, ((C)

Example 5.13 The Cy-semigroup on C? generated by
0 O
=0 %),

et ( (1) 9375 ) , fort > 0.

e

1s given by

The equivalence class [A]p contains the following semigroups

eAt<(1) e_oat>, fort >0,

where Re(a) < 0.

5.4 Conclusions

In this chapter we examined the Bergman distance, which was introduced
in Chapter 4. We showed that the finite Bergman distance divides semi-
groups and cogenerators into equivalence classes. In Section 4.2, we had
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Chapter 5. Extension Bergman distance

already proved that within an equivalence class the semigroups share the
same stability properties. Section 4.3 it is shown that the same holds for
cogenerators. In Section 5.2 we extended these stability properties to el-
ement wise stability. Furthermore, we showed that a Cy-group shares its
class with other Cy-groups.

In Section 5.3 a characterization of Bergman equivalence classes of finite-
dimensional semigroups is given.

Looking at Definition 4.1, one can see that, in order to have a finite Bergman
distance, it is required for two semigroups to have the same behaviour when
t — oo. This notion is used to prove the stability results in Section 4.2,
Section 4.3, and Section 5.2.

However, the measure % puts an extra requirement on the two semigroups.
In order to have finite Bergman distance, two semigroups have to behave in
the same way when ¢ — 0. This notion gives rise to the following conjecture.

Conjecture 5.14 Let A and A generate a Cy-semigroup and let A 4 A,
then ~
D(A) = D(A). (5.18)
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Chapter 6

Norm relations using
Laguerre polynomials

In Chapter 4 we defined the Bergman distance for semigroups, see Defi-
nition 4.3, and we defined the Bergman distance and the power sequences
of cogenerators, see Definition 4.6. In Theorem 4.14 we showed that the
Bergman distance of two semigroups is equal to the Bergman distance of
the power sequences of their cogenerators.

In this chapter we examine the relation between the semigroup (eAt)tZO and
the power sequence A}} using the methods of Section 4.4 and show other

norm equalities. In Chapter 4 we used the Laguerre polynomials LS) (t). In

this chapter we use the more general Laguerre polynomials LS{")(t). With
these polynomials we can generalize Lemma 4.13 and obtain other norm
equalities relating (e??);>¢ and A”.

We begin with the definition of the generalized Laguerre polynomials, L%a) (t).

Definition 6.1 Forn > 0, t > 0 and o > —1, the Laguerre polynomials
La(t) are given by, see [34, pag 100]:

tm> d" _ " Tnd+a+1) (—t)F
Le(t)=e'——(@t"T%") = 6.1
n(h) =g e ];)F(k—ka—kl)k!(n—k)!’ (6.1)
where I' denotes the gamma function.

When we substitute o = 1 the definition is the same as in equation (4.15).
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6.1 Hilbert space and Parseval equality
In this section we follow a route similar to the one in Section 4.4. We begin
with defining the inner product space H,,.

Definition 6.2 For real a > —1 let H, denote the space of Lebesgue mea-
surable functions f from [0,00) to the Hilbert space X such that:

/0 1F(0)[3t% dt < oo,

On H, we define the following inner product:

), = / U0, gl0)) b dr. (6.2)

The following result is not hard to show.

Lemma 6.3 The inner product space H, defined in Definition 6.2 is a
Hilbert space.

To simplify further notation, we introduce three sequences.

Definition 6.4 For n > 0 we define the sequences ay, b, and ¢, as

B I'(n+1)

"=\ rar ) (6:3)
B I'(n+1)

bn = 20t (n + a + 1)’ (64)
(22 P (n+a+ 1)

Cp = \/ T+ 1) . (6.5)

Note that 2= (@t1)/2 ¢ = b, c,,.

Lemma 6.5 Let « € N. Then for the sequence ¢, defined in equation (6.5),
the following relation holds for n > 0:

2

(n+1)" < 2211 < (n+a)°. (6.6)

Proof: From the definition of ¢,, equation (6.5), we see that

2 Fn+a+1)

2041~ " T(n+1)
n+aoa

I«

k=n+1
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where we used the property of the gamma function that I'(n 4+ 1) = nI'(n).
Estimating the product terms & by the smallest and the largest term, gives
relation (6.6). O

The following lemma is a generalization of Lemma 4.12.

Lemma 6.6 Let H,, be the Hilbert space defined by Definition 6.2 and then
let {em tmen be an orthonormal basis of X. The vectors on m defined by:

On.m(t) = ane*t/ng(t)em, n,m >0, (6.7)

form an orthonormal basis in H,,.

o0

_ . is orthonormal
n,m=0

Proof: We begin by showing that the sequence {py, ., }
in H,. Using equation (6.2), we find:

(o]
<<Pn,ma90u,u>Ha :/ (ane_t/QLg(t)em,a,,e_t/QLS(t)eu>Xt“ dt
0

e}

= ana,,/ e LY ()L (t)dt (em,ep) x
0
F'n+a+1)

= Anay W 6m/5m;1, - 5nu5mua

where we use the orthogonality of the Laguerre polynomials in L?(0,00)
with weight e~ 7, see [34, pag 99].

Next we show that the sequence {<pn7m}f:’m:1 is maximal in H,. If h € H,,
is orthogonal to every ¢y, ,,, then for all n and m > 0:

o0
(G B = / (ane= 2L (), h(£)) x 2 dt = 0.
0

Using the maximality of {e=*/2t*L2(t)},>0 in L?(0,00), we conclude that
for all m > 1,
(em, h(t))x =0 almost everywhere.

This, combined with the maximality of {e, }meny in X, leads to the con-
clusion that the function h(t) = 0 almost everywhere. So h = 0 in H, and
{enm}.", _, is maximal. a

In particular, Lemma 6.6 gives us the following Parseval equality.

17, = D2 > 1 pnm) . (6.8)

n=0m=0
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6.2 Generalization of Lemma 4.13

Using the Laguerre polynomials, we can transform the semigroup into the
cogenerator. Doing this, we obtain a generalization of Lemma 4.13. Note
that only in this section we restrict a to be a nonnegative integer.

Lemma 6.7 Let n and a € N and let A generate a semigroup with growth
bound w < 1. Further let L% (t) be the Laguerre polynomials, see (6.1).
Then for every xg € D(A“™1) the following relation holds,

—/ 20‘_16_’5/2Lg(t)e’4t/2x0dt =
0
nJra

e i 2 (A—D*""m. (6.9)

At (A - 1) xofzﬂ

Proof: Using equation (6.1) we can rewrite the left-hand side of equation
(6.9) as follows,

—/ 20 Lot 2 (1) A 2 dt
0

n k
_ _2a—1/ —t/QZ P(n+a+ 1; (—t) At/ondt
k=0

L(k+a+1)kl(n—k)!
+a+1) <tk
— ga-1 k+1 I'(n / t/2,At/2,, 14
Z Thtat)n—k ), K° o

—(k+1)

1) 1.1

— 9a~— 1 k+1 (n+a+ ZI—ZA
Z Thktat)n—kl\2 2 o

- ZQHQ—(/; +(Z)+(:)i A-n (D)

In the second last step we used

> tk t/2,At/2 1 1\ Y
- dt = ( I— A) , (6.10)
/0 7 2" 73
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see [22, Proposition 3.3.5, pag 76]. Now we introduce £ = k + «.

— / 20‘7164/2[1% (t)eAt/Qccodt
0
n+ao

n+a a—
Zf On+a—10) (A-1) T
n+a
- Zﬂ'n—i-a— (A_I)_e
a—1
(n+a)! 1
D a2 A=1)
gﬁ(n—ka—@
(A-D*" [(T+2(A—-1)"Hrte
- g|(fln++aaz!g)| 2 (A - I)_E]l“o
n+a n+a a—1—
— Ante (A — )" xo—zz'n+a_) (A—D)* g,

where we used the binomial theorem in the second last step and equation
(1.17) in the last step. Thus equation 6.14 holds. O

Remark 6.8 To give some insight into equation (6.9), we specify the equa-
tion for some values of a. First the case a = 0:

1 _
- / ie’t/zL?L(t)eAt/ondt =AY (A—1D)"" . (6.11)
0
The case o = 1:
7/ e 2LL (8)eA 2 gdt = Al gy — . (6.12)
0

This is the same equation as equation (4.19). Hence Lemma 4.13 is a special
case of Lemma 6.7.
The case o = 2:

- / 2e~t/2L2 (t)e M 2ugdt =AT? (A —T)mg — (A — 1) xg
0
+2(n + 2)xo. (6.13)

Note that for every step in o, on the right-hand side an extra term is added.

79



Chapter 6. Norm relations using Laguerre polynomials

In Chapter 4 we derived equation (6.12) in Lemma 4.13. In Theorem 4.14
we used this equation to obtain a norm relation between semigroups and
their cogenerators. To deal with the —x( term on the right-hand side of
equation (6.12), we compared the difference of two semigroups.

If such a norm relation can be obtain using equation (6.13) is not a easy
question, since there is no easy trick to deal with the two extra terms on
the right-hand side. The same holds for a > 3.

On the other hand, with equation (6.11) it is possible to obtain a norm
equality between the semigroup and the cogenerator. In Section 6.3 this
norm equality is derived as a special case of Theorem 6.11.

6.3 Norm equality

In Section 6.2 we derived a relation between the semigroup and the cogen-
erator in Lemma 6.7. In the case a = 1 we used equation 6.9 to obtain a
norm relation, see Theorem 4.14.

In this section we derive a relation between the semigroup and the cogener-
ator as well. However, now we add a t“ term to the integral on the left-hand
side of equation (6.14). In this way we can obtain a norm relation for general
a. Note in this section a € R.

As in Section 6.2, we use the Laguerre polynomials to transform the semi-
group into the cogenerator.

Lemma 6.9 Let n > 0, let « > —1 and let A generate a semigroup with
growth bound w < 1. Further let L& (t) be the Laguerre polynomials, see
(6.1), and let {by}n>0 be given by (6.4). Then for every o € X the follow-
ing relation holds,

/ bpe 2L (t) e 2agdt = AT(T — A)~@F D g, xo € X. (6.14)
0
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6.3. Norm equality

Proof: By substituting equation (6.4) and (6.1) in the above we find that
/ bpe 2L () e 2o dt

M2 g0 dt

/°° L(n+1) _t/QtQ Fn+a+1) (-t)k
o 22t T(n+a+1) Fk+a+1 ) kl(n —k)!

~ (=1)* n! /Oo tk+a —t/2 ,At/2
= dt
kZ:OQaH K-k /), Tktatn o ©
n —(k+a+1)
1 1
E <21 — 2A> 2o,

k=0
where we used [22, Proposition 3.3.5]. Thus we have

2a+1 k\(n — k:)'

o0 n |
) b At = 3 2 (4= D= )
k=0 : '

=( <A—I>-) (I-A)y g
A1 — A)~+Dg

where we used (1.17). Concluding, we see that equation (6.14) holds. O

Remark 6.10 If we take a = 0, equation (6.14) is the same as equation
(6.11).

Combining the equality (6.14) with the Parseval identity, we obtain a ele-
ment-wise norm equality between the semigroup and the cogenerator.

Theorem 6.11 Let A be the infinitesimal generator of the Cy-semigroup
(eAt)tZO with growth bound w < 1 and let Ay be its cogenerator. Then for
all « > —1 and all xg € X, there holds

oo [ee]
/ leao||5tdt = > c?
0

2
([ — A)~(@+D) OHX' (6.15)
n=0

Here ¢, is the constant defined in Definition 6.4.

Proof: First, we substitute 7 = 2¢ and we write the left-hand side of
equation (6.15) as a norm in H,, see Definition 6.2. Thus the left-hand side
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of equation (6.15) becomes

oo o0
| ezl =2 [ e/ ferar
0 0

2—(a+1) HeAT/Q-To‘ 2

[e"

=D > 1A g o () |,

n=0m=0

where we used the Parseval identity on H,, see equation (6.8).
Zooming in on the inner product, and applying equation (6.7) we find

:/ <27(0‘+1)/26AT/23:0,an677/2L3(7)6m>XTo‘dT
0

=cp by, —7/2 ara AT/2 " d
c /0 < e~ TIETCLY (T)e Fxg, e >X T
=cp </ bne T 2L (7)eAT P xydr, em>
0 X
=cp <A”(I A~y e > ,
X
where we applied Lemma 6.9 in the last step.

We zoom out again and use the Parseval equation of X for the orthonormal
basis {em }men-

/oo [eAaolZod =3 3
0 n=0m=0
o0 o0 2
E 5 s,
_ye

n=0

Thus equation (6.15) holds. O

2
o (A1 - )
X

A — A —(a+1) 2
BT = )|

Remark 6.12 In equation (6.15) there are two weights, the continuous-
time weight t* and the discrete-time weight ¢ ~ 2°TIn® see Lemma 6.5.
Note that they depend in the same way on .

82



6.4. Conclusions

6.4 Conclusions

In this chapter we generalized the method introduced in Section 4.4. For
this we used the Laguerre polynomials L% (¢) with o > —1. We defined the
inner product space H, and derived the Parseval equality on H,,.

These tools were used to obtain a relation between the semigroup and the
cogenerator in Lemma 6.7, which is a generalization of Lemma 4.13

In Lemma 6.9 we obtained a different relation between the semigroup and
the cogenerator by introducing a weight t*. We used this relation to relate
weighted norms on the semigroup to weighted norms on the cogenerator,
see Theorem 6.11.
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Chapter 7

Growth relation
cogenerator and
inverse generator

In the previous chapters we have assumed that X is a Hilbert space. In
Section 1.3 we have given some results for Banach spaces. Among others we
showed that the worst growth for powers of the cogenerator is y/n. First we
looked at the relation between (e*);>o and (A%),en (semigroup and powers
of cogenerator), but now we include as well the growth of the semigroup
generated by the inverse of A, i.e. by A~

An important question regarding (eA_lt)tZO was stated by deLaubenfels
in [13]: Does A~! generates a bounded Cp-semigroup, if A generates a
bounded Cy-semigroup? In [40], Zwart gave a Banach space counterexam-
ple. However, for Hilbert spaces this question is still open.

In this chapter we show that the growth of the cogenerator is directly related
to the semigroup generated by A~!. Thus it is possible to construct a
Banach space and an infinitesimal generator of a bounded semigroup on
this Banach space such that

le?™ || ~ V. (7.1)

For Hilbert spaces we show that if 4 and A~! generate a bounded semigroup
then the powers of the cogenerator are bounded. This result was first proved
in [2]. We present a new proof with a sharper estimate in the sup-norm of
[AZ -
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Chapter 7. Growth relation cogenerator and inverse generator

7.1 Exponentially stable semigroups on a
Banach space

The following theorem shows that for an infinitesimal generator A of an
exponentially stable Cip-semigroup growth bounds on the power sequence of

the cogenerator (Aj),, .y, indicate similar growth bounds for the semigroup

generated by the inverse (e“rlt> .
>0

Theorem 7.1 Assume that for every A that generates an exponentially
stable Cy-semigroup the following estimate holds

[Agll < Mag(n), neN, (7.2)

where g is a monotonically non-decreasing function, not depending on A,
i.e, 0 < g(a) < g(B) forall0 < a < B, and M 4 a constant not depending on

n. If A=! generates a Cy-semigroup, then for the Cy-semigroup (€A71t> N
>0

a similar estimate holds, i.e,

- ~ 2et

le*™ )l < Mag(=), 0. (7.3)
w

Here the (positive) constant w is such that —w is larger than the growth
bound of A, that is there exists an M > 0 such that for all t > 0 there holds
HeAtH < Me—wt‘

Proof: Recall from Lemma 1.1 in Section 1.3 that in Banach spaces the
growth of the powers of the cogenerator is bounded by /n. Thus without
loss of generality we may assume that g(n) < cg(1 + /n).
For the w as introduced at the end of the theorem, it is easy to see that Ay
defined by

Ay = 2w_1A + 1.

generates an exponentially stable Cy-semigroup. Furthermore, its Cayley
transform satisfies (Ag)qg = (Ao + I)(Ag —I)~' =T +wA~L. Hence

oA = e flel 4ty >0, 74)

Since Ag generates an exponentially stable Cy-semigroup, the powers of
(Ao)q satisfy the estimate (7.2). From this and using Stirlings estimate,

n! > (E) 27n, for all n € N,
e
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7.1. Exponentially stable semigroups on a Banach space

we have for ¢t > 1

”e(Ao)dt” < Z " H(AO < M Z

n=0

<o Z(n) AP

n>2et n<2et

oo o0 tn

< [ 22(\} + g(2et) Z n'] = ¢y + c19(2et)e’. (7.5)
n=1 n=0

Here we have used that g(n) < ¢o(1 + v/n). From equation (7.5) and (7.4)

we obtain estimate equation (7.3). O

There are several consequences of this result.
We start with the relation between the boundedness of A4 and the bound-
edness of (e"rlt )

>0
Corollary 7.2 Suppose that on the Banach space X there exists the gener-
ator A of an exponentially stable semigroup, such that its inverse operator
A~ does not generate a bounded Cy-semigroup. Then there exists an oper-
ator Ag that generates an exponentially stable Cy-semigroup, such that the

power sequence of its cogenerator ((Ao)}), ey i not bounded.

Proof: If for every generator Ay of a exponentially stable Cy-semigroup its
cogenerator (Ag)q is bounded, then we can choose g(n) = 1, see (7.2). Thus
by Theorem 7.1, A~! generates a bounded Cy-semigroup. This provides a
contradiction with the assumptions. ]

We can combine Theorem 7.1 with results from Chapter 1 and 3. Doing
this, we obtain different proofs for estimates found in the literature. The
first result can be found in [40], but it also follows from Theorem 7.1 and
Lemma 1.3.

Corollary 7.3 Let X be a Banach space and let A generate an exponen-
tially stable Cy-semigroup on X, then the following growth estimate holds

eAT ) < 14 Moth,  t>0,
with My independent of t.

Another result can be found in [39]. For Hilbert spaces it was shown by
Gomilko that ¢ in (7.2) can be chosen as In(n + 1). This is an extension
of Theorem 3.1 in Chapter 3. Combining this with Theorem 7.1 gives the
estimate found in [39)].
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Corollary 7.4 Let X be a Hilbert space and let A generate an exponentially
stable Cy-semigroup on X, then the following growth estimate holds.

e ) < MoIn(t+2), >0,
with My independent of t.

The following theorem can be seen as a partial reverse implication of The-
orem 7.1.

Theorem 7.5 Assume that for every A that generates an exponentially
stable Cy-semigroup the following estimate holds

o .
le® ) < Mag(t),

where g is a monotonically non-decreasing function, not depending on A,
i.e, 0 < gla) < g(B) for all 0 < a < B, and M4 a constant not depending
on t. Then for every A which is the generator of an exponentially stable
semigroup satisfying ||et|| < Me=“! for w > 1, there exists for all a > 1
an My 4 such that

[AGl < Ma,ag(an).

Proof: By Lemma 1.3 we see that without loss of generality we may assume
that g(t) <14 Moti.

Let @ > 1 be given. Since for « > 1, we have that @ — 1 —log(«) > 0, there
exists an € € (0,1) such that

as < a—1—log(a). (7.6)

Secondly, the function e~(1=9)%"~1 ¢ > 0 has a maximum at 7 = 2= and
is decreasing for t > 7. We choose now

t1=a(l—¢)r=a(n—1). (7.7)

Since a > 1, and since equation (7.6) holds, we have that t; > 7.
We define 4; = 1(A + I). By the assumption on A, we have that A,
generates an exponentially stable Cy-semigroup. Furthermore, we have that

Ag=(A+D(A-1)"1=24,24, —2I) ' = (T - ATH L.
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The powers of Ay satisfy the norm estimates

1AGI = 11t = ATH ™"

1 o -1
< (1)'/ eitHeAl thnfldt
n — *Jo
1 > —t 1 n—1

_ Ma, / e tg(t)t"at
(n—=1"Jo
"~ tl oo
_ _Ma e tg(t)t"dt + Mas e“tgt)t"tdt.  (7.8)

The estimate for the time interval from 0 to ¢; is simple using the fact that
g is non-decreasing

Ma,
(n—1)!

W /000 ettt = Ma,g(t). (7.9)

ty
/ e tg(t)t"dt <
0

For the estimate for the time interval from ¢; to co we use two observations.
First Stirling’s approximation for (n — 1)!

e

(n—1)!>21(n - 1) (”_ 1)1@_1.

Secondly, by the choice of t1, see (7.7), we have that

for t > 4.

)

67(176)%“71 < 67(176)&(7’171)(&(“ _ 1))n71
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Combining, we find

M [eS)
A / e~ tg(t)t"dt

(n—=1!J,
253”_1 (n—1)n e tg(t)t"Lat

M n—1 oo
7(1 s)tt(n 1)67515 Hdt
27T(n—1 (ﬂ—l) 9(t)
My,
—(1 e)a(n—1) n—1 n—1
Vs (n_l) (a(n - 1)

/t 1 e~'g(t)dt

= A <€(—(1—a)a+1)a)n71 /0Q e_Etg(t)dt.
27T(n — ].) t1

Using equation (7.6) we have that e(~(1=®)a+1q < 1. Thus we have that
Ma, /°° ! / et
" dt < ¢

-1, Werey

with M, independent of n. Combining the estimates (7.8), (7.9) and (7.10)
gives

=M, (7.10)

||A:iLH < MAlg(tl) + Ma'

Since t; = a(n — 1) and since g is non-decreasing, we can find a constant
Mg, a such that | A% || < M, ag(an) which proves the result. O

7.2 Bounded semigroups on a Hilbert space

In the previous section, we have investigated the growth of (Ag)neN and
(eA_lt) under the condition that A generates an exponentially stable
>0

Cy-semigroup on Banach space X.

In this section we take X to be a Hilbert space. Furthermore, we assume
that A and A~! generate a bounded semigroup.

In this section we use the notation R(A,s) = (sI — A)~!

For a bounded operator A that generates a bounded Cy-semigroup on a Hil-
bert space, we know that the power sequence of its cogenerator is bounded
as well, see Lemma 1.6. However, if A generates an bounded semigroup, but
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the generator itself A is unbounded, then it is unknown whether the above
result holds. However, if A and A~! both generate a bounded semigroup,
then the power sequence of the cogenerator is bounded.

We present a new proof of this theorem, for that we need some facts on
Lyapunov equations.

Theorem 7.6 Let A generate a bounded Cy-semigroup and let Ag denote
its cogenerator. Suppose that the inverse of A, A~', exists and generates a
bounded Cy-semigroup.

1. Forz € X and X > 1 define the functional G o(z; \) as

R n
Galw;A) =+ > IR (A Nz ]? + | R (A7 NPT (A2 = 1)".
n=0
(7.11)
Then
Gale )+ A a2 = Z e, @€ X, (7.12)
where A = 1*:2 and r € (0,1).
2. The power sequence (Aj}), o is bounded and
1
430 < S+ 02 4 0, (7.13)

where M = sup,~ ||e*!|| and My = sup,~ [le* ||

Proof: The proof of the first item can found in [20, Theorem 2|. However,
we present a new proof using Lyapunov equations.

Proof of part 1. Since A generates a bounded semigroup we have by the
Hille-Yosida Theorem that there exists a constant M > 1, such that

IRM(A N < MA™™, A>0, neN.

This means that for A > 1 we can take the following sum:

S (V1) e = S (%

Using Lemma 2.14, Theorem 2.15 and Remark 2.17 we know that there
exists an unique solution for Lyapunov equation (2.45).

>n = M?*)\2.  (7.14)
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Furthermore, this solution satisfies

(2, Piz) = 3" (A2 = 1)"[|R(A, 0" > (7.15)

n=0

Similar equations hold for A=1. Thus, there exists an operator P» € £(X),
being the unique solution of equation (2.46), satisfying

(2, Poz) = 3 (A2 = 1)"|R(A™, \) "] (7.16)

n=0

By Lemma 2.27, the operator

Pvl P1+P2+)\I—I)7

1
= ﬁ(
is the unique solution of equation (2.47). Moreover, since P, P, are positive,
and since A > 1 we find that Py > 0, and so by Remark 2.18 there holds

Pyz) = ) |jAnz|?. 7.17

e pve) =3 (37 sl (r.17)

Writing equation (2.49) as an inner product

1
<$7 ﬁ

and substituting equation (7.15), (7.16), and (7.17), we find that

<P1+P2+)\I—I)$> = <$,Pv$>.

D =DM RAN |+ Y (N = D) [R(AT, N e )?
n=0 n=0
2 = A—1\" n,.|12
+ =Dz =21 i) ldazl
n=0

Dividing by A? and substituting A = (1 + r2)/(1 — r?) on the right-hand
side, we have proved equation (7.12).

Proof of part 2. Since A and A~! generate a bounded Cp-semigroup,
we have by the Hille-Yosida Theorem that there exist constants M > 1,
My > 1, such that

IR™(A,N)| < MA™", |R"(A"L N <MA™  A>0, neN.
(7.18)
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Substituting this in (7.11), we find that

Gaten < MM S T e

n=0
M2+M1 )\2

l]]* = (M* + M) || (7.19)

Next using elementary calculus, we find that for any x € X

1 2
re(01) = A= e (1,00),
—r
A—1) 1
<
2 S A>1
and 201 )
+r
— > 2 € (0,1).
(1+7"2) - ’ r ( ? )
Using these estimates, we find from equation (7.12) and (7.19) that
S M? + M7 +
(1=7) > Agal*r < f‘*u f’. re(1), zeX.

Since the norm of the adjoint equals the norm of the operator, we have that
(7.18) also holds for A* and A=*. Thus, using analogous consideration for
the functional G 4+ (x; \), we have

= M? + M} + ;
(1=r) D N@)gal*r®" < ————*]z]®,  re(01), zeX
n=0

Since (A*)4 = (Aq)*, we conclude from Lemma 2.23 that the power sequence
(A%),,cn is bounded and that equation (7.13) holds. O

As a corollary we state, that if a bounded operator in the Hilbert space is
the generator of a bounded semigroup, then the powers of its cogenerator
are power bounded, see also [21], [20], [2].

Corollary 7.7 Let A € L(X) be the generator of a bounded semigroup,
then the power sequence of its cogenerator (Ag)nEN 18 bounded.

Proof: The proof follows the same line as the proof of part 2 of Theorem
7.6. Since A generates a bounded semigroup we have by the Hille-Yosida
Theorem that there exists a constant M > 1, such that

|[R" (AN < MA™,  A>0, neN.

93



Chapter 7. Growth relation cogenerator and inverse generator

This means that for A > 1 we can take the following sum:

i”( )\2—1) R”A)\H ZM2<

Using Lemma 2.14, Theorem 2.15 and Remark 2.17 we know that there
exists an unique solution for Lyapunov equation (2.45).
Since A generates a bounded semigroup and A € £(X) we have that

[(AT — A)~H(I — NA)|| < Ms, A> 1.

)n =M?)2 (7.20)

From Lemma 2.27 we know that equation (2.46) has a solution as well.
Using Lemma 2.14 and Theorem 2.15 we have the following estimate:

i H (x/ﬁ)n R”(A‘l,/\)Hz < M. (7.21)

Combining equation (7.20) and equation (7.21) we have that equation (7.19)
holds. From here the proof is the same as the proof of part 2 of Theorem
7.6. O

Corollary 7.8 Let A generate a bounded analytic semigroup, then the power
sequence of its cogenerator (A}), o s bounded.
Proof: First we define

Yo = {sEC’|arg(s)|<g—|—a,s;&0}.

Since A generate a bounded analytic semigroup, we know from Lemma 1.10
that

(sT — A7 < | K for s € ¥,. (7.22)

Now we show that for A~! this equation holds as well. For é € ¥, and
using the triangle inequality, the following holds:

o1~ a7 = |-2a (31~ A)l
HESDEEUICEE

i( I A> (i A)l ;I(iIA>1
1

m+1
|o|

IN

+

)

1
< — 4+ mlo| =
lo| ol
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where we used equation (7.22) in the last estimate.

Since arg(s~!) = —args we know that s € ¥, < s ! € %,. Now
Lemma 1.10 implies that A~! generates a bounded analytic semigroup.
From Theorem 7.6 we know that (A}), .y is bounded. O

In Theorem 7.6 we have shown that if A and A~! both generate a bounded
semigroup on the Hilbert space X, then the powers of the cogenerator A}
are bounded. In the next lemma we give some other sufficient conditions.

Lemma 7.9 Let A be a closed, densely defined linear operator on X, and
let its spectrum o(A) be located in the half-plane {\ € C|Re A < 0}. If one
of the following conditions holds,

1. There exists an s € R such that, is € p(A), and —R(A,is) generates
a bounded Cy-semigroup.

2. There exists a non-zero s € R, such that the operators (A — isI)™!
and (A +is~1I)~! generate a bounded Cy-semigroup.

Then the powers sequence of the cogenerator (As)nEN is bounded.

Proof: Assume that condition 1. holds. Recall equation (1.19),
Ay = (—isA+ 1) (A —isI)™, D(A;) =ran(A —isl), (7.23)

where we defined the operator A, generates a bounded Cy-semigroup. Then,
from condition 1. and Remark 1.17 we conclude that the bounded operator
As € G(X). Consequently, by Lemma 1.6 the power sequence of the cogen-
erator (Ag)q of the operator A, is bounded. By Lemma 1.16 we have the
equality

(A)a=a(s)As,  la(s)| =1

and thus the operator sequence (Aj), . is bounded as well.

Assume that condition 2. holds. From this condition we can define operators
Ag, A_ -1, see equation (7.23). Furthermore, we have thatA;! = A_ 1.
Moreover, from condition 2. and Remark 1.17 it follows that the operators
Ags and A_ -1 generate a bounded Cy-semigroup. Applying Theorem 7.6
we conclude that the power sequence of the cogenerator (A4;)4 is bounded.

Using Lemma 1.16 we conclude that (A}), . is bounded O

We remark that condition 2. is not stronger than condition 1. since in
condition 1. it is assumed that (A —isI)~! is a bounded operator, whereas
in condition 2. this operator is assumed to be an infinitesimal generator.
The following theorem extends the second statement in Theorem 7.6.
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Theorem 7.10 Let X be a Hilbert space, and let A generate a bounded Cy-
semigroup on X. Assume further that the inverse of A exists as a closed,
densely defined, linear operator. Then the following statements are equiva-
lent:

1. Foralle > 0 the operator —R(A, €) generates a bounded Cy-semigroup
and there exists constant My > 1, which does not depend on €, such
that

e~ BAY < My, >0,

2. The operator A~! generates a bounded Cy-semigroup;

3. For all § > 0 the powers sequence of cogenerator (6A)q of the operator
0 A is bounded and there exists a constant C > 1 which does not depend
on 6, such that

I6A <0, n=0,1,2,.... (7.24)

Proof: Implication 1. = 2. follows from the second Trotter-Kato approx-
imation theorem, see [16, Theorem II1.4.9]. Moreover,

leA | <My, t>0,

where M is constant from condition 1.
2. = 3. If A generates a bounded semigroup, so does d A. Furthermore,

sup [|e?|| = sup ||| = M.
t>0 >0

Similarly, we have that

—1 —1
sup [l || = sup [le? || = M.
t>0 t>0

By part 2 of Theorem 7.6, we have that the power sequence of (§A4)4 is
bounded, with a bound independent of §. Thus we have proved (7.24) with
C=S(M*+MZ+1).
3. = 1. Using equation (7.24), we see that for any § > 0 we have the
inequality

|e@®Dat|| < Cet,  t>0. (7.25)

Let € > 0, by equation (1.17), we have that

_ —14_ -1 _ —1
e 2etR(A,e) :th(e A-I) —e te(s A)dt.

Choosing § = e~* and combining this with (7.25), we find that ||e!(4-)|| <
C, t > 0. With this we have obtained condition 1.
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7.3 Conclusions

In the previous chapters we looked at the relation of the growth of the
semigroup and the growth of the powers of the cogenerator. In this chapter
we included the growth of the semigroup generated by the inverse operator.
In Section 7.1 we assumed A to generate an exponentially stable semigroup
on a Banach space. Under these conditions the growth of the powers of
the cogenerator and the growth of the semigroup generated by the inverse
are similar. In Theorem 7.1 and Theorem 7.5 we showed that a growth
bound on one implies the same growth bound on the other. As corollaries

we stated that the growth of semigroup (e"rlt) N is bounded by tT on a
>0

Banach space, and by In(¢ + 1) on a Hilbert space.

In Section 7.2 we assumed A to generate a bounded semigroup on a Hilbert
space. We focus on conditions for which the powers of the cogenerator
are bounded. In Theorem 7.6 we showed that, for this, it is sufficient for
A~ to generated a bounded semigroup. As a corollary we state that if
a bounded operator, i.e. A € L(X), generates a bounded semigroup, or
A generates a bounded analytic semigroup, then the power sequence of the
cogenerator is bounded. In Theorem 7.10 we showed that the condition that
the inverse generates a bounded semigroup is equivalent to the condition
that the resolvent operator R(A,e) generates a bounded semigroup for all
e > 0. And that this is equivalent with the boundedness of the power
sequence of the cogenerator of §A, for all § > 0.
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Summary

The relation between continuous time systems and discrete time systems is
the main topic of this research. A continuous time system can be trans-
formed into a discrete time system using the Cayley transform. In this
process, the solutions of the continuous time system, given by a semigroup,
are mapped to the solutions of the discrete time system, given by a power
sequence. To be more precise, the generator of the semigroup is mapped
to a difference operator, the cogenerator. Stability analysis plays a central
role in the study of the relation between continuous and discrete time sys-
tems. Do stable continuous time systems correspond to stable discrete time
systems? This is the main question of this dissertation.

For many stable continuous time systems the corresponding discrete time
systems are stable as well. In Banach spaces however, several examples
are known of stable semigroups where the corresponding cogenerators have
unstable power sequences. In Hilbert spaces no such examples are known. It
remains an open problem whether for every stable continuous time system
the corresponding discrete time system is stable as well.

This dissertation addresses the main question in three ways.

First, a growth bound for the cogenerator is provided. This bound holds for
exponentially stable semigroups in Hilbert spaces. Using Lyapunov equa-
tions it is shown that for such semigroups the power sequence of the corre-
sponding cogenerator cannot grow faster than In(n).

Second, we extend the class of stable continuous time systems for which the
corresponding discrete time systems are stable as well. For this, the notion
of Bergman distance is introduced. The Bergman distance defines a metric
for semigroups and a metric for power sequences. In other words, the Berg-
man distance is a distance between two semigroups or two power sequences.
If the Bergman distance is finite, the two semigroups have the same stability
behaviour. This holds for two power sequences as well. Furthermore, the
Bergman distance is preserved by the Cayley transform. This means that
the Bergman distance of two semigroups is equal to the Bergman distance
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of the power sequences of their corresponding cogenerators. Combined with
the stability properties of the Bergman distance, this enables us to identify
new stable continuous time systems for which the corresponding discrete
time systems are stable as well.

Third, the inverse of the generator is taken into account in the stability
analysis. For stable semigroups the growth of the power sequence of the co-
generator is related to the growth of the semigroup generated by the inverse
of the generator. For exponentially stable semigroups on Banach spaces sim-
ilarity is shown between the growth of the semigroup of the inverse and the
growth of the power sequence of the cogenerator. Bounded semigroups on
Hilbert spaces are examined as well. It is shown that if the semigroup gen-
erated by the inverse is bounded, the growth of the cogenerator is bounded
as well.
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Samenvatting

Het centrale thema van dit onderzoek is de relatie tussen systemen waar-
voor tijd een continue grootheid is en systemen waarvoor tijd een dis-
crete grootheid is. Continue systemen kunnen via de Cayleytransformatie
worden getransformeerd naar discrete systemen. In dit proces worden de
oplossingen van het continue systeem, die worden beschreven door een half-
groep, gekoppeld aan de oplossingen van het discrete systeem, die worden
beschreven door een machtreeks. Om precies te zijn wordt de generator van
de halfgroep afgebeeld op een differentieoperator, de cogenerator. Binnen
het onderzoek naar de relatie tussen continue en discrete systemen speelt
stabiliteitsanalyse een belangrijk rol.

In dit proefschrift staat de volgende vraag centraal: worden stabiele continue
systemen getransformeerd naar stabiele discrete systemen?

Voor veel stabiele continue systemen geldt dat het bijbehorende discrete
systeem ook stabiel is. In Banachruimtes zijn echter een aantal voorbeelden
bekend van stabiele halfgroepen waarbij de machtreeks van de correspon-
derende cogenerator niet stabiel is. In Hilbertruimtes zijn geen dergelijke
voorbeelden bekend. Het blijft een open probleem of in Hilbertruimtes voor
alle stabiele continue systemen de bijbehorende discrete systemen stabiel
zijn.

In dit proefschrift wordt de centrale onderzoeksvraag op drie manieren be-
handeld.

In de eerste plaats wordt een grens gegeven voor de groei van de machtreeks
van de cogenerator. Deze grens geldt voor exponentieel stabiele halfgroepen
in Hilbertruimtes. Door gebruik te maken van Lyapunovvergelijkingen
wordt bewezen dat voor dergelijke halfgroepen de machtreeks van de bij-
behorende cogenerator niet sneller kan groeien dan In(n).

In de tweede plaats wordt een uitbreiding gegeven op de klasse van stabiele
continue systemen waarvoor het bijbehorende discrete systeem eveneens
stabiel is. Hiervoor wordt de Bergmanafstand geintroduceerd. De Berg-
manafstand definieert een metriek voor halfgroepen en een metriek voor
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machtreeksen. Dit betekent dat de Bergmanafstand een afstand is tussen
twee halfgroepen of twee machtreeksen. Indien de Bergmanafstand eindig is,
hebben de twee halfgroepen hetzelfde stabiliteitsgedrag. Bovendien wordt
de Bergmanafstand behouden onder de Cayleytransformatie. Dit betekent
dat twee halfgroepen dezelfde Bergmanafstand hebben als de machtreeksen
van de bijbehorende cogeneratoren. Gecombineerd met de stabiliteitseigen-
schappen van de Bergmanafstand biedt dit de mogelijkheid nieuwe stabiele
continue systemen te identificeren waarvoor het bijbehorende discrete sys-
teem eveneens stabiel is.

In de derde plaats wordt de inverse van de generator bij de stabiliteitsana-
lyse betrokken. Voor stabiele halfgroepen is de groei van de machtreeks van
de cogenerator gerelateerd aan de groei van de halfgroep gegenereerd door
de inverse van de generator. In Banachruimtes wordt voor exponentieel
stabiele halfgroepen bewezen dat de groei van de halfgroep van de inverse
vergelijkbaar is met de groei van de machtreeks van de cogenerator. Tevens
wordt naar begrensde halfgroepen in Hilbertruimtes gekeken. Er wordt be-
wezen dat als de inverse van de generator een begrensde halfgroep genereert,
de groei van de machtreeks van de cogenerator ook begrensd is.
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