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Preface

The workshop on “Control theory of infinite-dimensional systems” was held Jan-
uary 10-12, 2018, in Hagen and attracted from three continents more than 30
researchers who are active in the fields of control theory, operator theory, and
systems theory. The program included 11 plenary talks by distinguished senior
researchers and 11 contributed talks; we are particularly proud of the many young
scientists from Africa and Europe who attended our meeting.

Held on the premises of the FernUniversitat in Hagen, the workshop’s goal
was to bring together leading international experts and young scientists in the
field of control theory of infinite-dimensional systems for a mutually beneficial ex-
change of new ideas and results. The contributions to our meeting covered a broad
spectrum of topics and reflected various aspects of control theory, including well-
posedness, controllability, and optimal control problems, as well as the stability of
linear and nonlinear systems. Moreover, the fields of partial differential equations,
semigroup theory, mathematical physics, graph and network theory, as well as nu-
merical analysis, were addressed. By publishing this book, it is our great pleasure
to collect outstanding contributions that share novel results in these highly active
areas of research.

We wish to gratefully acknowledge the financial support of the FernUniver-
sitdt in Hagen and that of our sponsor, the Gesellschaft der Freunde der FernUni-
versitat e.V.

Wuppertal, Germany Hafida Laasri
Hagen, Germany Joachim Kerner

Delio Mugnolo
October 2019
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Well-posedness and stability
for interconnection structures
of port-Hamiltonian type

Bjorn Augner

Abstract. We consider networks of infinite-dimensional port-Hamiltonian
systems &; on 1D spatial domains. These subsystems of port-Hamiltonian
type are interconnected via boundary control and observation and are allowed
to be of distinct port-Hamiltonian orders N; € N. Well-posedness and stability
results for port-Hamiltonian systems of fixed order N € N are thereby gener-
alised to networks of such. The abstract theory is applied to some particular
model examples.

Mathematics Subject Classification (2010). Primary: 93D15, 35B35.
Secondary: 35G46, 37L15, 47B44, 47D06.

Keywords. Infinite-dimensional port-Hamiltonian systems, networks of PDE,
feedback interconnection, contraction semigroups, stability analysis.

1. Introduction

A port-based modelling and analysis initially had been introduced in the 1960s
to treat complex, multiphysics systems within a unified mathematical framework
[23]. Each of these subsystems, may it be of mechanical, electrical or thermal type
etc. is described by its inner dynamics, usually by a system of ODEs or PDEs,
on the one hand, and ports, which enable the interconnection with other subsys-
tems, on the other hand. For port-Hamiltonian systems the notion of an energy
has been highlighted, similar to classical Hamiltonian systems. In contrast to the
latter, however, the port-Hamiltonian formulation allows besides conservative, i.e.
energy preserving, elements also for dissipative, i.e. energy dissipating, elements,
e.g. frictional losses in mechanical systems or energy conversion in resistors within

This work has been partly supported by Deutsche Forschungsgemeinschaft (Grant JA 735/8-1).
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an electric circuit, where the energy leaves the system in form of heat while the
latter is not included in the model.

For the description and analysis of port-Hamiltonian systems in a geometrical
way, in [24] the concept of a Dirac structure had been introduced into the the-
ory of port-Hamiltonian systems. These Dirac structures have the very convenient
property that (suitable) interconnections of Dirac structures again give a Dirac
structure (of higher dimension). The underlying models for the physical systems
up to the 2000s had been primarily finite-dimensional, i.e. the inner dynamics of the
subsystems interconnected via ports had usually been described by ODEs. Prob-
ably with the article [25] first attempts were made to extend the developed finite-
dimensional theory of port-Hamiltonian systems to infinite-dimensional models,
i.e. PDEs, and thereby filling in the gap between results on finite-dimensional sys-
tems and infinite-dimensional port-Hamiltonian systems. E.g. first in [14], it has
been demonstrated that for linear infinite-dimensional port-Hamiltonian systems
on an interval, i.e. evolution equations of the form

k
Zp,ﬁa?f (t.0), t20,Ce(0,)

with 2(t,-) € Ly(0,1;K?) (where K = R or K = C) and for suitable P, € K% and
H : [0,1] — K9 those boundary conditions (or, in a rather systems theoretic
interpretation: linear closure relations) that lead to generation of a bounded (even
contractive, when Lo (0,1; K?) is equipped with an appropriate energy norm) Co-
semigroup can be characterised: Crucial is the dissipativity (w.r.t. the energy inner
product), which can be checked solely via a matrix criterion on the boundary
conditions [13], [14]. Next steps then have been sufficient conditions for asymptotic
or uniform exponential stability of the system [26, 27, 5]. Then followed efforts to
generalise these results to PDE-ODE-systems, i.e. feedback control via a finite-
dimensional linear control system [18, 5], and non-linear boundary feedback [22,
19, 3]. Here, we want to push forward into a different direction and in a sort return
to the beginnings of port-Hamiltonian modelling: What happens, if we consider
a network of infinite-dimensional port-Hamiltonian subsystems instead of a single
one, where the subsystems, just in the spirit of port-based modelling, are coupled
via boundary control and observation of the distinct port-Hamiltonian subsystems?
To what extend do the results on well-posedness (in the sense of semigroup theory)
and stability extend to this network case? For special classes of PDE, especially
the wave equation and several beam models, such an analysis is not new by any
means, see e.g. [28, 12, 15, 8] and [17]. Also, note that the composition of boundary
control systems has already been studied e.g. in [1] for coupling via static Kirchhoff
laws. Concerning the notion of well-posedness note that in this manuscript always
well-posedness in the sense of semigroup theory is meant. For the more restrictive
notion of well-posedness also including input, output and feed-through maps, let
us refer to the work of Staffans, Tucsnak, Weiss, etc., see e.g. the monograph [21]
or the recent conference paper [29].
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Before giving an outline of the organisation of this paper, let us emphasise
that for systems with constant Hamiltonian energy densities H; : [0,1;] — K%*di
already alternative approaches to well-posedness and stability are well-known. In
particular, in that case it is often possible to determine (in an analytical way or via
sufficiently good numerical approximation) the eigenvalues of the total system up
to sufficient accuracy, and derive conclusions on well-posedness and stability. For
non-constant H; such an approach is not that easily accessible, in particular there
are situations, in which stability properties of a port-Hamiltonian system are very
sensitive to multiplicative perturbation by H,, see e.g. [9] for an astonishing counter
example. Therefore, we deem the port-Hamiltonian approach as a legitimate way
to describe and analyse such systems.

This manuscript is structured as follows. Section 2 serves as an introduction
to the (mainly standard) notation we use throughout this paper, we recall some
basic facts on (strongly continuous) semigroup theory, and the notion of a port-
Hamiltonian system is introduced. In Section 3, we recall previous results on the
well-posedness and stability of infinite-dimensional linear port-Hamiltonian sys-
tems on a one-dimensional domain. We do this with the background of particular
interconnection schemes which have been considered up to now, and also comment
on some of the techniques used to prove the corresponding results. The subsequent
Sections 4, 5 and 6 constitute the main sections of this paper: First, in Section 4
we provide the general well-posedness result for multi-port Hamiltonian systems
interconnected in a dissipative way: As for single port-Hamiltonian systems, a
dissipative linear closure relation is already enough to have existence of unique
(strong) solutions for all initial data, and the solution depends continuously on
the initial datum, i.e. the initial datum to solution map is given by a strongly con-
tinuous semigroup of linear operators. Secondly, the focus lies on asymptotic and
exponential stability for closed loop port-Hamiltonian systems, which we investi-
gate in Section 5 under additional structural constraints, e.g. the port-Hamiltonian
systems being serially interconnected in a chain. Then, Section 6 is devoted to sys-
tems consisting themselves of systems of port-Hamiltonian systems again which for
complex structures of the total system might be a helpful point of view for stability
considerations. We illustrate the results of the preceding sections by networks of
first order port-Hamiltonian systems and of Euler—Bernoulli beam type. Finally,
in Section 8 we rephrase the main aspects of this paper and comment on further
open or related problems. After that, some technical results on the Euler-Bernoulli
beam equation are collected in an appendix.
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2. Preliminaries

2.1. Notation

Let us fix some notation. Throughout, the field K = R or C denotes real or complex
numbers and all Banach or Hilbert spaces appearing are K-Banach spaces or K-
Hilbert spaces, respectively. Without further notice, we assume that w.l.o.g. K= C
whenever we consider eigenvalues of operators. Note that this is no restriction
since in case K = R we may always consider the complexification of the involved
operators and, e.g. for a generator A of a Cy-semigroup (T (t)) >0 On a real Banach

space X, the complexification AT of the operator A on the complexified Banach
space XC is the generator of a Cy-semigroup (Tc(t))t>0 on X€ and TC(¢) is just
the complexification of T'(t) for all ¢ > 0. For any Banach spaces X and Y, we
denote by B(X,Y) the Banach space of bounded linear operators T : X — Y,
equipped with the operator norm |- = |[-[|5.x,y)- In the special case X =Y
we also write B(X) := B(X, X). For any Banach space F, any compact set K C
R™ and any open set U C R", numbers k € Ny := {0,1,...} and p € [1, 0]
we denote by C(K; E), C*(K;E), L,(; E) and Wf(Q;E) (special case p = 2:
HF(Q; E) := WEF(; E)) the spaces of E-valued continuous functions, E-valued k-
times continuously differentiable functions, the F-valued Bochner—Lebesgue spaces
and the E-valued Bochner—Sobolev spaces of degree k, with norms

Hf”C(K;E) = | fllo :=sup [ f(e)llz,

eeK
1 lerrimy = IFler = D 10 Flem -

|| <E

(fy I F @)% dz)"” € [1,00)
£ ey = I, o= o e S5/ PE 509,

o essswpyey |1 f (@), p= oo,
1/p
it e d (Siaerl@osI2) " pelloo),

1w,y = 1l o=

Z\a|§k ||aaf”ooa p = 0.

The notions C(K; E) and C*(K;E) also extend to closed subsets K of more
general topological vector spaces F. For p = 2 and any Hilbert space E with
inner product ( ’ ~)E, the spaces Lo(Q; E) and H*(Q; E) are Hilbert spaces with
standard inner products

(f ‘ g)Lz(Q;E) =(f ’ g)Lz = /Q (f(x) | g(x))E dz,
(1D ey = (1) = X [ 0770 [0%0(@),, e

|| <k

Note that for E = K¢ the K%valued Bochner-Lebesgue and Bochner-Sobolev
space are (up to an isomorphism) nothing but the d-fold product of the usual
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Lebesgue spaces and the usual Sobolev spaces, resp., i.e

d
o(QKY) = HL (%K), WrQK) =] whK),

j=1 j=1
d
kQ; K gH

In particular, for £ = Rd the strongly measurable functions are simply the mea-
surable functions.

2.1.1. Some basic facts on semigroup theory. The focus of this manuscript
lies on well-posedness (in the sense of semigroups) and stability for linear closure
relation to boundary control and observation systems of infinite-dimensional port-
Hamiltonian type. Therefore, let us recall some basic definitions and important
theoretical results from semigroup theory that will be used heavily later on.

We start with the definition of a Cy-semigroup.

Definition 2.1 (Cy-semigroup). Let X be a Banach space and (T(t))t>0 be a
family of bounded linear operators on X. Then (T'(t))>0 is called strongly contin-
uous semigroup (for short, Cy-semigroup), if it has the following properties:

1. T(0) = I, the identity map on X,

2. T(s+1t)=T(s)T(t) for all s,t > 0, (semigroup property) and

3. T(-)zo € C(R4; X) for every zg € X, i.e. (T(t)),., has continuous trajecto-

ries (strong continuity).

A Cy-semigroup (T(t))t>0
if the operator norm ||T(t)||gx) < 1 for allt > 0.

t>0

is called (strongly continuous) contraction semigroup,

The existence of a Cy-semigroup (T(t)) is closely related to well-posedness

>0
of the abstract Cauchy problem

Em(t) =Az(t) (t>0), =z(0)=u=x (ACP)

in the sense of ezistence and uniqueness of solutions which continuously depend on
the initial datum. Roughly speaking, the abstract Cauchy problem (ACP) has for
every initial datum 2o € D(A) a unique classical solution z € C1 (R, ; X) with val-
ues in D(A), and the solution continuously depends on the initial datum zy, if and

T(t);fm for

only if there is a Cy-semigroup (T(t)) on X such that Az = lim;_,o4

£>0
every € D(A) = {z € X : this limit exits}, i.e. A is the generator of (T(t))t>0,
and then z(t) := T(t)z¢ defines the unique classical solution, for every z¢ € D(A).
For a precise statement of this result, see e.g. Proposition 11.6.6 in [10].

Linear operators A generating a Cp-semigroup (T (t)) +>o can be exactly char-
acterised by the general Hille-Yosida Theorem due to Feller, Miyadera and Phillips;
see e.g. Theorem I11.3.8 in [10]. In this paper, however, all appearing semigroups
will be contraction semigroups on Hilbert spaces, so that the Hilbert space version
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of the Lumer—Phillips Theorem, a special case of the Hille-Yosida theorem, and
with conditions which are much easier to handle, can be applied.

Theorem 2.2 (Lumer—Phillips). Let X be a Hilbert space with inner product
(~ ‘ ) Further, let A : D(A) C X — X be a densely defined, closed linear operator.
Then A generates a strongly continuous contraction semigroup if and only if

1. A is dissipative, i.e. Re (Ax } x) <0 forallz e X, and

2. ran (A — A) = X for some (then, all) A > 0.

Proof. We refer to Theorem I1.3.15 in [10] for the general Banach space version
thereof. 0

To describe the long-time behaviour of the solutions to the abstract Cauchy
problem (ACP) in terms of the Cy-semigroup associated to it, several notions of
stability exist. Here, we are interested in strong stability and uniform exponential
stability which are defined as follows. Note that these stability concepts coincide
for finite dimensional Banach spaces X, but are distinct if dim X = oo.

Definition 2.3 (Stability concepts). Let (T(t))t>0 be a Cy-semigroup on some
Banach space X. -
1. The semigroup is called (asymptotically) strongly stable if for every x € X
one has T(t)x — 0 in X.
2. It is called uniformly exponentially stable, if there are constants M > 1 and
w < 0 such that || T(t)| 5 x) < Me“*, t > 0.

Stability properties of a Cy-semigroup can be tested via certain spectral prop-
erties and bounds on the resolvent operators, see the following two theorems which
will be employed later on.

Theorem 2.4 (Arendt—Batty—Lyubich—Vi). Suppose (T(t))t>0 is a bounded
Co-semigroup on some Banach space X , i.e. there is M > 1 such that 1T px) <
M for allt > 0. Further assume that its generator A has compact resolvent, i.e.
(A= AL X = X is a compact operator for some (then, all) A € p(A). In
this case, (T(t))t>0 is strongly stable if and only if the point spectrum satisfies
op(A) CCy ={r e C:Re A <0}.

Proof. See Theorem V.2.21 in [10] for the general version of this Tauberian type
theorem. g

Theorem 2.5 (Gearhart—Priiss—Huang). Let (T(t))t>0 be Cy-semigroup on
some Hilbert space X . It is uniformly exponentially stable if and only if the following
two properties hold true
1. 0(A) C Cy, i.e. the spectrum lies in the complex left half-plane, and
2. Supger ”(iﬁ — At H < 00, i.e. the resolvent operators are uniformly bounded
on the imaginary axis.

Proof. See Theorem V.1.11 in [10]. O
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Remark 2.6. For iR C p(A), the condition supgcp H(iﬂ - A)”H < o0 is equiva-
lent to the following property:

For every sequence (mn, 5")n>1 C D(A) x R with
L. sup,>; lzn|l x < oo,
2. |Bn| = 00 as m — 00, and
3. Ax,, —iB,x, — 0 as n — oo,

it follows that z,, — 0 in X as n — oo.

This characterisation proves helpful for stability analysis of port-Hamiltonian
systems. For further details on semigroup theory, we refer to the monograph [10].

2.2. Basic definitions

Within this subsection, we introduce the notion of a (linear, infinite-dimensional)
port-Hamiltonian system (in boundary control and observation form) as we use
it later on for interconnection of several systems of port-Hamiltonian type to
networks. Let us start with the basic definition of a single open-loop infinite-
dimensional port-Hamiltonian system in boundary control and observation form.

Definition 2.7 (Port-Hamiltonian System). We call a triple & = (2,8, €)
of linear operators an (open-loop, linear, infinite-dimensional) port-Hamiltonian
system (in boundary control and observation form) of order N € N, if

1. The (mazimal) port-Hamiltonian operator
2A: D) C Ly(0,1;K?) — Ly(0,1; K?)
is a linear differential operator of the form

N
dk:
Az = kzz‘apkd—@(%m), D) = {z € Ly(0,1;K%) : Ha € HY(0,1;K?)}

where H € Loo(O,l;]KdXd) is coercive on Ly(0,1;K%), i.e. there is m >
0 such that (H(Q)E | €)ya = mI€lza, € € K% ae. ¢ € (0,1), and Py €
K4 (k = 1,...,N) are matrices satisfying the anti-/symmetry relations
Py = (-1)*"1P, (k=1,...,N) and such that the matriz Py, i.e. the matriz
corresponding to the principal part of the differential operator U, is invertible,
whereas Py € Loo(0,1; K*%) may depend on the spatial variable ¢ € (0,1).

2. The boundary input map B and the boundary output map € are linear
KN yalued operators with common domain D(A) = D(B) = D(€) of the
form

( P > _ { %ﬁ }T(m), z € D),
r(y) = (yO.y (Vs g™V, y(0), .y T(0)) €KV,
y € HY(0,1;K?)

for matrices Wi, We € KNOX2Nd qych that [%g] is invertible.
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Remark 2.8. More generally, we call a triple &1 = (21,B1,¢;) with By, :
D(B,) = D(A); = D(€;) — K* for some k € {0,1,..., Nd} a port-Hamiltonian
system as well, if there are linear operators 2, B = (Bo,B1) and € = (&€, &)
such that & = (,%,¢) is a port-Hamiltonian system in the sense of Defini-
tion 2.7 and Ay = Ql|ker%u. This tacit convention makes it possible to consider
a partial interconnection of port-Hamiltonian systems (of same order N) to be a
port-Hamiltonian system itself.

Whenever & is a port-Hamiltonian system on the space Ly (0, 1;K?), by co-
ercivity of H the sesquilinear form

(] ) (L20, LKD) - K, (f] 9 :=/0 (F(O) [ H(C)g(C))ga dC

defines an inner product on Ly (0, 1; K?) and the corresponding norm |-[|,, is equiv-
alent to the standard norm |||, . We call (-] ')H the energy inner product and set
the energy state space X to be the Hilbert space Lo (0, 1; K?) equipped with inner
product (- |) == (-] ), (and, hence, the energy norm |- |x = ||-l;,). Note
that the operator 20 : D(2) C X — X is a closed operator as a conjunction of the

continuous matrix multiplication operator H(-) on X and the closed (thanks to
Py being invertible) differential operator

N dk
> P HY(0,K) C X — X,
k=0 de

Remark 2.9. For now, let us consider an infinite-dimensional port-Hamiltonian
system & with Py = 0. Then for every z,y € X such that Hz, Hy € C(0,1;K9)
it holds via integration by parts that

@z | y)y == (= | Ay)

i.e. the operator is formally skew-symmetric on the space X. For the case Py # 0
this holds exactly in the case that Py(¢)* = —Py(¢) for a.e. ¢ € (0,1).

When looking for dissipative closure relations of the type Bx = K€z for
some matrix K € KN¥*Nd it i convenient to have the property of passivity for
the port-Hamiltonian system.

Definition 2.10 (Passive Systems). Let & = (U,B, €) be a port-Hamiltonian
system in boundary control and observation form. The system G is called

e impedance passive, if
Re (2z | z) < (Bzx | Cr)yna, =€ DA);
e scattering passive, if

Re (Az ‘ x)X < |%x|§(w - |€x\§<m , =€ D).
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Remark 2.11. 1. Note that both notions of passivity do not depend on the

Hamiltonian energy density matrix function H: A port-Hamiltonian system

G is impedance passive (scattering passive) if and only if the corresponding

port-Hamiltonian system for # = I is impedance passive (scattering passive).

2. A port-Hamiltonian system is impedance passive (scattering passive) if and

only if the symmetric part Sym FPy(¢) := %(PO(C) + Py (¢)*) of Py is negative

semi-definite for a.e. ¢ € (0,1) and W, W satisfy a certain matrix condition
(including also the matrices Py (k > 1)), see [14].

Besides the energy state space X = Ly(0,1;K%) (equipped with the energy
inner product), extended energy state spaces X = X x X, for some finite di-
mensional Hilbert space X, will be used as well, and its elements are denoted by
Z = (x,z.) € X x X.. Operators acting on elements of such product energy state
spaces are denoted by a hat, e.g. 121\, 5[, %, ¢ and T\(t)

3. Examples and Previous Results

We give some examples of dissipative closure relations which had been consid-
ered previously in the literature. Additionally, we recall the main results on well-
posedness and stability for these linear closure relations. Starting from open-
loop passive port-Hamiltonian systems one can easily obtain dissipative operators
when closing with a suitable closure relation and possibly interconnects the port-
Hamiltonian system with either another port-Hamiltonian system or an impedance
passive control and observation system. Below we list some particular examples
for such static or dynamic closure relations.

Example 3.1 (Dissipative, static closure). Assume that & is an impedance
passive port-Hamiltonian system and let K € KN?*Nd be a matrix with negative
semi-definite symmetric part

1
5 (

SymK:=2 K+ K*)<0

(the simplest choice being K = 0) and define A : D(A) C X — X by
Az =z,
D(A) :={z e D) : Bz = KCz}.

Then A is a dissipative operator on X, and, therefore, generates a strongly con-

tinuous contraction semigroup (T(t)) >0 on X, see Theorem 3.2 below.

Proof. Dissipativity can be checked easily, using the impedance passivity of & and
the negative semi-definiteness of Sym (K). Then, the generator property follows
from Theorem 3.2 below. g

The first result on well-posedness of infinite-dimensional port-Hamiltonian
systems has been due to Y. Le Gorrec, H. Zwart and B. Maschke [14] who proved
that for operators of port-Hamiltonian type a dissipative linear closure relation, i.e.
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dissipative boundary conditions, is already enough for the corresponding abstract
Cauchy problem

z(0)=x0€ X

to be well-posed, i.e. for every initial value 2o € D(A), there is a unique classical
solution z € CY(Ry; X) N C(Ry; D(A)) of this Cauchy problem, where D(A) is
equipped with the graph norm of A, and the solution depends continuously on
the initial datum zo and has non-increasing energy 1 Hcc(t)||§( In other words, if
A is dissipative, then A generates a strongly continuous contraction semigroup
(T(t))i>0 on X. This is

Theorem 3.2 (Le Gorrec, Zwart, Maschke (2005)). Let G = (,B,€) be
any port-Hamiltonian system and K € KN4N4_ Then, the operator

A= Q‘|ker(%7K€)
generates a contractive Cq-semigroup (T(t))t>0 on X = (X, ( ’ )X) if and only
if A is dissipative on X. -

Proof. For the proof, see [14]. O

While well-posedness for itself is an important property, often one is not
satisfied with well-posedness alone, but also looks for stability properties of the
abstract Cauchy problem associated to A. In contrast to well-posedness — for which
the case of general coercive H € Lo (0, 1; K%*?) can be reduced to the special case
H =1, see Lemma 7.2.3 in [11] — stability properties of A may (and will, as Engel
[9] showed) generally depend on the Hamiltonian density matrix function which
can be seen as a multiplicative perturbation to the operator A for H = I. However,
as has been known for the wave equation, the Timoshenko beam equation and the
Euler-Bernoulli beam equation, there are examples where one could expect that
some classes of linear boundary feedback relations imply asymptotic stability, i.e.
trajectory-wise for every initial datum xy € X, or even uniform exponential sta-
bility, i.e. the energy decay can be bounded by an exponentially decaying function
times initial energy, where the exponential decay rate is independent of the initial
datum zg € X. For the particular case of first order port-Hamiltonian systems such
stability results have first been proved in the Ph.D. thesis [26] and the research
article [27], showing that for first order port-Hamiltonian systems it is enough to
damp at one end, whereas at the other end arbitrary conservative or dissipative
boundary conditions can be imposed.

Theorem 3.3 (Villegas et al. (2009)). Let A be a port-Hamiltonian operator
closed with a dissipative boundary condition as in Theorem 3.2. Further assume
that the order of the port-Hamiltonian system is N = 1, the Hamiltonian density
matriz function H : [0,1] — K99 is Lipschitz continuous and one has the following
estimate:

Re (Ax ‘ ac)X < —k|(Hz)(0)]*, z € D(A)
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where k> 0 does not depend on x € D(A). Then, the Co-semigroup (T(t))
generated by A is uniformly exponentially stable.

t>0

Proof. For the proof, see [27], where H € Cl([O, 1};]1(‘“‘1) had been assumed.
However, the proof carries over to H € Lip ([0, 1]; K*?), see [5]. a

Actually, up to now there are at least three approaches known to prove the
stability result above:

1. The original proof in [27] is based on some sideways-energy estimate (as it is
called in [6]) or final observability estimate

IT(aollx < | TODO) a0 € X

for some sufficiently large 7 > 0 and some ¢ > 0. This approach is very helpful
when considering non-linear dissipative boundary feedback, cf. [3], however, it
seems difficult to extend this result to higher order port-Hamiltonian systems,
e.g. Euler—Bernoulli type systems.

2. A frequency domain approach, i.e., showing that the resolvent

(ip — A)~" € B(X)

exists for all 8 € R and is uniformly bounded, employing Arendt-Batty—
Lyubich-Vi Theorem (asymptotic stability) and Gearhart—Priiss-Huang The-
orem (uniform exponential stability) has been applied in [5]. This approach
is suitable for interconnection with finite dimensional control systems [5],
and as we later see, for linear interconnection with other port-Hamiltonian
systems; see the Section 5.
3. Third, a multiplier approach leading to a Lyapunov function is possible as
well. Again, this approach is suitable for non-linear feedback interconnection,
especially of dynamic type [3].
Strictly speaking, there also is a fourth approach (actually, the oldest one!), but
it only works under much stronger regularity assumptions, namely analyticity of
H; see [20].

The second example for a class of closure relations consists of dissipative or
conservative feedback interconnection with a linear control system.

Example 3.4 (Interconnection of a PHS with a finite-dimensional con-
troller). Let & = (2,%,¢) be an impedance passive port-Hamiltonian system
and

Y= (AMBCvCCaDC) € B(XC) X B(Uc;Xc) X B(Xdyc) X B(Uc§ Yc)7

for some finite-dimensional Hilbert spaces X., U, and Y,, be a finite dimensional
control system

%xc(t) = Acx.(t) + Beue(t),
Yo(t) = Coxo(t) + Douc(t), t>0



12 B. Augner

and impedance passive, i.e. U, = Y, and

Re (Acacc + Bou, | xc) < Re (uC ’ Cexe + Dcuc) z. € X¢,u. € U,.

X

Further assume that U, = Y, = KN4 Then A: D(A) C X — X,

U.’

~

Az, z.) = Az, Acx. + B.Cx),
D(g) = {(x,xc) eDR) x X, : Bax=—-Cex. — Dc@c}7
resulting from the standard feedback interconnection
u. =C€x and Bz = —y,,

is a dissipative operator on the product Hilbert space X = X x X., and thus
generates a strongly continuous contraction semigroup on X.

Proof. Dissipativity follows from impedance passivity of both subsystems and
some easy computation. For the assertion on semigroup generation, we need the
following result. O

Theorem 3.5 (Villegas (2007), Augner, Jacob (2014)). Let & = (2,8, )
be an infinite-dimensional port-Hamiltonian system and . = (A¢, Be, Ce, D..) be
a finite dimensional linear control system. The operator

~

Az, z.) = Az, Acx. + B.Cx),
D(A) = {(z,2.) € D) x X, : Bz = —Cox, — D.Cx}

generates a contractive Cy-semigroup (T(t))t>0 on the product Hilbert space X =
X x X, if and only if it is dissipative. B

Proof. A result like this has probably first been stated in the Ph.D. thesis [26],
however under some slightly more restrictive conditions on the infinite-dimensional
port-Hamiltonian system and the finite dimensional linear control system .. For
the general situation stated above, see [5]. O

As for the static feedback case, the generation theorem is based on the Lumer—
Phillips Theorem which states that besides dissipativity of an operator a range
condition, namely ran (2 — A ) — X for some (then, all) A > 0 is sufficient (and
necessary as well) for the operator X to generate a strongly continuous contrac-
tion semigroup. Here, the range condition for A is reduced to a range condition
for some operator Ag (with suitable static linear closure relations), i.e. the gener-
ation theorem for the dynamic case already relies on (the proof of) the generation
theorem for the static case.

As for the static case, one can ask for sufficient (hopefully H-independent)
conditions on the damping via the controller such that the hybrid PDE-ODE
systems is uniformly exponentially stable, i.e. its total energy decays uniformly
exponentially to zero for all initial data (xq, Zc0).
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Theorem 3.6 (Ramirez, Zwart, Le Gorrec (2013), Augner, Jacob (2014)).
Assume that & is an impedance passive port-Hamiltonian system of order N = 1
and such that H : [0,1] — K> is Lipschitz continuous, and let & be intercon-
nected by standard feedback interconnection

Br=—y., u.=°Cx
with a strictly impedance passive finite-dimensional control system
Yo = (Ac, Be, C¢, D)
in the sense that for x. € X., u. € Ug,
Re (Acze + Beue ‘ c) _<Re (Cewe + Deue ‘ uC)UC — & |Deue
and such that (e'4)

2
(o

X

>0 8 uniformly exponentially stable, ker D. C ker B, and

1Bz[* + |DeCal* 2 |(Ha)(0))?, =€ D),

then the Cy-semigroup (f(t)) is uniformly exponentially stable.

t>0

Proof. For the situation where X, is strictly input passive, in particular D, > 0 is
positive definite, see [18]. The (slightly) generalised result can be found in [5]. O

The general idea for the proof of this dynamic feedback result is to consider
the state variable x. as a perturbation to the static boundary feedback one would
have for . = 0, namely Bx = —D.Cx. From the impedance passivity of & and
Y. one then obtains a dissipation estimate of the type

Re (x| 2), < —k (|%x|?] + |DCQIm|2U) < —k|(H2)(0)®, 1z € ker(B + D.€).

Uniform exponential energy decay then can be expected from the static feedback
result and the exponential stability of (e*4<),~ ensures that the perturbation does
not hurt this property.

Besides dynamic feedback, the other direction of generalisation aims at higher
order port-Hamiltonian systems. The first result in this perspective follows rather
easily from the Arendt-Batty—Lyubich—Vi Theorem and considerations on possi-
ble eigenfunctions with eigenvalues if for some 5 € R, but only gives asymptotic
stability.

Proposition 3.7 (Augner, Jacob (2014)). Let A be a port-Hamiltonian op-
erator of order N € N, resulting from linear closure of a port-Hamiltonian sys-
tem & = (A,B,€) by a linear closure relation Bxr = KC&x and assume that

H :[0,1] = K94 js Lipschitz continuous, and
2
] z € D(A)

N-1
Re (Az |2) < 1> ’(Hw)(k)(o)
k=0

for some k > 0. Then, the Cy-semigroup (T'(t))i>0 generated by A is (asymptoti-
cally) strongly stable.

Proof. See [5]. O
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In [5], it has also been shown that generally one cannot expect uniform expo-
nential stability, namely there is a counter example (Schrédinger equation) where
full dissipation at one end and a correct choice of conservative boundary conditions
at the other end only lead to asymptotic stability, but not to uniform exponential
stability. (For the counter example, one can compute the resolvents (i — A)~!
and show that they are not uniformly bounded for 5 € R.) However, under further
conditions on the boundary conditions at the conservative end, more can be said:

Theorem 3.8 (Augner, Jacob (2014)). Let A be a (closed by linear static
feedback) port-Hamiltonian operator A of order N = 2 and H € Lip(]0, 1]; K%*%)
be Lipschitz continuous and assume that

Re (Ax | ) <~ (M) (O) + | (Har) O + (M) (1)[2)

for all x € D(A). Then the Cy-semigroup (T'(t))
exponentially stable.

Proof. See [5]. a

>0 generated by A is uniformly

Remark 3.9. By the way, fully dissipative boundary conditions at both ends

Re (Az |z), < —k (Z ‘ Ha)®) (0 ‘ ‘(Hm)(k)(l)r) , z€D(A)

for some k > 0, inevitably lead to uniform exponential stability, for all port-
Hamiltonian systems of arbitrary order N € N and for Lipschitz continuous #,
see [2].

In this article, we are concerned with the case where a port-Hamiltonian
system &! is interconnected with further port-Hamiltonian systems in a energy
preserving or dissipative way, e.g.

Example 3.10 (Interconnection of impedance passive PHS). Let G! and
32 be two impedance passive port-Hamiltonian systems with N'd' = N2d?, i.e.
the input and output spaces for &' and &2 should have the same dimension, then
the operator A : D(A) C X — X defined by

A(xl T ) (Qll 1 Qll 2)

D(A4) = {z = (2',2%) € D(A') x D(A?) : B'a' = —*2? B22* = ¢'2'}
is dissipative on the product Hilbert space X = X! x X? and generates a strongly
continuous contraction semigroup (7'(t)) >0 on X.

Proof. The dissipativity of the operator A can be checked using the impedance
passivity of the two subsystems:

2
e (Az ’ :r)X = ZRe (Qljmj | xj)X
j=1
<Re (B'z" | ¢'z') + Re (B°2* | €*2®) =0, z € D(A).
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For the generation result, see Proposition 4.4 in the next section. a

Example 3.11 (Interconnection of scattering passive PHS). Assume G1,..., &™
are scattering passive port-Hamiltonian systems. Then

Azt 2™) = Azt A™™),

D(A) = {x =(',....a™) e [[ D), Bla' =0, B2l = &2l (j > 1)}

j=1
is dissipative on X = H;n:1 X7 and generates a strongly continuous contraction

semigroup (T(t))t>0 on X.

Proof. Dissipativity can be checked easily by using the scattering-passivity of the
subsystems &7. For the generation result, see Proposition 4.4 in the next section.
O

We comment on stability properties later on.

4. Port-Hamiltonian Systems: Networks

After recalling some known results on different static or dynamic closure relations
for port-Hamiltonian systems, let us focus on the main topic of this paper, namely
the interconnection of several infinite-dimensional port-Hamiltonian subsystems to
a network of port-Hamiltonian systems. Assume that J = {1,2,...,m} is a finite
index set. Here, the number m € N is the number of infinite-dimensional port-
Hamiltonian subsystems &7 = (7,%B7,¢7) the network consists of. Moreover,
J. ={1,2,...,m.} denotes another index set, corresponding to a finite number
of finite-dimensional linear control systems 33 = (A%, B, C4, D), we may inter-
connect the port-Hamiltonian systems with, the case m, = 0, i.e. J. = () being
allowed, but w.l.o.g. we may always assume that m. =m € N.

We generally assume that &7 = (0,87, ¢J ) (j € J) are (open-loop, lin-
ear, infinite-dimensional) port-Hamiltonian systems (on a one-dimensional spatial
domain) on spaces X7 = Ly (0, 1;de) (all equipped with their respective energy
norm || - ||xs = || - |l3s, thus being Hilbert spaces for the energy inner product
(‘ ‘ -)Xj = ( ‘ -)Hj and input and output spaces U/ = Y7 = KN'?' | and similarly
34 = (A9,BJ,CI,DI) (j € J.) are finite-dimensional linear control systems with
finite dimensional state space X g and finite-dimensional input and output space
UJ =YJ. We further set

X=X xX,:= ﬁx-f x ﬁXg,
j=1 j=1

ﬁ::UxUC::ﬁUJ'xﬁUg:ﬁijﬁw’::YxY;::?
Jj=1 Jj=1 Jj=1 j=1
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We equip these spaces with their respective product inner product and the induced
norms, i.e.

@De=> @)+ @]vl)y, FTEX,

ied ied.
Zlg = > Il + Y Iz, ZeX,
i j€d.

and accordingly for U = Y. For = € [1,cs D) we write
Az = (At ..., A"2™) € X,
B = (Blal ... B"a™) € U,
Cr = (Ctz!, ... ¢m™) €Y.
This defines linear operators
A: D) = [[ DAW)C X » X, B,¢:D(B)=D@E) =DRA)CX »U =Y.
JjET
Also, we define A, € B(X.), B. € B(U., X.), C. € B(X.,Y.) and D, € B(U,,Y,)
by

Acxe = (Alzl, ... Ameg™e) x. € X,
B.u, = (B;u};7 ooy Blteue), e € U,
Cor, = (Clal,...,Cex™), =z, € X,,
D.u. = (Diui, o D), e € X

Further, let
E.eB(Y;U.), FEeB(Y;U).
Now, interconnect the subsystems via the relation

Br = —E(C.x. + D.E.Cx).

Remark 4.1. To keep the presentation as simple as possible, in this exposition
we will always assume that Y =U. and U =Y, as well as E. = I and E = I are
the identity maps.

We may then define the following operator Aon X
A= Az, Acx. + B.Cx),
D(A) :={z = (z,2.) € D) x X, : Bz = —(Cozr, + D.Cx)}.
Example 4.2. Let us consider two particular special cases:

1. Ifme. =0, ie X, =U, =Y, = {0}, we can identify X = X, Y =Y, U =U
and C.x. + D.Cx = D .Cx, so that

Az = Az, D(A\) = {x eD): Bx = *DC(’:.I}.

h N
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In this case, no finite dimensional control system is present and this just
describes the interconnection of port-Hamiltonian systems &; by boundary
feedback, with the special case m = 1 being the case of a port-Hamiltonian
system closed by linear boundary feedback.

2. Ifm=m.=1land U =Y., =U, =Y, the operator A reads as

AZ = Az, Aee + B.Cx),
D(‘Z) ={Ze D) x X, : Bz = —Cex. — D.Cx}

so that we are in the case of dynamic boundary feedback with a finite dimen-
sional control system interconnected by standard feedback interconnection
with the port-Hamiltonian system.

Remark 4.3. 1. Note that the abstract Cauchy problem

d .
32 =Az() (t20),  T(0) = (w0, %c0) € X x Xe
is equivalent to the system of PDE and ODE
< a(t) = ()
d
EIC(t) = Acx.(t) + Beuc(t),

B (t) = —(Come + Do),
w(t) = €x(t), 0.

2. The definition of A does, at first glance, not allow complex systems where
the input into one finite dimensional control system depends upon the output
from another finite dimensional controller. However, in most cases it should
be possible, to merge such two finite control systems into a larger control
system, by plugging in the equations of one of these systems into the other.

Our proof of the general generation result, Theorem 4.6, below uses the spe-
cial case where X. = {0}, i.e. no finite dimensional control systems are present
within the network. We, therefore, begin by considering the generation result for
this particular special case.

Proposition 4.4. Assume that X. = {0}. Then A generates a contractive C-
semigroup on X = X if and only if A is dissipative.

Proof. Since H = diag;¢ 7 H7 is a strictly coercive (matrix) multiplication operator
on X, by Lemma 7.2.3 in [11] we can restrict ourselves to the case H = I € B(X).
Further, let us for the moment assume that all Pg = 0 (or a constant matrix
independent of ¢ € (0,1) with negative semi-definite symmetric part). Since Bz =
Cx=0forallz € HjeJ (O (07 1; ]KdJ) and this set is dense in X, the operator Ais
densely defined, so that by the Lumer—Phillips Theorem, see e.g. Theorem 11.3.15
in [10], it remains to prove that A\I — A is surjective for some A > 0 whenever A is
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dissipative. Here, we choose A = 1. Take f = <fj>j€.7 € Hjej X7 = X. Then we
have to find x € D(2) such that

R&A-IDz=f, Bax=-D.Cx=:KCx.

We can identify the operator A : D(g) C X x {0} = X x {0} with the operator
A= U gen P DA) = ker(B — KC€) € X — X. For every j € J we now
write

W= (27, (@), .. (@) ND), gl = (0,..,0,(P4) T ), Ged.

Then
R-Nz=f
= W -Dl=f, jeJ
N;
= Y Pl -2 (¢) = F(Q), ae(e(01),jeT
k=0
= @I =) (+0 Z RO + ),
ae. Ce€(0,1),57€J
= W)=+, ae(e(0,1),jeT
_ ¢ v
— hj(C) = eCLth(O) +/ e(Cfs)L]gj(s)ds7 ae. Ce€(0,1),57€J
0
where
0 1 0
Ii— : . :
0 1 0
(P]{,j)_l - (P{Vj)‘lpg —(P]{,j)_le f(P;'Vj)‘lpjvj_l

belongs to KN’ @ xN’d Ty that case, we have, writing D = (D¥); jeg for DY €
B(Y7;U?), that x € D(A) if and only if

) L (1—s)L7 5
ng{e]} ()+Wf[f° 09]()‘15}
= Wit (Hi2) ZD“W (Hixh)

€T

ot (e[ 4 Jooree [ B0 ), e

i€eJ
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Letting

~ ~. (1-s)L7 5 d
&= (gj)jej’ 5] = { f € 0 g’ (s)ds } ’

~ . ~. L )
h = (hJ)jEJ, h = [ eI }h](O), jedJ

and defining

Wp = diag (W3) We := diag (W, € B(U*U),

JGJ’ )JGJ

T := diag( }) € B(U;U?),
jeT

this equation reads as

(Wg + D We)(Th—€) =0
where ¢ is determined by f. We are done after showing that (W + D-We)T €
B(U) is invertible. Namely, then the unique solution = € D(A) is given by

2 =nl, WO)=W, h=(Ws-KWa)T) " (Wg+ DWVe)E.
So, let us show that (Wp + D.We)T € B(U) is invertible. Since U is finite di-

mensional it suffices to show that (Wp + D.W¢)T is injective. Assume there were
h € U\ {0} such that

(W + DWe)Th =0

Then A/ (0) = Wi, j e J, are well-defined and for f = 0 the problem (I -z =
has a solution z = (27);e7 := (hj)jej € D(2) for which we also have

Bz — K€z = (Wg + DWe)Th =0,

i.e. x € D(A) with Az = z, a contradiction to A being dissipative, so 1 & o(A).
This concludes the proof for the case Py = 0.

For the case of general Py # 0, note that Py is a bounded perturbation of
A- PyH, hence, A—PyH generates a Cop-semigroup if and only if A generates a
Cp-semigroup. The proof is then completed by the following small observation. O

Lemma 4.5. The operator A is dissipative on X if and only if the operator A

where the PJ are replaced by constant zero matrices is dissipative and additionally

for all j € J one has
Re( )¢ | gﬂ) ae Ce(0,1),alle €KY, je T,

= 7

de
i.e. the symmetric parts Sym Pg €)= w
for a.e. ¢ €(0,1).

< 0 are negative semi-definite

Proof. Use the same strategy as in the proof of Theorem 2.3 and Lemma 2.4 in
[5] for every j € J. O



20 B. Augner

Having the generation result for static feedback interconnection at hand, we
are able to prove the generation result for dynamic feedback interconnection via a
finite dimensional linear control system as well.

Theorem 4.6. A generates a contractive Cy-semigroup on X if and only zfﬁ 1
dissipative. In that case, A has compact resolvent.

Proof. Clearly, by the Lumer—Phillips Theorem, A is necessarily dissipative if it
generates a strongly continuous contraction semigroup (T(t)),,. Therefore, we
only have to show that this condition is (just as for single port-Hamiltonian systems
with static or dynamic boundary feedback) even sufficient. Let us further note that
we can restrict ourselves to the case H? = I for all j € J, see e.g. Lemma 7.2.3
n [11], and Py = 0, cf. Lemma 4.5. By the Lumer—Phillips Theorem, we have to
show that ran (/\ — ;1\) = X for some A > 0 and that A is densely defined. First,
we show that A is densely defined. Take any (z,2.) € X = X x X, and £ > 0.
Then, the condition

Br = —(Cexe + D.Cx)
is equivalent to the condition
Br+ D.Cx=—Cox.=:weU.

The left-hand side can be written as

Bz + Doz = [T D] { gfi } (Ha)

where we used the notation
Wp = diag;c 7 (W4} € BU x Y;U), We = diag,c s {Wi} € B{U x Y;Y)

and 7(Hz) = (77 (Hjxj))jej € U? = U x Y = Y2, By the definition of a port-
Hamiltonian system, the matrix [%g] is invertible as it is similar to the block-
J

diagonal matrix diag ([g’f]) . Moreover, the matrix [I D.] € B(U x Y;U)
cd/jeg

has full rank, in particular [I D] [%g} is surjective, i.e. there is v € U x Y such

that

[IDC]|:WB:|U

We
One then finds zg € D() such that 7(Hzo) = v, hence, (zg,z.) € D(A\) Since
[cr C2°(0,1; K% ) is dense in X, there is 2 € [[jesC& (0,1;K%) such thAat
lz1—(z—20)||x = |[(zo+a1)—2| x <e,ie wefind that Zo := (zo+a1,2.) € D(A)
with ||[(z,z.) — Ta||g < e, ie. D(A) is dense in X.

It remains to show that ran (/\—E) = X for some A > 0. Here, we take A > 0
large enough such that A € p(A.), i.e. (A — Ac)_l € B(X,) exists. (Note that X,
is finite dimensional, hence, such a choice is always possible.) Take (f, f.) € X.
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We need to find (z,z.) € D(zzl\) such that ()\I - A\)(x,xc) =(f, f.), e (z,x.) €
D) x X, such that (A — )z = f, (A — A )x. — B.€x = f. and
Br = —(Cexe + D.Cx).
Since A € p(A.), this means that in particular . € X, is given by
ze= (A=A (fo + B.Lx)

and the interconnection condition then reads

Bz = —Co(A—A) ' fo— (Ce(A\— A.) "B, + D,)¢x

— Bz :=Br+ (Co(A— A) ' Bo+ D.)Cx = —Ce(A— Ao) ' fo = fo

Just as in the single port-Hamiltonian system case, the boundary operator B, €
B(D(21);U) has a right-inverse B € B(U; D(2()), so we may set

Tnew = T — Bclﬁ
which, therefore, has to be a solution to the problem
(M = W) apew = f — (A — A)Bafo. =: f,
%clxnew - %clx - %CIBCI.}FC = 0.

To show that this problem has a (unique) solution, we show that the operator
Ag = Qlcl‘ker% X is dissipative and, hence, generates a strongly continuous con-

traction semigroup on X, in particular, Tpew = (A= Acl)flf. In fact, for any
z € D(Aq), set z. := (A= A.) "' B.€x € X,. Then

Bz + Coxe + Do€x = Bz + (Co(A— A,) " B. + D.) €& = Bz = 0

so that (z,2.) € D(A) and, hence,
Re (Aaz | z)
—Re (A | z), = Re (E(x,xc) | (x,xc)))? ~Re (Acre + BoCa | z)
< —Re (Acx. + B.Cx | xc)XC
= —Re (Ac(A = 4) ' Be€r + (A= A)(A - A) T Be€a | (A - A) 7' Bot) N
= =A|(A = 40) T Beez3 <. |

This shows that A is dissipative and by Proposition 4.4 above A. generates a
strongly continuous contraction semigroup on X, in particular (0,00) C p(Ad)

and, hence, Tpew = ()\ — Acl)_lf Putting everything together, we obtain the
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b
Ye L2 w,

FIGURE 1. A system of port-Hamiltonian type & coupled with a
finite-dimensional controller X and external input u and output

~

Y.

desired (z,z.) € D(A) by solving the problem (A — A)(z,z.) = (f, f.) as
& = Tnew + Bafe = (A — Acl)_1f+ Baf.
= (A= 4a)"(f = (A=W Baf.) + Bafe,
ze = (A= A.) " (f. + B.Cx)
— (A=A (fo+ BoE((A— Aa)”

1(f - (>‘ - QI)BclJcC) + BclfC))-

The operator A — /T, therefore, is surjective and the Lumer—Phillips Theorem
provides the characterisation of the generator property. The compactness of the
resolvent follows for generators A since D(A\ ) € D) x X, where D(2) =
11 jeg D(2;) is relatively compact as a product of relatively compact (in X;) spaces
D(2;) (by the Rellich-Kondrachov theorem, see e.g. Theorem 8.9 in [16]; all spaces
shall be equipped with their respective graph norms), and X, is finite dimensional,
so compactly embedded into itself. a

Similar to the case of Dirac structures, where an interconnection of Dirac
structures is a Dirac structure again, the interconnection of port-Hamiltonian sys-
tems in boundary control and observation form defines a boundary control and
observation system.

Definition 4.7. For a system as above consisting of a family of port-Hamiltonian
systems &7 and finite dimensional control system X1, we may also introduce ex-
ternal inputs and outputs by setting

~

U=BF=Bz+Cua.+DLrcl, §=Ci=CxcY, (z,2.)cD®)xX,,

see Fig. 1. Moreover, we define the triple G = (ﬁ,%,@) with
P~ A 0
WA(x,x.) = [ B.¢ A, } (z,2¢),

A
D(A) = D(A) x X,.
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In the following, we call S an (open-loop) hybrid port-Hamiltonian system. Note
that A = Ql|ker%. More generally, we also call & = (Ql, B, 6) an (open-loop) hybrid
port-Hamiltonian system, if

(? )a;ﬁ( Bt Cere + D ) 7 e DA)
¢ Cx

for some invertible matrix We B(U xY).

These input and output maps B and € may then be used to interconnect
several of such hybrid PDE-ODE systems & with each other. As each of such
systems consists of infinite-dimensional port-Hamiltonian systems on an interval
and finite dimensional control systems, the interconnection of such hybrid systems
then again generates a contractive Cp-semigroup if and only if the interconnection
makes the total system dissipative. Therefore, with respect to well-posedness such
a point of view does not give more information than just considering the system
of these hybrid PH systems as one large hybrid PH system. In the next section,
however, we exploit structural conditions on the arrangement of such a system to
deduce better stability results, i.e. stability under less restrictive conditions.

Remark 4.8. If one chooses W = I in the above definition of an open-loop
hybrid PH-ODE system, and additionally all port-Hamiltonian systems &7 =
(Qlj ,BI @I ) and the linear controller ¥ = (A, B., C¢, D..) are impedance passive,
then the triple & = (ﬁ, ‘%, E) is impedance passive as well, since for all Z € D(é\l)
one has

Re (5[:? ’ Zr\))? = Re (Qlac ! :c)X + Re (Acil‘c + B.Cx ‘ IC)XC
< Re (%x | @x)U + Re (Ccﬂcc + D.Cx } Q:r) u.

= Re ((B+D.0)r + Cea. | €2),, = Re (B2 | &2) .

5. Stability Properties of Hybrid Multi-PHS-control
systems

Let us take the operator A from the previous section, i.e.
AZ = Az, Acx. + B.Cx) = ((Q(Jx])jej, (Al + B({Qix)jejc),
D(A) = {7 = (z,2.) € D(A) x X.: Bz = —(Cotre + DCx)},

in particular, we assume U, = Y., = U =Y and E. = I, E = [. Stability, as
for single port-Hamiltonian operators, is much more involved than the generation
property.
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Proposition 5.1. Let A be as in Theorem 4.6 with port-Hamiltonian order N7 =1
for all j € J and assume that the Hamiltonian density matriz functions H7 :
[0,1] — K¥*¥ qare Lipschitz continuous for all j € J. If

~—

Re (ﬁa | 5)}? < - |ad) o)), e DA
j=1

and op(A.) C Cy, then the Co-semigroup (f(t))t>0 generated by A is uniformly
exponentially stable. B

Proof. This result already follows from Corollary 3.10 in [5]. d

Note that the condition imposed in Proposition 5.1 on the interconnection
is by far too restrictive for complex systems consisting of several subsystems of
infinite-dimensional port-Hamiltonian type and finite-dimensional control systems:
All port-Hamiltonian subsystems have to be interconnected in a way that they
dissipate energy at the boundary, and all control systems have to be internally
stable. The result does in no way require any special structure for the interconnec-
tion of the port-Hamiltonian systems, whereas for systems which interconnection
structure forms a special class of graphs much less restrictive condition on the
dissipative terms can be expected.

In the following, we restrict ourselves to impedance passive port-Hamiltonian
systems and strictly input passive control systems as follows.

Assumption 5.2. We assume that the following hold:
1. 6 = (AU,B, ) is impedance passive, i.e.

Re (Az ’ :L‘)X <Re (Bz ’ €x)U - ||ER:L“||ZZ, x € D)

for some linear operator R : D(R) = D(A) C X — Z and some Hilbert
space Z,

2. ¥. = (4., B.,C., D,.) is strictly input passive, more precisely, there is an
orthogonal projection 11 : U, — U, such that

kerII = ker D, C ker B,
and for some k > 0, and all x. € X., u. € U,

Re (ACCEC + Beue ‘ xc)

x, <Re (Cetre + Deue | UC)UC - K |Huc\2Uc ,

3. 0p(Ae) C Cp, e (ee),
dimensional space X, and

4. there are linear operators R : D(SRY) = D(U?) C X7 — Z7 (for some Hilbert
spaces Z9), j € J, such that

is uniformly exponentially stable on the finite

IRl + [Healy, + [Baly > 7 [, , @ e D).
JjeET
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Remark 5.3. Note that, as a consequence of Assumption 5.2,
Re (47| 55))? < —||Rz|? — k|lez>, 7 e D(A).
Moreover, ker D, C ker C';.

Proof. The first assertion directly follows from impedance passivity and standard
feedback interconnection. Let us show that ker D, C ker C}. Take u, € ker D, C
ker B.. Then, from the impedance passivity of X., we have for all x, € X, that

Re (AcxC | xc)

X. (Acxc + Beue ! IC)XC

< Re (C’Cxc + D.u. | UC)U = Re (xc ‘ C’:uc)U .
Since this inequality holds for all z, € X, we deduce that C}u, € X} = {0}. O

To relate stability properties of the interconnected system, that is, the Cy-

semigroup (T\(t)) with structural and damping properties of the involved port-

>0
Hamiltonian subsystems, let us introduce the following notions: properties ASP
and AIEP (which have already been used in the research article [5]), as well as
property AIEPg (which is a slight modification of property AIEP).

Definition 5.4. Let B : D(B) C Hy — H; be a closed linear operator and
R € B(D(B); Hs), S € B(D(B); H3) for Hilbert spaces Hy, Ho and Hs, and where
D(B) is equipped with its graph norm. We then say that the pair (B, R) has property

1. ASP, if ker(i8 — B) Nker R = {0} for all B € R, i.e.
iBx =Bz and Rt =0 = x=0.
2. AIEP, if for all sequences (Tn, fn)n>1 € D(B) x R with sup,,>; ||z.] < oo
and |Br| — oo,
iBpxy — Bx, — 0 and Rx, -0 = x, — 0 in Hy.

3. AIEPg, if for all sequences (Tn, Bn)n>1 € D(B) x R with sup,,>; [|7,| < oo
and |Br| — oo,

i8,z, — Bx, — 0 and Rx, =0 — x, — 0 in Hy and Sxz,, — 0 in Hs.

With these abstract notions at hand, we can formulate the following stability
results.

Theorem 5.5 (Stability properties). Assume that A satisfies Assumption 5.2.

1. Ianll pairs (A9, R7), jAE J, have property ASP, then the Cy-semigroup
(T(t))t>0 generated by A is (asymptotically) strongly stable.

2. If (f(t))po is asymptotically stable and all pairs (A7,9%7) have property

AIEP, then (T(1))

>0 18 uniformly exponentially stable.
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3. If all pairs (A7, 937) have property AIEP ;.5 , then the pair

([Bgclﬁ XJ ,Bx + D.Cx + C’casc)

has property AIEP o3 as well, where T(Hz) = (Tj (Hjmj))jGJ)‘

Proof. 1. We show strong stability by demonstrating that o, (A\ ) C Cq , which by
the Arendt—Batty—Lyubich—Vu Theorem is enough for strong stability as A has
compact resolvent. Clearly, since Ais dissipative, we have U(A\ ) - E, i.e. we only
need to check that no i € iR is an eigenvalue of A. Thus, let # = (z,z,) € D(g)
be such that A7 = iBZ for some 8 € R. Then, in particular

( Acxﬁchc:x ) = ( 11/365 ) — ( " ;Cw)f ) - < (1/37,43‘136@ )

(note that iR C p(A.) by Assumption 5.2). Since # € D(A ), we then have
Bz = —(Cowe + Do) = —[Co(iB — A.) ' B, + D] €z
and from impedance passivity of & and X, we obtain
0=Re (ifz | z) , =Re (Az | z)
< Re (Bz | ), = —Re ((Ce(i8 —A.) "' Bo+ D)ex | €a)

< —Re (4.(i8-A.) ' B.a+ B.€x | (18— A.) ' B€x) - |leaf

c

= —Re (i8(i8 - 4.) ' Boex | (18 - A.) ' B€a) - [HEaf

c

= —k[llez)* < 0.

This chain of inequalities shows that II€x = 0, hence, B.€x = 0 due to ker D. C
ker B., and then z, = (iﬁ — Ac)icheﬁx = 0 so that

Br = —[C.(i8 — A.) ' B. + D¢z = 0.
Moreover,
0=Re (i3 |7) ¢ = Re (2[@ | ?))? < —||Rz||? -« [Iez|? < 0,

so that SRz = 0, Bz = 0 and II¢z = 0, in particular R/ = 0 for all j € J, and
by property ASP of the pairs (47, %7) this implies that 7 = 0 for all j € J, but
then €x = 0 as well as z, = 0, i.e. = 0 and o, (g) NiR = (. Strong stability
follows.

2. For uniform exponential stability, we use the Gearhart—Priiss—Huang The-

(iB — ;1\)71 HB(}?) < 00. By Remark 2.6, this prop-

erty is equivalent to showing that for every sequence (Z,, fn)n>1 € D (21\ ) x R with

orem, i.e. we show that supgeg
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SUp,en |1Znll g < 0o and |B,| — oo and A%, —iB,Z,, we have Z, — 0 in X. In
view of the third assertion, we even show a little bit more, namely

(fn)nzl C D) x X, SUPpeN HinH)? < oo

(Bu)n>1 SR, |By]| — 0 R

(iBn — W)z, -0 in X = Z, >0 inX. (%
(iBn — Ac)xen — Be€xp — 0 in X,

Bz, + Cexcp + D2y — 0 in ran [C’C Dc] cU

Let (T, Bn)n>1 be a sequence as on the left-hand side. Using Assumption 5.2, we
obtain that

0« Re (A —iBn)zy } xn)X =Re (Az, | xn)X < Re (B, | (’:xn)U - ||9%wn||2z,
0« Re ((Aec —iBn)en + By ’ xc’”)xc

< Re (Cca;cyn + D.Cx,, | Qﬁﬂcn) - K \H€x7l|2
and adding up these two inequalities we derive

liminf Re ((B + D€y + Ceven | Cn) — [R5 — €z, [* > 0.

Now, since ker D, C ker B, Nker C¥, and (8 + D .€)z,, + Ccx., by choice of the
sequence, cf. (), lies in ran [C’C Dc], this inequality is equivalent to the statement

liminf Re (B + De€)zy, + Corey | M€2,) — |[Ran || — 5 [ICz,|* > 0.

n—o00

Namely, for every C.n, D.u one has
(Cen | (I =€) = (n | C;(I — M)€z) =0,
(Depr | (I =1)€z) = (I = I)Dep | €2) =0

as (I —II) projects onto ker D,. Since (B + D.€)z,, + Cee,n, — 0 by (%), we then
deduce that II€x,, — 0 and Rx,, — 0: Assume limsup,,_, ., [[I€z,| > 0. Dividing
by |II€x,| for a suitable subsequence then gives

2
lminf — 1 2elz e 150
n—oo ||z, || -

and limsup,,_, . |II€z,| = 0, a contradiction. Hence, lim,,_,~ |€x,| = 0 and then
. 2
lgglgf - menHZ =0

gives lim,, o Rz, = 0 as well. Since ker IT C ker B.Nker D,, this also implies that

B.Cx,,D.Cx,, -0 in Y.
Therefore,
Tem = (1Bn — Ac)il [BCQ::E” — (BeCxy + Ao — lﬂniﬂcn)} — 0 in X,
(iB—A4.)7" s, < o0 and both BoCr, and BoCay+Agten—
Xe
iBrnc,n tend to zero. As a consequence, also

Bx, = (Bxy, + D€xy + Ceep) — D€y — Coke, — 0 in U

using that supgeg
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as all three summands converge to zero. Then

3 Hmﬂ'szH; < B, 2 + Tz, |2 + |Ran]% — 0 = Wal 0, je J.
j€T
Now, for every j € J, we have (%7 —i8,)x, — 0 and Rl — 0, so that by
property AIEP we obtain x/, — 0 in X7 for all j € J, i.e. 7, — 0 in X as well,
ie. T, —»0in X.
Next, let us show the assertion on uniform exponential stability. By the
Gearhart—Priiss-Huang Theorem, we need to show that

@)1 € D(A), suppen [l < o0 .
(/B/’IL)HZI CR, ‘5n| —>EO = 7, — 0in X.
(A=iBp)z, — 0in X

So let (T, Bn)n>1 C D(ﬁ) x R be such a sequence. Then, by dissipativity of A
we have

0 Re ((A=iBa)@n | 30) = Re (A3, | F0) < = |9en |} - xlHe2,[} <0

and, therefore, Rz,, — 0 and II¢z,, — 0. Moreover, (B + D.€)x, + Cexepn = 0 by
definition of D(A) and ( 1Bn)wn — 0 means that in particular

(A —ifn)zn, =0, (Ac—1iBp)zen + B2y — 0.

By property (*), this means that Z,, — 0 in X and uniform exponential stability
follows.

3. If for all j € J, we even have property AIEP .3, then for the sequence
(T, Bn)n>1 as in () of the previous case we do not only have xJ, — 0, but also
I (HIxl) — 0 for all j € 7, so that the last assertion follows as well. d

6. Networks of Hybrid PH-ODE Systems

Next, we want to exploit possible structural conditions on the hybrid intercon-
nected port-Hamiltonian-control system to have uniform exponential stability un-
der more restrictive structural assumptions, but weaker assumptions on the dis-
sipativity of the subsystems. Instead of viewing the system as a family of port-
Hamiltonian systems &7 which are coupled via boundary feedback and control
with a finite-dimensional control system, we cluster the port-Hamiltonian systems
and parts of the finite-dimensional control system into hybrid PH-ODE systems
& (jeJg ) as in Definition 4.7 and assume that the resulting evolutionary sys-
tem can be written in an equivalent serially connected (or, maybe more precisely,
rooted graph) form

dt = UG = W7,
V=Y, KT, jeJ
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FIGURE 2. Example of a rooted graph.

where D(ﬁj) = D(@) = D(‘%j) = D(ﬁlj) and

B :D(%j) CX U, @ :D(@) CX Y
and where the Hilbert spaces U7 and V7 may be distinct, but UixYi=UxY.
Moreover, for this interconnection to be serial (or, in rooted graph form) we demand
the following.
Assumption 6.1. Assume that K = (K)
ie. K =0 fori je J with i < j.

ije7 18 strictly lower-block triangular,

Under this assumption one can hope for better (i.e. less restrictive) conditions
for asymptotic or uniform exponential stability, similar to the interconnection of
a PHS with a finite dimensional control system.

Assumption 6.2. There are linear maps R D(E)A%j) = D(ﬁj) — ZI (jeJ)
such that

, TeD(A).

2
Zi

Re (25 | zf))? <-3 Hs)?v'ff]
jied

Under these two assumptions we can formulate the following

Theorem 6.3 (Asymptotic stability). Let Assumptions 6.1 and 6.2 hold true.
Assume that o(A;) C Cq, i.e. (etA“)t>0 is an exponentially stable semigroup on

X., and that for all j € J the pairs (ﬁj, (%j,i?ij)) have property ASP, i.e.
# e D(¥)
BeR
Wl =ip 7!
(BIzd, RIT7) =0

Then A generates an (asymptotically) strongly stable Co-semigroup (T'(t))i>0 on X.
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Proof. We use the Arendt—Batty—Lyubich-Vi Theorem again. Since A generates
a contractive Cp-semigroup and has compact resolvent by Theorem 4.6, we need
to show that ap(//l\) NiR = 0. Let T € D(A\) such that AZ = i3 7 for some 3 € R.
Then, in particular

0=Re (187 | )¢ = Re (47 |3) < - ) |[W|
€T

<0

2
Zi

and, therefore, RizI = 0 for all je J. Moreover, by definition of A and Assump-
tion 6.1, we have

j—1
P37 = SO RIE, je .
=1

Hence, whenever we know that 2¢ = 0 for all 4 < j, then (E)A‘{J 27, Bigi ) =0 and
since also AW7I = i3 27, property ASP implies that then #7 = 0 as well. Since this
is certainly true for j = 1, it follows iteratively that 779 = 0 for all j € J,ie.z=0
and, therefore, o, (A\ ) NiR = (. The Arendt-Batty—Lyubich—Vu Theorem gives us

strong stability of the semigroup (f(t)) 50" O

Similarly, for uniform exponential stability the following result relies on prop-
erty AIEP..

Theorem 6.4 (Uniform exponential stability). Assume that Assumption 6.1
and 6.2 hold true. Further assume that A generates an (asymptotically) strongly
i>0 on X, and that for all j € J the pairs

(Qlj, (%j,iﬁj)) have property AIEPG;, i.e.

SUPpeN ||/‘T\‘ZLH§J <00 ~j 0 . )/(t]

x m R
(Bn)nz1 € R — g (ATEPg, )
|Bn| — 00 T =0 in Y. '
(W —iB,)Tn — 0
(BIzd, RIT) — 0

stable contraction semigroup (f(t))

Then the Cy-semigroup (f(t)) s uniformly exponentially stable.

t>0

Remark 6.5. The assumption that in (AIEPg;) one has ¢ ) — 0 in Y4 could
be weakened to IV€%J — 0 in Y7 where I/ : Y9 — Y7 is the orthogonal pro-
jection onto (), ; ker Kii )J', however, in concrete examples this does not make
any difference. If necessary, one could extend the system by an artificial additional
hybrid system & to ensure the structure of Theorem 6.4.

Proof of Theorem 6.4. Since A generates an asymptotically stable semigroup and
has compact resolvent, J(A) =0y (A) C C, and we thus only have to prove that
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SUPgeRr ‘ (i — A H < 00. Therefore, take any sequence (T, By )n>1 C D(A) xR

such that sup,cy [|Zn|| ¢ < 00, |8n| — oo and (i8, — A)mn — 0 in X. Then, by
Assumption 6.2 we obtain

0 Re ((A=1B,)3, [2) = Re (A2, |3,) <= ||

ieJ

and, therefore, RIFT — 0 for all jE J. Moreover, by Assumption 6.1, we have
j—1
B3 =3 RIEH, jed
i=1
and property AIEPG; now implies that 2, — 0 and ¢ 7, — 0 whenever @Ai -0
foralli < j. Again, thls is true for j = 1 and by 1nduct10n it follows that 27 — 0 and
(% #) — Oforallj € J.In particular, Z,, — 0in X and, therefore, by the Gearhart—
Priiss-Huang Theorem the semigroup (T(t)) is uniformly exponentially stable.
O

>0

7. Applications

We now discuss the properties ASP and AIEPG; for some particular classes of PDE
which are of port-Hamiltonian type. We aim to give several types of interconnection
structures, thus motivating the abstract results of the previous sections. We begin
with

Proposition 7.1. Assume that N; =1 for all J = T (i.e. every hybrid PH-ODE
systems consists of exactly one port-Hamiltonian system &7 and a controller ¥3),
all Hamiltonian matriz density functions H? (j € J) are Lipschitz continuous on
[0,1], 0,(AL) CCy for all j € J, there are R : D(W) — ZI such that

Re (Aac ! x) Z ‘iﬁjxﬂ‘

and
|(7-Ux7 | |9Q]AJ|+|%JIJ| e D), jeJ.
Then the Cy-semigroup generated by A is uniformly exponentially stable.

Proof. This proposition follows from the Theorems 6.3 and 6.4 above, and with the
following lemma on port-Hamiltonian systems of order N = 1 and Theorem 5.5
(the latter traducing properties ASP and AIEP, . from the systems &7 (j € J)
to A (j € J)). O

Lemma 7.2. Let & = (2,B,¢&) be a port-Hamiltonian system of order N = 1
and H : [0,1] — K be Lipschitz continuous. Then the following assertions hold
true:
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(Twe)(t, ¢ +) = (Twe))(t, 7 =) = —hw(t, ¢7)
string string string string J string
g I pwi = (Twe)¢
damping transmission conditions b.c.
(Twe)(t, Go) = —rowe(t,0) wi(¢/=) = wi(¢I+) (Twe)(t,¢™) =

FI1GURE 3. A Chain of Serially Interconnected Strings.

1. If x € D) with Az = 1Bz for some B € R, and additionally (Hx)(0) = 0,
then x = 0.

2. If (xn, Bn)n>1 € D(A) X R with sup, ey [|zn|x < 00, |Bn| = 00 and (A —
iBn)zn — 0in X, (Hx,)(0) = 0 in K%, then 2, — 0 in X and (Hz,)(1) — 0
in K<

Proof. 1. See the proof of Proposition 2.11 in [5].
2. For the property that 2, — 0 in X, see the proof of Proposition 2.12 in [5].
Repeating the proof presented there for ¢ = 1 shows that that

g ol + 51 @alO) | HQOra0) g 0

and since z,, — 0in X, (Hz,)(0) = H(0)z,(0) — 0 and H(1) is symmetric positive
definite, this implies that (Hxz,)(1) — 0 as well. O

Example 7.3 (Serially Connected Strings). As an example where the struc-
ture of the interconnection can be employed to ensure uniform exponential stabil-
ity, consider the following chain of serially connected strings, see Fig. 3, which are
modelled by the inhomogeneous one-dimensional wave equation:

p(Qwit(t,€) = (T(QOwe)c(t,¢) =0, (e ("1 ¢), t>0, j=1,....m
where 0 =: (" < (! <+ < (™:=Land 0 < e < pl := p’(cj—l,iﬂ')’T

T|ci-1,ci) € Lip(¢?~1,¢7;R). The chain of strings is damped at the left end, free
at the right end, and interconnected in a dissipative or conservative way:

(Twe) (t,¢o) = —/iowt(t, C), t>0 (for some k° > 0),
(Twe) (£,¢™) = t>0,
we(t, ¢ — ):wt(t F4), t>0,5=1,....,m—1,
(Twe) (t,¢7 =) = (Twe) (¢, ¢ +) = —wIwi(t, (),
t>0,j=1,...,m—1 (for some &/ > 0). (1)

We show that this example can be written as a network of port-Hamiltonian
systems of order N = 1, and the theory developed in this section can be applied
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to deduce stability properties for this system. Using a scaling argument we may
and reduce the general case to the special case (7 = j. We may then identify

@l (t,¢) = (p(F+CQ)we(t, j+C), —we(t, j+¢)) and H () = diag (1/p(j+¢), T(j+¢))

and obtain for P} = [?})],Pg =0 € K2%2, j = 2,...,m, the first order port-
Hamiltonian systems

Wai = [Pa% " Po} (i) (©),
2l € D(W) = {27 € L*(0,1;K?) : (HI2?) € H*(0,1;K?)}

with boundary input and output maps
( (Ha23)(1)
D(®’) = D(T) =D), jeJ\{m}

and
—(HT25)(0 HT2T) (0
%mxm_< (rjnf)()>’ mem_< ( ’ 7171)()>’
(H2 T3 )(1) (H1 1 )(1)
D(B™) = D(€™) = D(E™).
For this choice of the boundary input and output maps, the port-Hamiltonian
systems &7 = (7,%B7, ¢7) become impedance passive with energy state spaces

X7 = (L2(0,1;K?),||l,;;) and input and output spaces U/ = Y7 = K2. This
property corresponds to the formal power balance equation

G = o5 [ ALt OF + 76O et O dc

dt
—Re [(w(t,0) | T(Qwe(t:0)y ]!

for the wave equation p({)wy(t,¢) = (T'(-)we)¢ (¢, ). The interconnection structure
(1) can then be written in the boundary feedback form

~k 0 0O 0 0 0 0 0 0
o 0 1 0 0 0 0 0 0
0 -1 =k, 0 0 0 0 0 0
o 0 0 0 1 0 0 0 0
Br=| 0 0 0 1 =r 0 0 0 0¢= Kez
0o 0 0 0 - 0 0
o 0 0 0 0 0 0 1 0
0 0 0 0 0 0 -1 —kn O
L o 0o 0o 0o 0 0 0 0 O]
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Clearly, the symmetric part of K,

~k 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0

0 0 -k, 0 0 0 0 0 0

o 0 0 0 0 0 0 0 0

SymK—=| 0 0 0 0 =k 0 0 0 0
0 0 0 0 .00

o 0 0 0 0 0 0 0 0

00 0 0 0 0 0 —Kpa O

. 0o 0 0 0 0 0 0 0 0]

is negative semi-definite, thus the operator

Az = (Qijxj)jej, D(A) = {.I' e D) = H D) : Br = K@c}

jeTJ
is dissipative on the product Hilbert space X = [] jeg X7 and thus generates a
>0 01 X by Theorem 4.6 (or, by Theorem 4.1 in

[14]). We employ Theorem 6.3 and Theorem 6.4 to deduce uniform exponential
stability, as long as the parameter functions p/ and T are Lipschitz continuous on
(Cj*17 Cj), j=1,...,m. For this end, we reformulate the boundary conditions in
a form more suitable for the setting of these theorems, and set

%1 ((7—[2x2)( )+ (H1x1)( )) €K,
= ((H121)(0), (H'2") (1)) € K2,
Bzl = (HI27)(0) € K?,
¢l = (Hi27)(1) € K2, j=2,...,m—1,
B = ((H™2™)(0), (H3'23') (1)) € K2,
™ = (H'z1") (0) € K.

contractive Cp-semigroup (T(t))

(In this situation, we simply have X. = {0}.) Then, the boundary conditions can
be rewritten in the form
j—1
Byl = ZKijQZiwi, je J= {1,...,m}
i=1
for appropriate matrices K%, ,j € J, and such that K = (Kij)i,jej is strictly
lower-block triangular.

Corollary 7.4. In the situation of Evample 7.3, assume that p?, T7 : (¢771, (7)) —
(0,00) are Lipschitz continuous for each string j € J of the serially connected
chain, and assume that kK° > 0 whereas K/ > 0 for j € J. Then the problem is
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well-posed, i.e. for every initial datum
(W(Oa ')7wt(0a )) = (wovwl) € H Hl(Cjilvgj) X H LQ(CjilaCj)
jeTJ JjeT
there is a unique strong solution w: R — []; HY(I7Y,¢7) such that
WGC(R+;HH1(Cj717<j))7 wt€C<R+;HL2(Cj717Cj)>
JjET jeTJ

with non-increasing energy
Hyv(t Z/ pylen? + Ty 2 ¢

and there are constants M > 1 and n < 0 such that
Hwg(t) < Me" Hwg(0), t>0
holds uniformly for all initial data. Moreover, if additionally
(Two)e,wn) € [T HYE¢) < [T HNEE)
JjeET JET

and satisfy the compatibility conditions for (1), i.e.

(T(wo)¢) (Co) = =k w1(€0)
(T(wg")e) (€M) =
wi(¢7=) = wi (¢ )
( ( ) )(CJ_) - ( ( 0)() (<]+) = _ijl(cj)v .7 = 17‘ e, — ]-7
the solution is classical, i.e.
wet (R+; 11 = (gj—l,gf)), wi € C<R+; 11 Hl(gj—l,gj)>,
JjET JjeT
Tw< € C<R+; H H' (Cj_lv Cj))
JjeET
Proof. By the port-Hamiltonian formulation, we can see that the impedance pas-

sivity of the systems &7 = (27,97, ¢7) and the structure of the interconnection
by the static feedback matrix K imply that

Z“J 1‘ Hzfz )‘
:—;|<H1mi><o>\2
0

—% min{ro, xy '} |(H2)(O), = € D(A).

Re (Az | x)X < —an_l ‘SB{@J

IN

—ko |(H2$2)( )|2

IN
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This already implies well-posedness. Moreover, for each j > 2 we have
32| < |(Ha?)(0)]

Since all the pairs (20, (H727)(0)) have property ASP by Lemma 7.2, as long
as the parameter functions p/, T are Lipschitz continuous, it follows asymptotic
stability from Theorem 6.3, and then, since by Lemma 7.2 the pairs (Q[j, (H7 xj)(O))
also have property AIEP, ;.35 as well, uniform exponential stability follows by
Theorem 6.4. a

Remark 7.5. It would be nice if one could apply Theorems 6.3 and 6.4 to the
case of a chain of Euler-Bernoulli beam models, cf. [7], as well. Unfortunately, as
it turns out a dissipativity condition like

Re (Ex | x)X <-x (|(m)(0)|2 + |(7—Lx)’(0)|2> ., ze D) 2)

is not sufficient for uniform exponential stability of (closed-loop) port-Hamiltonian
systems of order N = 2, and also for the special case of an Euler—Bernoulli beam
such a property is not known. In particular, though clearly (2, ((Hz)(0), (Hz)'(0)))
has property ASP for port-Hamiltonian operators of order N = 2 with Lipschitz-
continuous H : [0,1] — K9 it is not known whether there are classes, e.g.
FEuler-Bernoulli beam type systems, for which properties AIEP and AIEP, hold
for the pair (2, ((Hz)(0), (Hz)'(0))). Even more, dissipation of the form (2) is
not what can be ensured by the most usual damping conditions for the FEuler—
Bernoulli beam, namely only dissipation in three of the four components (or,
the component being zero by the boundary conditions imposed on the system)
of ((Hz)(0), (Hz)'(0)) for the Euler-Bernoulli beam (where d = 2) is a realistic
assumption. However, it is already known for 30 years [7], that serially intercon-
nected, homogeneous (i.e. constant parameters along each beam) Euler-Bernoulli
beams can be uniformly exponentially stabilised at one end by suitable (realistic)
boundary conditions, if one additionally assumes that the parameters are ordered
in a monotone way. The same result for inhomogeneous beams, where the param-
eter functions on each beam are allowed to have Lipschitz continuous dependence
on the spatial parameter (, but still satisfy monotonicity conditions at the joints
¢/, will be shown in a forthcoming paper [4].

Example 7.6 (The Euler—Bernoulli Beam). The Euler-Bernoulli beam equa-

tion
2

p(C)wtt(ta C) + %Cg (EI(C)WCC(LL’ C)) , t20, C € (aa b)

can be written in port-Hamiltonian form for N = 2 and the identification

_{ p(Quwi(t,¢) _[ e 0
I(t’O_< wee(t,€) ) H(O_{
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Choosing P, = [(1) _01] , Pl = Py =0 € K®*2, we arrive at the first order in time,
second order in space evolution equation

2 a(t,0) = %alt,0) 1= P | (H(Qu(1,0), 120, CE (a,h)

342 a¢
After appropriate scaling, w.l.o.g. we may and will assume that ¢ = 0 and

b = 1 in the following. There are several possible choices for conservative boundary
conditions (e.g. at the right end), such as

1. w(t, 1) = (Blwee)(t, 1) (simply supported or pinned right end),
wee(t, 1) = (Elwee)e(t, 1) = 0 (free right end),

we(t, 1) = (Elwee)e(t,0) = 0 (shear hinge right end),

wi(t,1) = we(t, 1) (clamped left end),
Wt(t 1) = (Equc)( 1) =0,

6. wtg(t, 1) = (EIWCC) (t,1) = 0.
Here, the first and third case are just special cases of the fifth (there, w(t,1) = ¢ €
K) and sixth case (there, w(t,1) = ¢ € K), so the most important conservative
boundary conditions in energy state space formulation read as

P‘FP’!\”

(Hm ™) (1 ):0

2. (Hy'ag)(1) ( 23)'(1) =0,
3, (Hm m)

4. (HpPap)(1) (’Hm ™) (1) =o.

At the other end we want to impose dissipative boundary conditions to obtain
uniform exponential energy decay for the solution of the Euler—Bernoulli beam
model closed in this linear way, the most popular being (cf. [7])

( (Elwee)(0) ) _ K, < wi¢(t, €) ) @)
—(Elwee)c(0) we(t, ¢)

for some matrix Ky € K2*? such that
K

0 0
For the first of these options, conservative boundary conditions at the right end
of type clamped end or shear hinge right end ensure well-posedness and uniform
exponential energy, whereas in the second case any of the conservative boundary
conditions listed above, i.e. also free right end or pinned right end boundary con-
ditions are allowed, lead to well-posedness with uniform exponential decay of the
energy functional.

either Ky = { } for some k3' > 0, or Sym (Ko) > 0 is positive definite.
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Lemma 7.7. For the FEuler-Bernoulli beam of Fxample 7.6 assume that p, EI :
[0,1] — R are uniformly positive and Lipschitz continuous. Then, for 2 and the
following choices of R : D(R) = D() — K%, the pair (A,R) has property ASP:

(H121)(0) (H121)(0)
gy~ | Fhaz)'0) 1 (Haz)'(0)
(H272)(0) (Ha22)"(0)
(Haw2)'(1) (Haw2)(1)
(H121)(0) (Hi21)'(0)
or | (laz2)(0) 1 (Ha22)(0)
(Haw2)"(0) (Haw2)'(0)
(Hi21)'(1) (Hiz1)(1)

Moreover, for the following choices of 3’ : D(R') = D() — K°, the pair (A, R')
has property ATEP ..

( (0)
Rz = (Hz)(1)
(Hjnxjo) (CO)

In particular, for the following choices of R', the pair (2, R’) has both properties
ASP and AIEP, :

) for some jo € {1,2},¢o € {0,1}

Rz =

or

Rz =

, or

(Hz)(0)
R = (Hx)(}) for some jo € {1,2}, (o € {0,1}.
(Hjoxjo) (CO)

Proof. Partly, this is part of Proposition 2.9 in [5]. For the full proof of proper-
ties ASP and AIEP considered here, except for the latter case, and even in the
more general setting of a chain of Euler-Bernoulli beams, see the upcoming article
[4]. In these cases it remains to prove property AIEP.. This follows from prop-
erty AIEP and Lemma 9.2 in the appendix. Let us prove the statement for the
choice Rz = ((Hx)(0), (Hz)(1), (H121)'(0)), then it is clear how the remaining
other choices for the fifth component can be handled. First of all, the pair (2, 9R’)
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has property ASP which can be seen by using e.g. [2, Lemma 4.2.9] and in fact
is a special case of [2, Corollary 4.2.10]. Then, by [2, (4.28) on p. 108] in the
proof of [2, Proposition 4.3.19], for every sequence (zy, By )n>1 € D(2) x R with
SUP,en |Zn]|x < 00 and |B,] — oo such that Az, —i8,z, — 0 in X, and for every
q € C%(]0,1]; R) one has the equality

Re (zn ’ (2¢'H — qH/)xn)L2
= [ 2Re (#2202 (©) | 4200201 (©))_ ~ (#0(0) | (@H)(Q)2n(Q))
— Re ((Hzfrn,Q)/(C) | %(Hlxn,l)(o)

+ Re ((Hzmn,Q)l(C) | iq/;’(f) (Hl‘r"’l)(o)ﬂ(]o +oll)

K

where o(1) denotes terms that vanish as n — oco. Also % — 0 in C1(]0,1]; K2)

has been shown there. Therefore, if we additionally assume that R'z,, — 0 and
take ¢ € C?([0,1]; R) such that

2¢H —qH >¢el, ae. (€(0,1),

which is possible by the coercivity of H and the uniform boundedness of H’, we
obtain that

€ ”aniz < (-Tn ‘ (2(],7‘[ - q,H)xn)Lz = 0(1)

and thus x,, — 0in X. This shows property AIEP. By Lemma 9.2 in the Appendix,
it follows that 7(Hz,) — 0 as well, so that (2(,R’) has properties ASP and AIEP.,.
O

Example 7.8. Consider the system of Fig. 4 consisting of a string which is damped
at the left end, and is interconnected at the right end with an Euler-Bernoulli
beam. We denote by w(t, () and w(t, () the transversal position of the string and
the Euler-Bernoulli beam at time time ¢ > 0 and position ¢ € (0, 1), respectively.
(Here, w.l.o.g. we may and assume that both the string and the beam have unit
length.) Moreover, we denote by p(¢) and p(¢) the mass density times transversal
area at position ¢ € (0, 1) for the string and the Euler-Bernoulli beam, respectively,
by T'(¢) Young’s modulus of the string and by EI (¢) the elasticity times moment
of inertia per area element of the Euler—Bernoulli beam. We assume that p, p, T EI
are all Lipschitz-continuous and uniformly positive on [0, 1]. Then the dynamics of
the system are described by the evolution equations for the string and the beam,

p(Quwit(t,€) = +(Twe)c(t,C),
PO (t, €) = —(Elac)c(t€), t20,¢€(0,1),
the damping by feedback boundary condition for the string at the left end
(Twe)(t,0) = —Kwe(t,0), t>0
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transmission conditions

dan;pcr string Euler-Bernoulli beam
pwie = (Twe)¢ P = (Eldc)e
(TUJ§)(t7 0) = Hwt(t70) (:Jt(t, 1) = 07 (EI@CC)(t, 1) =0

FIGURE 4. A damper—string—beam system.

for some constant x > 0, the transmission conditions

(Z’t (t, 0) = Wt (t, ].),
(BTace) (+,0) = —(Twe)(t, 1),
(Elce)(t,0) =0, £>0

and the conservative pinned end boundary conditions of the Euler—-Bernoulli beam
at the right end

(EI&(t,0O)(t, 1) =0, t>0.

The total energy of this system consists of the string part and the beam part
of the energy

Hior(t) = Hwe(t) + Hes(?)

3| [ PO enle, O + T e

+ / PO Bt O + BI(C) [Bec O d¢
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and along solutions of the systems which are sufficiently regular, one readily com-
putes

%Hm(t) —Re [((ng)(a O | wilt, )y
(B30 | 806.0),+ (Bl .0 | @) ]
— k| (t,0)> <0, t>0.

So the system is dissipative, and the corresponding operator of port-Hamiltonian
type A below generates a contractive Cy-semigroup. Since the subsystems are a
string modelled by the one-dimensional wave equation and an Euler-Bernoulli
beam, the port-Hamiltonian formulation reads as follows:

X! = Ly(0, ;K?) with #' = diag (%:r) L al(he) = ( (f’wf)(téf) ) ,

wee(t,€)

there is no dynamic controller (i.e. X7 = {0}) and the differential operators are
given by

X2 = L,(0,1;K?) with H?= diag (% EVI) . 22(t,¢) = ( (per) (t, €) ) ,

0 110
Alx! = [ 10 } afg(”;’-ll;rl),
0 17 62
mZmQ _ |: 1 0 j| C2 (H2$2),

and we get
Az = < i;i; > )
D(A) = {(z',2%) € X' x X?: (H'2') € H'(0,1;K?), (H*2?) € H*(0, ;K?),
(H29E2)( ) = (ngﬁ) J(H 1931)(0 (Hiz1) (1),
(H323)'(0) = (H3}) (0), (H33)(0), (H2?)(1) = 0}.
For this operator one has

Re (4z | 2) < —x| (DO =~ (M} O
=3 |slEh O + - o O |, @ e ().

Let us give its formulation as a serial interconnection of port-Hamiltonian systems:
A = Q[j|D(§[j),

D) = {=" € DY) : (Haw3)(0) = —r(H121)(0)},

D(A?) = {z' e DAY : (H343)(0) = 0, (H22?)(0) = 0},
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Gy (t,0) = wi(t,0)
(ETg)e(t,0) = (Two)(t.1)
(ETise)(t,0) = 0

transmission conditions

string Euler-Bernoulli beam
pwie = (Twe) pon = (Eldce)ee
mwy(t,0) = kw(t,0)  rw(t,0) + (Twe)(t,0) @ (t,1) =0, (Elwcg)(t, 1)=0

FIGURE 5. An FEuler-Bernoulli Beam-Spring-Mass—Damper—
String System.

and the conditions of the stability theorems are satisfied for
Rl = (Vi(Hiz1)(0), vV (H2$2)(0))7
B2? = ((7—[2;172)(0)7 (H%Z)( ), <H2$2) (0))-

Now, the pairs (é\ll, 9%1) and (é\@, %2) have properties ASP and AIEP ;.3 since
both the pairs (A, (H'z')(0)) and (A%, ((#?2?)(0), (H?2?)(1), (H3x})(0))) have
properties ASP and AIEP ;.4 . Therefore, by Theorems 6.3 and 6.4 the operator A
generates a uniformly exponentially stable contraction semigroup on X = X' x X2,
i.e. there are constants M > 1 and n < 0 such that uniformly for all finite energy
initial data the energy decays uniformly exponentially,

Htot(t) < Me"thot(O), t> 0. O

Example 7.9. Consider the following interconnection of a string modelled by a
wave equation, damped at the left end by a spring—mass damper and attached to
an Euler-Bernoulli beam at the right, and where the latter is pinned at the right
end, see Fig. 5. For the interconnection, the transmission conditions

w(t, 1) = By(t,0), (Twe)(t, 1) + (EIG¢c) (t,0) = 0, Tc(t,0) =0, t>0.

are assumed, i.e. in particular the transversal position of the string and the beam
continuous is at the joint and no force is acting on the joint. The spring—mass
damper is modelled by the ODE

mwy(t,0) = —kw(t,0) — rw(t,0) + (Twe)(2,0),
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i.e. the tip of mass m > 0 moves under the influence of forces from a spring with
spring constant £ > 0 and a damper with damping constant r > 0, as well as the
stress (Tw¢)(t,0) of the string at the left end. The pinned end boundary conditions
of the Euler—Bernoulli beam are modelled by

5(t,1) =0, (Eloe)(t, 1) = 0.

The total energy of this system is given by the potential and kinetic energies
of the spring, the string and the beam

Hiot(t) = Hwe(t) + Hes(t) + Hpm k(%)

=5 [ 0 0 ac+ 70 it 0 ]
w3 [ OB+ Br6) Bectt o ac]
+ 5 [t 0 + ke, 0)]
Then, the formal energy balance along sufficiently regular solutions shows that
%Htot(t) = —r|w(t,0)> <0, t>0.

Therefore, the system is dissipative and after reformulation as network of port-
Hamiltonian type, it is clear that well-posedness in the sense of unique solutions
with non-increasing energy holds for all sufficiently regular initial data. For this
end, we take

X' =L5(0,5K?), X%=1L,(0,1;K?) and X2={0}

as in the previous example, but this time

1_ 2 1_ [ w(t,0) 2 _ g1 2 12
Xc =K ) ‘Tc - ( wt(t,O) ’ HxLHXcl - k|$c,1| +m|xc,2} .

Also the operators A and 2A? are defined as before, but now we additionally have
the control system given by the operators

0 1 0 X
Al = { oo },Bg: { 1}, ! = (B! = [01], D} =0
for Ul = K. Theresultingoperatorzzl\:D(A\) =XxX.=X'xX?xX! — X
is, therefore, given by
x! Ayt
R 2,2
x! Alzl+ Bl (Hiz})(0)

S
=
I

A) = {(z*, 2%, zl) € DAY) x D(A?) x X} (Hiat)(0) = —Clal,
(Hlxl)( )= (7‘[1951)( )s (7‘[2952) (0) = (7‘[2952)( )s
(H323)(0) = 0, (H?2?)(1) = 0}
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and it is dissipative with
I 2 2 ~
Re (Aac } a’))? =—r ’xi2| —r|[(Hiz1)(0 )! . z=(a", 2% 2}) € D(A).
As a result, by Theorem 4.6 the operator A generates a strongly continuous con-
traction semigroup on X. Let us investigate stability properties next. For this end,
we write

S Q[l 1

Az ( Alxl +Bl (H2x2)( ) ) ’

D) = {7 ) € D(AY) x X, ¢ (Hiz1)(0) = —Ceag
2272 — gl

D(A%) = {22 =2® € D(A?) : (H323)(0) =0, (H22?)(1) = 0}.

Then A = diag (5[1,5[2) |D(K) for

= -1 (G - ()

To show uniform exponential energy decay, by Theorems 6.3 and 6.4 it suf-
fices to prove that the pairs ( , (H1z1)(0)) and ( . ((H323)(0), (7—[2.7:2) (0))
have properties ASP and AIEP,. The latter, we have already seen in the previ-
ous example, as long as p, El € Lip(0, 1;R). It remains to prove these proper-
ties for the pair ( , (#121)(0)). We assume that p,T" € Lip(0,1;R) are Lips-
chitz continuous as well. For the matrix Al we can calculate the eigenvalues as

— _rkVri-dk - 1 . . tAL ;
A1 = =TV ¢ Co o thus Al is a Hurwitz matrix and (e ")tzo uniformly

exponentially stable on X}. Since the pair (Qll (7—[1 1)( )) has properties ASP
and AIEP,, this implies that also the pair (5[1 (Hlxl)( )) has proportlcs ASP
and AIEP. Uniform exponential stability of the semigroup (T (t)) on X thus
follows by Theorems 6.3 and 6.4. a

8. Conclusion and Open Problems

In this paper, we have considered dissipative systems resulting from conservative
or dissipative interconnection of several infinite-dimensional port-Hamiltonian sys-
tems &7 = (W, BJ, €7) of arbitrary, possibly distinct orders N7 via boundary con-
trol and observation and static or dynamic feedback via a finite-dimensional linear
control system ¥, = (AC, B.,C,, DC) such that the total, interconnected system on

the product energy Hilbert space X becomes dissipative. The generation theorems
from single infinite-dimensional port-Hamiltonian systems (or, port-Hamiltonian
systems of the same differential order N7 = N for all j € J) with static or dynamic
boundary feedback have been shown to directly extend to systems of mixed-order
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~

port-Hamiltonian systems: The existence of a contractive Cy-semigroup (T (t)) >0

acting as the (unique) solution operator for the abstract Cauchy problem

d_.

at”
is equivalent to the operator A simply being dissipative (w.r.t. the energy in-
ner product ( ’ ) )?) Therefore, whenever beam and wave equations are inter-
connected with each other and finite dimensional control systems via boundary
control and observation, it is enough to choose the boundary and interconnection
conditions such that the energy does not increase along classical solutions.

For multi-component systems consisting of subsystems of finite dimensional
or infinite-dimensional port-Hamiltonian type on an interval, we presented a scheme
to ensure asymptotic and uniform exponential stability from the structure of the
interconnection and dissipative elements. Especially, we applied the results to a
chain of strings modelled by the wave equation and hinted at possible arrangements
of beam-string-controller-dissipation structures leading to uniform stabilisation of
the total interconnected system.

All results presented here are based on linear semigroup theory, especially the
Arendt—Batty—Lyubich—Va Theorem and the Gearhart—Priiss-Huang Theorem on
stability properties for one-parameter semigroups of linear operators. Therefore,
the techniques used are not accessible for nonlinear problems, e.g. nonlinear bound-
ary feedback or nonlinear control systems which may be encountered in practice a
lot. Whereas for the generation theorem the Komura—Kato Theorem is a nonlinear
analogue to the Lumer—Phillips Theorem for the generation of strongly continuous
contraction semigroups by m-dissipative operators, handling stability properties
for nonlinear systems is much more involved, see [3] for some efforts in this direc-
tion.

(t) = AZ(t) (t>0), F(0)=7o€ X

9. Appendix: Some technical results on the Euler—-Bernoulli
Beam

Within this section we consider a port-Hamiltonian system operator 2 of Euler—
Bernoulli type, i.e. we assume that

_([0 1|2 Hi(¢) 0 71()
M‘Ql 0 }GT”PO(O)[ 0 HQ(C)sz(C))
where additionally z1(¢),z2(¢) € K are assumed scalars and the Hamiltonian

densities H; € Lip(0,1) as well as the bounded perturbation Py € Lip (0, 1; K**2)
are Lipschitz continuous. We consider the situation that we have sequences

(n)n>1 € D(A) = {z € Lo (0, ,K?) : Hae € H?(0,1;K?)}
and (B,)n>1 € R such that the following hold (with convergence in Lo(0, 1; K%))
Tn =0, |Bn|—0, and LAz, —if,x, — 0. (4)
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We first note that then also (24— PyH)z,, — 8,2, — 0. Therefore, in the following
we can ourselves often essentially restrict to the case Py = 0. We investigate what
can be said about the sequence of traces 7(Hzy,), if we additionally assume that
parts of the trace, e.g. (Hz,)(0), are already known to converge to zero.

The first important observation is the following.

Lemma 9.1. Let j € {1,2}. Assume additionally that for both boundary points
¢ €{0,1}, either (H;xn,;)(¢) = 0 or (Hja:n,j)/(g“) — 0 4s known. Then

n — Q.

\/WH (Hjwn ;) HLz(o,l) -0,

Proof. As x, — 0 and (% — PyH)z, —iB8, — 0 in Ly(0, 1;K?), we also have that
1 " .
E(Hjxmj) — 0 in LQ(O, 1)7
and also (already without any of the extra conditions)

. (Hjzn,5)(C),

o (H:pm)(g)—m in K for ¢ =0,1.

/BTL

Therefore,
1 1 !
mu(ﬂjxm)’uizm,l) = W/o (Hjzns)' Q) | (Hjzn ;) (€))y d¢

— *|,6’71n\/ (Hjzn,)(Q) | (Hjzn)"(O))y dC

‘ﬁ | [((H Jin] () ’ (H,; xn]) (C»K}o

1
< HHjﬂcn,jlle(o,l)W ‘||(7'lj$n,j)'\|L2(o,1>
! 1
+ ) [(Hy2n,5)(0)] B |(Hjn3) ()] =0, n— o0
=0 n

where in the last step we used the extra condition on the trace at boundary points
¢=0,1. O

Lemma 9.2. Let (8,)n>1 C R and (z,)n>1 € D(A) be as above, i.e. |5y — oo,
sup,ey |70l x < oo, and Az, — Bz, — 0 in Ly(0,1;K?) and Py and H are
Lipschitz-continuous.

1. Assuming (Hz,) (1) — 0, and (H'z,1)(0) — 0 or (H17,,1)'(0) — 0, and
(Hoxn,2)(0) = 0 or (Hawp2)'(0) — 0 are known, (Hz,)(1) — 0.

2. Assuming (Hzy) (0) — 0, and (Hixn1)(1) = 0 or (H12n1)' (1) — 0, and
(Ha2pn2)(1) = 0 or (Hgmn 2)'(1) = 0 are known, (Hx,)(0) — 0.

3. Assuming (Hx,)'(0) — 0 and (Hzy)' (1) — 0 are known, 7(Hzy,) — 0.
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Assuming (Hx,)(0) = 0, and (H1xn,1)"(0) — 0 or (Hazp,2) (0) — 0, as well
as [(Hazn 1) (1)] + |(H1$n D' (D] = 0 or |(Hazn 2)(1)| + |(Hazn 2)' (1) = 0,

are known, T(Hx,) —

Assuming (Hxy,)(1) — O and (H1zp,1) (1) = 0 or (Haxn,2)' (1) — 0, as well

a8 [(H1.)(0)] + [(Hran ) (O)] = 0 or (Mo 2)(0)] + (Mo 2) (0)] = 0.

are known, T7(Hx,) — 0.

Assuming (Hx,)(1) — 0, and (H12,,1)(0) — 0 or (H1z,1)'(0) — 0, and

)

(

(H22y,2)(0) = 0 or (Hazp,2)' (0) — 0 are known, (Hz,)'(0) — 0.
7. Assuming (Hx,)(0) — 0, and (H
(Hoxn2)(1) = 0 or (Hawp2)'(1) — 0 are known, (Hz,) (1) — 0.

8. Assuming (Hx,)(0) — 0 and (Hzy,)(1) — 0 are known, 7(Hz,) — 0.

1Zp,1)(1) = 0 or (Hizp1)' (1) — 0, and

Proof. The first five cases 1 to 5 are based on the following multiplier argument.

As in any case the sequence

(ﬁn (Han)' )m C Ly(0, 1;K?)

is bounded, for any fixed ¢ € C*(]0, 1]; R), we obtain from
(A — PyH)zy, — iBnzn — 0 in Ly(0,1;K?)

that
0+ <(Ql — PoyH)xn — ifnan ’ Hxn)’>
Bn Lo
= - <(7‘l2$n 2)” 5 (Hﬂn 1) >
<(H1$n 1 N (H2$n > -rn ‘ Q(Héﬂn) )L
= ((Hzﬂﬂn,2) — (H12n,1) ) + ( Hizp )" éﬁ@'&«% 2) )
Lo n Lo
+ <(7‘l21‘n,2) | 3 (7‘[11‘n 1))
n Lo

B K(Han,Z)’(c) | e) Wl”ml)'@)KI

1

[(Hz)(C) | (qH’l)(C)(Hxn)(C))K]O

+ <(H2xn,2)’ E(?—hxn 1) )

- ((Hwn) ’ (q,}{il)l(Hxn)) +

1
2
= 2iIm ((’szn,z)/ F(Hlxn 1) /)

Lo

- [ (20| L 000,0)) ]

n KJ10

L (H)(©) | (a1 Q) ()] + 0(1)
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where we denote by o(1) any terms that vanish as n — 0. Taking the real part,
this equality gives us that

- K(Hmmz)/(o | ) <”1$"71>/“))KD

, i /
R Hox, —(Hiz,
e((( 2Tn,2) ﬂ"( 1z ,1))L2 5, .

L ((H)(©) | @O M) (O), ]} = ol1).

(5)

The first of these terms can be estimated by
c
mH(Hﬂn,?)’HLQ [(Hazna)'||,

which by Lemma 9.1 and under the constraints of the first or second case tends to
zero as n — 0o. The assertion for the first five cases then follow, namely

1. In the first case choose ¢ such that ¢(0) = 0 and ¢(1) > 0, then

((Haa) (1) | (¢H™H Q) Han) (1)) < 0(1),

N | =

s0 (Hz,)(1) — 0 by positive definiteness of H(1).

2. As before, this time choosing ¢(1) = 0 and ¢(0) > 0.

Follows by combining the previous two cases 1 and 2 iteratively.

4. In this case we do not have Lemma 9.1 at hand, but we may choose ¢ to be
a constant ¢ # 0. From equation (5) and the assumption on the boundary
trace we then obtain that

w

((Hay)(1) [ HTH (1) (Han) (1)) = o(1)

so that (Hz,)(1) — 0 and (Hz,)(1) — 0. The assertion then follows from
cases 6 and 7 below.
5. For this case, repeat the argument of case 4.

We proceed by showing the assertion for the cases 6 and 7 by a similar multiplier
argument, but this time using the multiplier

q |0 -1 o
,Bn 1 0 n’
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Since H is Lipschitz continuous, this is a bounded sequence in Lo (0, 1;K?) as
well, so we find that

“ ((Ql— PoH)z, — iButy | 5& {(1) —01} m/n>
n Lo

(lenl ’ ﬁ > ((HanZ ‘ 5 xn 2)

— (in,1 | qanQ)LZ + (zxmg ‘ qx;lyl)L2

i ((ngn,zy' | (1(7-;2731(7‘[2%,2)/> - ((7'[2%,2)” | W(%)’m)h
+ (il | gwnz2) — (iwnz [ a2l y),

~(imne | 40n) 1, + [ (20000 | a(O202(0), ]

- K(Hlxn,n'(c) | wmlxn,n’(o)K

n ((Hm,2>’<<> | W(Hzxn,2>'<<>>KE

+2iTm (i), | qrn2), + [(ixn,1(C) ! Q(C)xn,2(C))K:|(1) +o(1).

Thus, taking the real part, we arrive at the equation

3] (00 12 00, y0)
+ (a2 W(%W’(@)K];
+Re [(i201(0) | 4(O)zn2(0)) ]
" ((Hﬂng)/ | W(Hﬂnﬂ)')h) +oll).
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Also for cases 6 and 7, Lemma 9.1 gives us that

Ly, = o),

V |/87l|

so that we obtain the result by choosing ¢(0) = 0 and ¢(1) > 0 or ¢(0) > 0 and
q(1) = 0, respectively. Finally, case 8 follows by combining the results of cases 6
and 7. g

Remark 9.3. Note that all the assertions of Lemmas 9.1 and 9.2 also hold for 2
of the form

0 -1] 2 9 Hi(¢) O z1(¢)
Axr = — +Pi—=+ P,
‘ ([ Lo } oot 0“)) { 0 (0 |\ w0
where P; € K2*? is any symmetric matrix. Namely, in cases 1 to 5 of Lemma 9.2
one may use that

Re (Pl(mn)’ | ;i(mn)’> —0,

as iq P is skew-symmetric. For the latter three cases 6 to 8 of Lemma 9.2 one may
always use Lemma 9.1 to deduce that —21 [(Han) ||, = o(1), but then also

V1Bal
(o1 £ 7]2)
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A distance between operators
acting in different Hilbert spaces
and operator convergence

Olaf Post and Jan Simmer

1. Introduction

The aim of the present article is to give an introduction to the concept of quasi-
unitary equivalence and to define several (pseudo-)metrics on the space of self-
adjoint operators acting possibly in different Hilbert spaces. As some of the “met-
rics” do not fulfil all properties of a metric (e.g. some lack the triangle inequality
or the definiteness), we call them “distances” here. To the best of our knowledge,
such distances are treated for the first time here. The present article shall serve as
a starting point of further research.

1.1. Operator convergence in varying Hilbert spaces

A main motivation for the definition of a distance for operators acting in different
Hilbert spaces is apparent: In many applications, operators such as a Laplacian
A, > 0 act on a Hilbert space J# that changes with respect to a parameter ¢,
and one is interested in some sort of convergence. Our concept allows to define a
generalised norm convergence for the resolvents R, = (A, + 1)~! acting on %
towards a resolvent Ry = (A¢ + 1)~ acting on 2% using identification operators
J.: Ay — H%. One can first assume that J. is unitary and that

|JeRo — ReJ:|| — 0 (1.1a)
as e — 0. In applications (as the one presented in Section 3 on shrinking manifolds)

it is more convenient to use maps J. that are unitary only in an asymptotic sense,
i.e., where

Il(idss, —J* J)Ro| — 0 and ||(idse —JoJ)Re| — 0. (1.1b)
We call such operators J. quasi-unitary, see Subsection 2.2. For example, the

second estimate of (1.1b) means that if (uc). is a family with ||(A: + Duell2 = 1,
then ||us — J-JZuc|| — 0 as e — 0. In our example, we even have J*J. = id g, and
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functions in the range of id s —J.J? do not concentrate at “negligible” regions
and at high (transversal) modes, see (3.8a)—(3.8b).

We illustrate in Section 3 the abstract theory on generalised norm resolvent
convergence: Consider a family of thin Riemannian manifolds X, that shrink to-
wards a metric graph Xy (i.e., a topological graph where the edges are metrically
identified with compact intervals). We show that the Laplacians on X, converge
in generalised norm resolvent sense to the so-called Kirchhoff Laplacian on Xj.
The example of thin branched manifolds shrinking towards a metric graph has
already been treated in [12] (see also [4, 13, 5] and references therein). In this
note we use a sightly different proof as we directly compare the resolvent differ-
ence and we do not make use of the corresponding quadratic forms as in [12, 13].
Other topological perturbations of manifolds such as removing many small balls
are treated in a similar way in [9, 1], see also the references therein. The concept
of generalised norm resolvent convergence also applies to approximations of metric
spaces with a Laplace-like operator by finite dimensional operators such as graph
approximations of fractals, see [14, 15, 16] for details.

1.2. Metrics on sets of operators acting in different Hilbert spaces

When defining a distance between unbounded operators such as Laplacians, it is
convenient to work with the resolvent R = (A+1)~! where A is an unbounded, self-
adjoint and non-negative operator in a Hilbert space 5. In particular, we consider
the space of all self-adjoint, injective and bounded operators R with spectrum in
[0, 1] as space of operators. In all our examples, the distance will not change when
passing from an operator R to a unitarily equivalent operator U RU™* for a unitary
map U:  — . The simplest distance we define is

duni(R, R) := inf{ |R — URU*|| |U: 5 — # unitary } (1.2)

for operators R on . and R on H as above. If (1.1a) is fulfilled for some unitary
map Je, then dyni(Re, Ro) — 0.

From an abstract point of view we could also work with operators in a fized
Hilbert space . using an abstract unitary map U, but the identification is in
general not natural. For example, if R and R are both compact, then one can
define a unitary map via Uy = {/)Vk, where (¢y)r resp. ({bvk)k are orthonormal
bases of eigenfunctions of R resp. R. Then ||R — URU*| = supy|fix — x| where
[ resp. pi denote the corresponding eigenvalues. This observation is not very
useful in examples, as one needs at least information on one of the eigenfunction
or eigenvalue families.

Later on, we want to use more general maps J: 5 — A instead of unitary
ones, and allow J to be unitary only “up to a small error”, measured e.g. by
quantities such as ||(idy —J*J)R|| and H(id%;—JJ*)EH (see Subsection 2.2 for
details). A

If R is a compact operator, then more can be said. Basically, the different
distances defined later on (such as dy,;) depend only on the spectrum, i.e., the
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sequence of eigenvalues (u)i (ordered non-increasingly and repeated according to
multiplicity). In particular, for compact R and ﬁ, we have dyni(R, E) = 0 if and
only if R and R are unitarily equivalent (this is no longer true for general R and
R, sce Remark 2.3).

In this article, we only treat operators: there is a more elaborated version of
the concept of quasi-unitary equivalence for closed quadratic forms using not only
identification operators J: 5 — A on the level of the Hilbert spaces, but also
identification operators J': 7' — AL and J' AT — A on the level of the

form domains # = dom A/ and ! = dom A2 (see e.g. [12, 13]).

1.3. Related works

There are of course a lot of classical results on operator convergence (and resolvent
convergence) for operators acting in a fized Hilbert space, see e.g. [8, Sect. IV.2]
or [17, Chap. VIIL7]. The concept of generalised norm resolvent convergence has
already been introduced by [18, Sect. 9.3] and is closely related to ours: a sequence
of self-adjoint operators A, > 0 converges in generalised norm resolvent sense
to Ay if and only if R, = (A, + 1)7! and Re = (A + 1)7! are d,-quasi-
unitarily equivalent (see Definition 2.10) with §,, — 0 as n — oo, or, equivalently, if
dq-uni (R, Rso) — 0, see Definition 2.14. Bégli recently proved spectral convergence
of spectra and pseudospectra in [2, 3], we refer also to the extensive list of references
therein.

We compare the different concepts of Kuwae and Shioya [10, Sect. 2] (and
related concepts such as Mosco and I'-convergence) generalising strong resolvent
convergence, the concept of the generalised norm (and strong) resolvent conver-
gence in the sense of Weidmann and the results of Bogli in a subsequent paper.
Here, we focus on the definition of some metrics on a set of operators defined on
different Hilbert spaces. The aim is to express (operator norm) convergence in
metric terms. Note that our concept easily allows to define a convergence speed,
which in many other works is not treated.

2. Distances between operators acting in different Hilbert
spaces

In this section, we introduce a generalisation of a distance of two operators acting
in different Hilbert spaces.

2.1. A spectral distance for operators acting in different Hilbert spaces
For a Hilbert space 5, denote by

Bo,1)(#) == { R: # — A | R = R*, ker R = {0}, spec(R) C [0,1]}  (2.1)

the set of all self-adjoint and injective operators with spectrum in [0, 1], i.e., the set
of non-negative, self-adjoint and injective operators with operator norm bounded
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by 1.1 Moreover, let HS be a set of separable Hilbert spaces of infinite dimension?

and let
Boi = |J By (2.2)
S EHS
We first define the following distance function:

Definition 2.1. For R, Re Bio,1) we define the unitary distance of R and R as
in (1.2), i.e.,
duni(R, R) := inf{ |R — URU*|| | U unitary }.

Proposition 2.2. The function dun; is a pseudometric on B 1) (i.e., it is a metric
execpt for the positive definiteness). Moreover, dyni(R, R) = 0 is equivalent with
the fact that there is a sequence of unitary operators Uy : € — J such that

|R—U,RU| -0  asn — oo. (2.3)
Finally, if R and R are unitarily equivalent, then duni (R, E) =0.

Proof. We have dy,;(R, ]SL) >0, dumi(R,R) = 0, duni(R, E) = duni(ﬁ, R) and the
triangle inequality

duni(R1, R3) < duni(R1, Ra) + duni(R2, R3).
follows from
[Rs — UrsRaUgs|| < [|[Rs — UasRoUss|| + [[U2s(R2 — UraRa Uty )Uss ||
= [|Rs — U2z RoUss || + [ R — U2 Ra Uy |

using U : J6 — ¢ as unitary operators with U3 = U3Uio. Taking the infimum
over all unitary operators U;o and Usz we obtain the desired inequality. Note
that all unitary operators Ujz: 54 — 3% can be written as Us3Uis, e.g., with
Uss = Uy3Ufy for some fixed Ujo. The remaining claims are easily seen. O

Remark 2.3. The condition of the two operators R and R in (2.3) is closely
related to the notion approzimate unitary equivalence defined for the C*-algebras
generated by R and E, cf. [11] and references therein. Note that the unitary orbit
of R in B(J/;), i.e., the set {URU*|U: I — ﬁunitary} is not closed in the
operator topology; in particular, R and R are not (necessarily) unitarily equivalent
if duni(R, ﬁ) = 0. It follows from the next result (see also Proposition 2.15) that
such operators must have the same spectrum.

1We could use any other positive number ¢ > 0 as norm bound, but 1 makes the following
estimates simpler and 1 is also the norm bound in our main application where R = (A + 1)1
for some non-negative, self-adjoint and possibly unbounded operator A.

2We need to define a fixed set of Hilbert spaces to avoid some set-theoretic problems related to
self-referencing definitions such as “the set of all sets ...”. Typically, HS is s family of Hilbert
spaces such as HS = {4, [m € NU {oco} } or HS = { % | e € [0, 1] }. Moreover, we assume here
for simplicity that all Hilbert spaces have infinite dimension.
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Proposition 2.4 ([7, Lemma A.1]). We have
dy (spec(R), spec(ﬁ)) < duni(R, é), (2.4)
where dg denotes the Hausdorff distance.

Proof. For a unitary map U: 5 — ,%7, we have spec(URU*) = spec(R). In
Lemma A.1 of [7] it is proved that

du(spec(R),spec(R)) < |[URU* — R||.

As U is arbitrary, the assertion follows. a

We restrict now our space of operators to certain compact operators. Denote
by
K1) :={ R € B(o,1)(#) | R compact }
the set of compact and injective operators such that spec(R) C [0, 1]. Moreover,
set

Koy= | Koy@r). (2.5)
SEHS
For R € Kq)(4), denote by (ug)r its (discrete spectrum), ordered in non-
increasing order, repeated according to multiplicity. Note that pr — 0 as k — oo.
Denote by 3 the space of all such sequences, i.e.,

Y= {u = (Mk)keN klig)lo'uk =0,VkeN:0< Pl Sk <1 } (26)

Denote by (1)) a corresponding sequence of orthonormal eigenfunctions. As R is
injective, (4% )x is an orthonormal basis. Similarly, let (fix)x € ¥ and (¢%)) be the
ordered eigenvalue sequence with corresponding orthonormal basis of eigenvectors
for R € K(o,1)().
We set
Ko,y = Ko,11/~ (2.7)

where R ~ R if and only if R and R are unitarily equivalent.
As the class of operators unitarily equivalent with R is actually determined
by the sequence of eigenvalues (p1 ), we have the following result:

Lemma 2.5. The map o: K1) — X associating to R its ordered sequence of
eigenvalues (), descends to a bijective map onto the quotient, i.e., 7: K q) — X,
[R] — o(R), is well-defined and bijective.

The main reason why we restrict to the space of compact operators is that
operators with dyyi-distance 0 are now actually unitarily equivalent:

Proposition 2.6. We have dyni(R, ﬁ) = 0 if and only if R and R are unitarily
equivalent. In particular, duni induces a metric on K 1.
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Proof. If dyni(R, ﬁ) = 0, then R and R are unitarily equivalent by (2.11) and
Proposition 2.15 (c), the arguments used there are independent of what we have
used so far. If the eigenvalues of R and R are simple, we could also use Proposi-
tion 2.4 to conclude dy (spec(R), spec(R)) = 0 and hence spec(R) = spec(R). The
simplicity of the spectra implies that R and R are actually unitarily equivalent. [

Let us now define a spectral distance respecting also the multiplicity of the
eigenvalues:

Definition 2.7. For R, Re K(0,1) denote by
dspec(R, ﬁ) = SUP‘I% - ﬁk|
keN

the (multiplicity respecting) distance of the spectra.
We have some simple consequences:
Lemma 2.8. (a) The supremum in Definition 2.7 is actually a maximum.
(b) dspec defines a pseudometric on K 1.
(¢) We have dspec(R, R) = 0 if and only if R and R are unitarily equivalent. In
particular, dspec induces a metric on K 1-
Proof. (a) This is clear as the sequences are monotone decreasing and converge to
0. (b) As the right hand side in the definition of dgpec is the supremum norm, the
claim is standard. (¢) If dspec(R, R) = 0 then p = iy, for all indices k. Define a
unitary map by Uy = ¥, then R = URU*. a
Proposition 2.9. For R, Re Ko,1], we have
dspec(R7 R) 2 duni(R’ E)
Proof. Let U: H# — J be the unitary map given by Uy = 1;;@, then it is easily
seen that
dspec(R, R) = |fing — pio| = [|(R = URU" )Yy, || = |[R — URU™||,
where the maximum is achieved at ky. As U is unitary, the inequality follows by

the definition of dyy;(R, R) via an infimum over all unitary maps U: ¢ — 2. 0O

Passing to the sequence space ¥, we define
du(p, 1) = du ({ s |k € N}, { i | k € N}).

This is actually only a pseudometric as the multiple appearance of a value in a
sequence = (uk) is not detected in the set { i | k € N }. Using the symbols dyp;
and dspec also for the induced metrics on ¥ (see (2.6)), we have

dH(:u N) < dum(/‘v ) < dgpeC(M M) (2'8)

combining Propositions 2.4 and 2.9.
Note that the metric space (X, dspec) is not complete, choose e.g. the sequence
(™), with p™ = (1/(kn))ken, then dspec(p™,pu™) = [1/n—1/m| — 0 as
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m,n — 0o, i.e., (u™),, is a Cauchy sequence but the limit 0 = (0) is not in X. Tt
can be seen similarly that (3, dyy;) and (3, dg) are not complete.
2.2. Quasi-unitary equivalence

We now want to weaken the condition that U is unitary in Definition 2.1 and use
a slightly more general concept. We define the correspondent distance in Subsec-
tion 2.4.

Definition 2.10. Let § > 0. Moreover, let R € B(g,1)(#) and Re 3(0’1](317). We
say that, R jnd R are é:quasi—unitam’ly equivalent, if there are bounded operators
J: H — A and J': H# — H such that

7] <1+, ]| <146, (2.9a)

[/ = J*|| <, (2.9b)
Ide —J' )R <6, ||(id z—JJ)R|| <3, (2.9¢)
|JR—RJ| <6, |J'R—RJ'| <. (2.9d)

We call J and J’ identification operators and § the error.

Actually, some conditions follow from others with possibly different §, see
e.g. the next lemma; we have included all of them in the above definition to make
them symmetric with respect to R and R.

Obviously, if 6 = 0 in (2.9a)—(2.9¢) then J is unitary, and (2.9d) is equivalent
to the norm estimate ||[R — J*RJ|| < 8. In particular, 0-quasi-unitary equivalence
is just unitary equivalence.

For example, we have the following simple facts:

Lemma 2.11. (a) If [|[J|| <1406 and (2.9b) hold, then ||J'|| <1+ 26.
(b) If [|JR — RJ|| <& and (2.9b) hold, then ||J'R — R.J'|| < 34.

(c) If J' = J* then ||J|| = ||| and |JR—RJ| = ||J'R—RJ'||, i.ec., only
one of the estimates in (2.9a) and (2.9d) is enough to ensure d-quasi-unitary
equivalence.

(d) If J is unitary, then R and R are §-quasi unitarily equivalent (with unitary
J) if and only if |R — JRJ*| <.

(e) If Ry and Ry are d12-quasi-unitarily equivalent and Ry and Rs are da3-quasi-
unitarily equivalent, then Ry and R3 are 013-quasi-unitarily equivalent with
013 = @(5127523) = 0(612) + 0(523), where ® is defined in (210)

(f) If R and R are 6-quasi-unitarily equivalent with § € [0, 1] and with identifica-
tion operators J and J' then R and R are 36-quasi-unitarily equivalent with
identification operators J and J*. In particular, we can assume, without loss
of generality, that J' = J* in Definition 2.10.

Proof. The first four assertions are obvious. (e) The transitivity of quasi-unitary
equivalence can be seen as follows (see also [13, Theorem 4.2.5] and [16]): Denote by
Jio: S — s and Jy, : S5 — HA the identification operators for Ry € B 1)(74)
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and Ry € B(g,11(#4), and similarly, denote by Jos: 5 — 54 and Jsa: A3 — 65
the identification operators for Ry € B 11(-7%2) and R3z € B(o,1)(H3).

We define the identification operators for Ry and Rz by Ji3 := JagJi2 and
J31 = J21J32. Then

[ J1z]l = [|J2sJi2l < (1 + d23)(1 + 012) = 1 + (12 + d23) + d12023
and similarly for ||Js1]|. Inequality (2.9b) follows from

|75 = Jall < [[J72(J35 — Ja2)l| + [[(Ji2 — Ja1) Ja2 |
< (14 012)023 + 012(1 + d23) = d12 + 23 + 2012023.

The first inequality in (2.9¢) is also satisfied because

[ (idoe —J31J13) Ra|
< ||(idsg —J21J12) Ri|| + || J21(J12R1 — RaJ12)||
+ | Jo1 (id s, —J32J23) RaJia|| + || J21J32J23(RaJ12 — J12 Ry )|
< 812+ (L4 612)812 + (1 + 612)%623 + (1 + G12) (1 + 023)612
= 3012 + Jo3 + 4012023 + 07 + Oy + 3075023 + 012055 + 03905,

and similarly we have

|(idse, —J13J31) R3|| < 3693 + 612 + 4612023 + 635
+ 3812055 + 019023 + 0y + 015055

For the first inequality of (2.9d), we estimate

[[J13R1 — R3Juis|| < || J23(J12R1 — RaJ12)| + || (J2sR2 — RsJaz) Jial|
< (14 023)012 + 023(1 + d12) = O12 + d23 + 2012023,

and similarly for the second inequality of (2.9d). In particular, the desired estimate
holds if we define 613 = (13(612, 523) with

®(a,b) := 3(a+Db) + (a + b)? + 2ab+ (a + b)> + a*b*. (2.10)

Note that ®(a,b) < 12(a + b) if a,b € [0,1].
(f) We have

Iidse =T* )R < [[(idoe = I)R| + [|7" = T [ ITI[[R]| < 0(2+6) <36

provided § € [0, 1], and similarly for the second inequality of (2.9¢). For the second
inequality of (2.9d) we have

|J*R — RJ*|| < ||(J* = J)R|| + |J'R = RJ'|| + |R(J' = J*)|| <35. O
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Consequences of quasi-unitary equivalence

Let us cite here some consequences of quasi-unitary equivalence; for details we refer
to [13, Chap. 4] and [16]. Note that there, we applied quasi-unitary equivalence

to the resolvents R = (A +1)~! and R = (E +1)7! of two non-negative and
self-adjoint operators A and A.

Theorem 2.12. (a) (Convergence of operator functions) Let ¢: [0,1] — C

be a continuous function then there are functions 1,(5),15,(6) — 0 as § — 0
depending only on ¢ such that

l@(R)J — Jo(R)|| < np(8) and |lp(R) — Jo(R).J'|| < nl,(6)

for all operators R and R being d-quasi-unitarily equivalent (with identifica-
tion operators J and J').

If ¢ is holomorphic in a neighbourhood of [0,1] then we can choose
n(8) = Cpd and similarly for n,.
(Convergence of spectra) Let R € By (), then there is a function n
with n(6) — 0 as § — 0 depending only on R such that

du(spec(R), spec(R)) < n(d)

for all R being §-quasi-unitarily equivalent with R. Here, dy denotes the
Hausdorff distance of the two spectra. A similar assertion holds for the es-
sential spectra.

(Convergence of discrete spectra) Let p be an eigenvalue of R with
multiplicity m, then there is 6o > 0 and there exist m eigenvalues [i; of
R (j = 1,...,m, not all necessarily distinct) such that |p—p;| < CO of
d € 10,60], where C is a universal constant depending only on u and its
distance from the remaining spectrum of R.

(Convergence of eigenfunctions) Let u be a simple® eigenvalue with nor-
malised eigenfunction ¥, and denote by @Z the normalised eigenfunction as-
sociated with [ as in (c) , then

v — Ty 7 < C'o.

Here, C' is again universal constants depending only on u and its distance
from the remaining spectrum of R.

The proof of the assertions and more details can be found in [13, Chap. 4].

Remark 2.13. We say that A and A are § -quasi-unitarily equivalent if R and R

are.

(a)

As an example in Theorem 2.12 (a) one can choose @;((A+1)7') = e~ ** and

one obtains operator estimates for the heat or evolution operator of A and

3This assumption is for simplicity only.
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A. In this case, one can use the holomorphic functional calculus and give a
precise estimate on 7/, (§), (namely 7/, (§) = (16/t + 5)d, and we have

7tZ ! —tA 16
He —J'e JHS(T—&-L’))é

if A and A are 0-quasi-unitarily equivalent (or equivalently, dq-uni(R, ﬁ) <9),
see [16] for details. Such an estimate might be of interest in control theory.

(b) It suffices in (a) of this remark that ¢ is only continuous on [0, 1] \ spec(R).
One can then show norm estimates also for spectral projections.

2.4. A distance arising from quasi-unitary equivalence

We now use the concept of quasi-unitary equivalence to define another distance
function:

]Beﬁnition 2.14. For R, Re Bio,1) we define the quasi-unitary distance of R and
R by
dgeuni (R, E) := inf { 6>0 ‘ R and R are §-quasi-unitarily equivalent }
Clearly, we have
dauni (R, ) = inf { max {|l7]] = 1, 7'l = 1, 17" = Tl l[idoer =" )R,
Iid ;=T IRl | TR~ RJ||, |.7'R — R.J'||}
‘J: H— I, T H— A bounded}.
Obviously, we have (using also Proposition 2.9)
dguni(R, R) < duni(R, R) < dspec(R, R) (2.11)

as in the definition of dyyn;, we only use unitary maps J instead of general ones in
the definition of dq-uni.
The function dq-uni has the following properties:

Proposition 2.15. Let R, R € Bo,1-
(a) We have dq-uni(R, R) >0, dg-uni (R, R) =0, dq-uni(R, R) = dq_um(ﬁ, R) and
dg-uni(R1,R3) < @ (dq-uni(R1, R3), dg-uni(R2, RS))
where ®(a,b) = 3(a +b) +o(a) + o(b) is defined in (2.10).
(b) If dg-uni(R, R) = 0 then the essential spectra of R and R agree. Also the

discrete spectra agree and have the same multiplicity.
(c) If R and R are compact, i.e., R, R € Ko,1), then dg.uni(R, R) =0 if and only

if R and R are unitarily equwalent. In particular, dq-uni induces a metric on
Ko,1) and hence on 3 (see (2.6)).
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Remark. Function dq.yyui in (a) is sometimes referred to as a semi(pseudo)metric
with a relaxed triangle equation, and @ is referred to as a triangle function. As
®(a,b) <12(a+0b) if a,b € [0, 1], and since dq-uni(R, R) < dspec(R, R) <1, dg-uni
is a semi(pseudo)metric with 12-relaxed triangle inequality.

Proof. (a) For the first assertion, only the relaxed triangle inequality is non-trivial;
but it follows easily from the transitivity in Lemma 2.11 (e).

(b) For the second assertion, note that bounded operators J,,: s — H
and J) : A — A exist such that (2.92)—(2.9d) are fulfilled for some sequence
0, — 0. In particular, R and R are dp-quasi-unitarily equivalent. It follows from
Theorem 2.12 that dy(spec(R),spec(R)) < n(,) for any n, hence the Hausdorff
distance is 0. The same is true for the essential spectra, and also for the discrete
spectrum (including multiplicity). In particular, operators with dq.uni(R, ]:?) =0
have the same essential and discrete spectrum (the latter even with the same
multiplicity).

(c) If R and R are compact, then the essential spectrum of both is {0}
(which is not an eigenvalue) and there are orthonormal bases (¢,), and (n)n of
elgenfunctlons of R and R respectively. Then U, = zl)n defines a unitary map
from ## to A such that R = URU*. O

Due to Proposition 2.15 (c), we can again define a (semi)metric on ¥ via
dgouni (14, 1) = dg-uni (R, R) if gt = (ur)r is the sequence of eigenvalues of R and
similarly for zr and R. Moreover, we have

dgeuni (15 1) < duni (1, 1) < dipec(ps 12) (2.12)

(see (2.8)). We will investigate the structure of ¥ with respect to these metrics
and related questions in a forthcoming publication. It is in particular of interest
to express duni (1, 1) and dg-uni(p, ft) directly in terms of the sequences p and f.

3. Laplacians on thin branched manifolds shrinking towards
a metric graph

Let us present our main example here, the Laplacian on a manifold that shrinks
to a metric graph. Our result holds also for non-compact Riemannian manifolds
and metric graphs under some uniform conditions. We would like to stress that
this example has already been treated in [12] (see also [4, 13, 5] and references
therein). However, here we present a sightly different proof as we directly compare
the resolvent difference and we do not make use of the corresponding quadratic
forms as in [12, 13].

3.1. Metric graphs

Let (V, E,0) be a discrete oriented graph, i.e., V and E are at most countable
sets, and 9: E — V x V, e — (0_e,0re) is a map that associates to an edge its
initial (0_e) and terminal (O, e) vertex. We set EF := {e € E|0+e = v} and
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E, := Ef UE, (the set of incoming/outgoing resp. adjacent edges at v). A metric
graph is given by (V, E, 9) together with a map ¢: E — (0,00), e — £, > 0, where
we interpret /. as the length of the edge e. In particular, we set

M.:=[0,4] and M := ] M,/¥,
eckl
where ¥ identifies the end points of the intervals M, according to the graph struc-
ture, i.e.,

v: oM. -V,

{OEBMeHaeG v,
eceFE

ée € 3Me '—>6+6 eV

Any point in M not being a vertex after the identification is uniquely deter-
mined by e € F and s, € M,. In the sequel, we often omit the subscript and write
s e M,.

To avoid some technical complications, we assume that

lo = inf e > 0. (3.1)

Then M becomes a metric space by defining the distance d(z,y) of two points
x,y € M as the length of the shortest path in M (the path may not be unique).
We also have a natural measure on M denoted by ds, given by the sum of the
Lebesgue measures ds, on M, (up to the boundary points, a null set).

As Laplacian on M, we define Ay f via (Apf)e = —f) with f in

dom Ay = {f € @ H?(M,) | f continuous, Yo € V' Z fi(v) =0 } (3.2)
eceE ek,

Here, fl(v) = fl(0te) if v = dre and fl(v) = —fL(0) if v = O_e denotes the

derivative of f along the edge e towards the vertex. It can be shown that this

operator is self-adjoint, see [13] and references therein for details. Because of the

sum condition on the derivatives, this operator is also called Kirchhoff Laplacian
on M. We later on write Xo = M and Ag for the Kirchhoff Laplacian A ;.

3.2. Thin branched manifolds (“fat graphs”)

Let Xg = M be a metric graph. Let us now describe a family of manifolds X.
shrinking to X as ¢ — 0. We will show that a suitable Laplacian on X, (actually,
the Neumann Laplacian, if X, # () converges to the Kirchhoff Laplacian Ag on
Xo

According to the metric graph X, we associate a family (X.). of smooth
Riemannian manifolds of dimension m + 1 > 2 for small ¢ > 0. We call X a thin
branched manifold, if the following holds:

e We have a decomposition

Xe=J XU | Xew, (3.3)

ecE veV
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where X, . and X., are compact Riemannian manifolds with boundary,
(Xce)ecr and (X, ,)vev are pairwise disjoint and

(Z), € ¢ Ev7

XeeNXey =
€,e &,v {Y;:767 GGEU,

where Y. . is a compact Riemannian manifold of dimension m, isometric to
a Riemannian manifold (Y, e%h,).
o The edge neighbourhood X, . is isometric to a cylinder

Xee = Me X Ye,
ie., X = M, x Y, as manifold with metric g. . = ds? + £2h,. Recall that
M, =[0,¢.].
o The vertex neighbourhood X. , is isometric to

Kew EeXo,

ie., X., = X, as manifold with metric g., = €2g,, where (X, g,) is a
compact Riemannian manifold. In other words, X. , is e-homothetic with a
fixed Riemannian manifold (X,, g,).

FIGURE 1. A part of a metric graph, the (scaled) building blocks
and the corresponding (part of a) thin branched manifold (here,
Y, = S!, and X. is the surface of the pipeline network). The vertex
neighbourhoods X, , are drawn in gray.

Remark 3.1.

(a) Note that we write X, ,, etc., for a Riemannian manifold. More precisely, we
should write (X, ge) for this manifold, since the underlying space can be
chosen to be e-independent, the e-dependence only enters via the metric.

(b) The manifold X. may have boundary or not. If X, has boundary, then also
(some of) the transversal manifolds Y, have boundary.
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(c) We define the space X. in an abstract manner, although we have concrete
examples in mind. If we consider a graph M embedded in, say, R, and if
)?E denotes its e-neighbourhood, then we can define a similar decomposition
as in (3.3), but the building blocks )?876 and )Afs,v are only approzimatively
isometric with M, xeY, and €X, for some fixed Riemannian manifolds (Y, h.)
and (X, g,). This may have two reasons:

e We need a little space for the vertex neighbourhoods (of order ), so
that we need to replace the interval M, by a slightly smaller one of
length . — O(e).

e The edges may be embedded as non-straight curves in R2. This leads
to a slight deviation from the product metric.

All these cases can be treated as a perturbation of the abstract situation
above, see e.g. [13, Sects. 5.4 and 6.7]).

Laplacians on thin branched manifolds. The underlying Hilbert space is
L,(X.) (with the natural volume measure denoted by dX. induced by the e-
dependent Riemannian metric). In particular, we have

ull?, x.) = /X ()P dXe (x)

Le
=e" Z / / |”6(3e,y)\2 dYe(y) dse + et Z / |uv(x)|2 dX, ()
0 Ye Xo

eck veV
using the decomposition (3.3) and suitable identifications. In particular, u. resp.
u, denote the restriction onto X, . and X, ,, respectively.
As operator on X, we consider the Laplacian A > 0 (with Neumann bound-
ary conditions if X, # (}). This operator is given as

1
(Acu)y = 8—2AX,UuU and  (Acu)e = —uy + (id®Ay, | )ue,

where Ay, ¢ = e 2Ay,p for a smooth function ¢ on Y, and Ay, is the (Neu-
mann) Laplacian on Y. Moreover, (), denotes the derivative with respect to the
longitudinal variable s € M,.

3.3. Convergence of the Laplacian on thin branched manifolds

Let us first define a suitable identification operator
Je: Ly(Xo) = Ly(X0).

For simplicity, we assume here that vol,,(Ye, he) = 1. As identification oper-
ator we choose
(Jsf)e =fe® 15,e and (Jsf)v =0
where (J. f). is the contribution on the edge neighbourhood X, . and (J. f), is the
contribution on the vertex neighbourhood, according to the decomposition (3.3).
Moreover, 1. . is the constant function on Y, . with value g=m/2 (the first nor-
malised eigenfunction of Yz ).
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Remark 3.2. The setting (J.f), = 0 seems at first sight a bit rough, but we
cannot set something like (J.f), = e~"/2f(v), since on Ly(Xj), the value of f at
v is not defined. There is a finer version of identification operators on the level of
the quadratic form domains, again see [13, Chap. 4] for details.

Let us now calculate the resolvent difference R.J. — J.Ry: For g € Ly(Xo)
and w € Ly(X.), we have

(Rede — JeRo)g, w),(x.) = (Jeg, Rew)i, (x.) — (JeRog, w)i, (x.)
= (JAof, u),(x.) — (Jef, D) (x.),

where u = R.w € dom A, and f = Rgg € dom Ay. Moreover, using the definition
of J.f, we obtain

<(R€Je - JERO)ng>LQ(XE)
= Z <<(_‘fé/ ® 15)57u€>L2(Xa,e) - <f(' ® 157‘17 _u/€/>L2(Xa,e)

ecE
—(fe® 1, (id ®AYE,C)Ue>L2(xs,e))
=Y ((# @ tecudd o = (fe ® e —wix.))

ecE

since we can bring (id ®Ay, ,) on the other side of the inner product (the operator
is self-adjoint!) and Ay, 1. = 0. Using dX.. = €™ dY.ds and performing a
partial integration (Green’s first formula), we obtain

<(R5Js - J5R0)97w>L2(X5) = Z Em/Q |:/ (7féﬂe + feﬂ/e) dYei| oM

ecE Ye
Using the conventions f.(v) = fc(0) resp. fe(v) = fe
Ue(v) = te(le, -) and f{(v) = —fi(0) resp. f{(v) = fi(£

and after reordering, we obtain

(Rede — JRo)g, 0}, xy = 3 Y m/z/ 0) + £ ()T (v)) A,

(fe) Ue (v ) := (0, ) resp.

¢) if v=0_eresp. v=_0qe,

e€Ev=0+e
- gm/2 v)uf, v) + fe(U)il (U))
7;/66257 / 11 =:I2

Consider now

1 1
vauv = Vol X, . u, dX, and feue(v) = wolY. /Ye ue(v) dYe,
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then we can express the sums over I; as

Z m/2/ f ue Z Em/2f (U P( )7JC1;H“)

ecE, eckE,
(Z Em/2f )JC Ty
ecE,
= D PR (f )~ f ).

The last sum in the first line vanishes since f € dom A fulfils the so-called Kirch-
hoff condition »_ . fi(v) = 0. For the second summand 2, we use the fact that
fe(v) = f(v) is independent of e € E,,, hence

S e [ pm)av=e2p) [ o dox,

eckE, 00X,
= ™2 f(v) / Ax, Ty dXy,
Xu
performing again a partial integration (Green’s first formula, writing u, as 1-u,).
Summing up the contributions, we have

<(REJE - JERO)ga w>L2(X5)

= Z Em/?(_ Z fé(v) (feﬂe(v) — fvﬂv) + f(U)/ AX,,,EU dXU>

veEV eckE, Xo
= _<BOg7 A€w>gznax + <A0g7 B€w>gv

where G = (4(V,deg) (with norm Hw“i(v,deg) = Y evle®)]?degv < o0),
G = @,y CF and

By: Ly(Xo) — Gm, (Bog)w = ((Rog)/e(v))eeEv,

Aot Ly(Xo) = g™, (Aw), = ™2 (f (Rew)(v) — f, (wa)”)eeEU’
m/2

B.: L,(X.) — G, (B:w) degv/ Ax, (R.w)dX,,

Ao Ly(Xo) — G, (Aog)(v) = (Rog)(v

In particular, we have shown

Proposition 3.3. We can express the resolvent differences of A. and Ag, sand-
wiched with the identification operator J., as

REJE — JERO = *A:BO + B;AQI L2(X0) — |_2(X5)

We will now show that the e-dependent operators are actually small if ¢ — 0.
In order to do so, we need two important estimates:
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Sobolev trace estimate. We have

(0. )12, vy < CU i x, . (IullE, x, ) +IVull,(x, ) (34)

for all u: X, . — C smooth enough, where X, . = [0, ] x Y. is a collar neigh-
bourhood of the boundary component of X, touching the edge neighbourhood X,.
The optimal constant is actually C(£y) = coth(€y/2). The proof of (3.4) is just a
vector-valued version of the Sobolev trace estimate

LSO < C) (I, 0.0 + 112, 0.01))- (3-5)

A min—max estimate. We have
— full? (X)) S ( )H HEZ(XU) (3.6)

for all w smooth enough, where \3(X,) is the first (non-vanishing) Neumann eigen-
value of X,. Note that u — fu is the projection onto the space orthogonal to the
first (constant) eigenfunction on X,,.

As a consequence, we obtain

Lemma 3.4. We have
m 2 1
" 3 fewe®) = ful” <00 (5 + 1)1Vl

eck,

Proof. We have (denoting by ¢y > 0 a lower bound on the edge lengths)

e N o) = ful =™ 3| f (u— f )|

ecE, eckE,
’”Z/ |u— u} dY,
eckE,
<emCto) S (= £l x, .+ IVul ix, )
eeFE,

<o) (Jlu— f,ul? ix,) + V0l x,) )

1
<00 (350 + )19 o

using Cauchy—Schwarz in the first inequality, (3 4) and the fact that Vf u = 0
in the second estimate, the fact that UeE E, Xye C X, in the third estimate
and (3.6) and the scaling behaviour ™~ 1||Vu|| LX) = HVuHEZ(Xm) in the fourth
estimate. |

The following result is not hard to see using the Sobolev trace estimate (3.5):

Proposition 3.5. Assume that 0 < £y < {, for all e € E, then the operators Ag
and By are bounded by a constant depending only on {y.
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Proposition 3.6. Assume that
vol X,
egv

holds, then ||A|| = O(e'/?) and || B.|| = O(¢%/?), and the errors depend only on
lo, Ao and cyol-

Proof. For A, we have

lActwllfmas =™ D0 3 [f ue(®) — f

veV ecE,

<=0l (5 +1)Z|\Vu||L(X < =0l (5 + 1)1Vl v,

0<ly<l.VeeE, 0<X <X, and <yl <00 Yv eV (3.7)

using Lemma 3.4, where u = R.w. Now, since v € dom Ax_, and since Ax_ is the
operator associated with the quadratic form, we have

HVUHEZ(XE) = (AXE?MDLQ(Xs)
= (Ax, (Ax, + 1) 7w, (Ax, + D7 ), x) < ol

and the inequality is true by the spectral calculus.
For B, we have

1 vol X,
[Begllg = €™ Z degv '/ xu‘ =& Z X"’uHEz(XU)
veV

23 volX 9
Z de gv E,UUHLZ(XE,U)
veV

< EevalAx. (Ax, + D)7 w)IE, ()

< 830v01||w|\52(xg)

using the scaling behaviour Ax_, = e 2Ax, and Hw||EQ(XE o= €m+1|\w\|fz(xv)7
where again u = R.w.

Combining the previous results (Propositions 3.3, 3.5 and 3.6), we have shown
the following:

Theorem 3.7. Assume that (3.7) holds, then
|ReJe — JeRol|L, (x0) L, (x.) = O(e'/?),
where the error depends only on fy, Ao and cyol-
Theorem 3.8. Assume that (3.7) holds, then the (Neumann) Laplacian Ax_ con-

verges to the standard (Kirchhoff) Laplacian Ax, in the generalised norm resolvent
sense.

In particular, the results of Theorem 2.12 apply, i.e., we have convergence of
the spectrum (discrete or essential) and can approzimate p(Ax_) by Jop(Ax,)J:
in operator norm up to an error of order 0(51/2).
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Idea of proof. We have to show that J. is d.-quasi unitary. It is not hard to see
that
(Jou)e(s) = 5m/2/ ue(s,-) dYe,
Ye

and that

JLf =t (3.8)
for all f € Ly(Xo) (i-e., going from the metric graph to the manifold and back, we
do not loose information).

Hence we only have to show that

o= Jezull = 3 ol e+ 30 [ o) = Ftelo ),
veV ecE "’ Me
< 82[[(Az + D)ul?
(3.8b)

for some §. — 0. Actually, this can be done using similar ideas as before. For
details, we refer again to [13, Sect. 6.3], and one can show that J. = O(¢!/?) under
the additional assumption that 0 < A, < Ay(Ye) (the first non-zero eigenvalue of
AYC on Ye). O

Remark 3.9. Note that Grieser showed in [6] that the kth eigenvalue Ag(A.)
of the (Neumann) Laplacian converges to the kth eigenvalue of the metric graph
(Kirchhoff) Laplacian A\, (Ao), i.e., A(Ac) — A(Ag) = O(e), for compact metric
graphs and a corresponding family of compact Riemannian manifolds using asymp-
totic expansions. From our analysis, we only obtain the error O(¢'/2) as we use less
elaborated methods. From Grieser’s result, it follows that dspec(Re, Ro) = O(e)
where R. = (A: + 1)7!. We conclude from (2.11) that dqumi(Re, Ro) = O(e).
Our identification operator .J. only shows the estimate d.uni(Re, Ro) < O(e'/2).
Knowing already Grieser’s result, we can directly define a unitary map sending
eigenfunctions of the metric graph to eigenfunctions of the manifold.

Our identification operator J. just imitates the eigenfunctions up to an er-
ror. It would be interesting to see whether one can also obtain the optimal error
estimate O(e) using other identification operators J; respecting in more detail the
domains and also the local structure of the spaces.
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Infinite-time admissibility
under compact perturbations

Jochen Schmid

Abstract. We investigate the behavior of infinite-time admissibility under
compact perturbations. We show, by means of two completely different ex-
amples, that infinite-time admissibility is not preserved under compact per-
turbations @) of the underlying semigroup generator A, even if A and A+ Q
both generate strongly stable semigroups.

Keywords. Infinite-time admissibility, compact perturbations, stabilization
of collocated linear systems.

1. Introduction

In this note, we investigate the behavior of infinite-time admissibility under com-
pact perturbations of the underlying semigroup generator. So, we consider semi-
group generators A : D(A) € X — X (with X a Hilbert space) and possibly
unbounded control operators B (defined on another Hilbert space U) and we ask
how the property of infinite-time admissibility of B behaves under compact per-
turbations of the generator A. Infinite-time admissibility of B for A means that for
every control input u € L?([0, 00), U) the mild solution of the initial value problem

z(t) = Az(t) + Bu(t) and z(0)=0 (1.1)

is a bounded function from [0, c0) with values in X. (A priori, the mild solution
has values only in the extrapolation space X_; of A and, a fortiori, need not be
bounded in the norm of X, of course.)

It is well-known that (finite-time) admissibility is preserved under very gen-
eral perturbations @) of the generator A, in particular, under bounded perturba-
tions. It is also clear that infinite-time admissibility, by contrast, is not preserved
under bounded perturbations. Just think of a generator A of an exponentially
stable semigroup and a bounded perturbation @ (for example, a sufficiently large
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multiple of the identity operator) such that the operator A+ @ has spectral points
in the right half-plane.

In this note, we will show by way of two completely different kinds of examples
that infinite-time is also not preserved under compact perturbations ) which are
such that both A and A+ (@ generate strongly stable (but not exponentially stable)
semigroups. So, in other words, we show that there exist semigroup generators A
and A + @ with @ being compact and a control operator B such that

e the semigroups e and e(4+@) are strongly stable but not exponentially
stable,

e B is infinite-time admissible for A but not infinite-time admissible for A+ Q.

In our first — more elementary — example, we will use an old and well-known result
from the 1970s, namely a stabilization result for collocated linear systems. In that
example, the compact perturbation ) will be of rank 1 and the control operator
B will be bounded. In particular, none of the technicalities coming along with
unbounded control operators will bother us there. In our second — less elementary
— example, we will use a more advanced result from the 1990s, namely a charac-
terization of infinite-time admissibility for diagonal semigroup generators. In that
example, the control operator B will be unbounded and the compact perturbation
(@ will be of rank oo.

In the entire note, we will use the following notation.
Ry :=1[0,00), Ct:={z€C:Rez>0}, C :={z€C:Rez<0}.

As usual, L(X,Y’) denotes the Banach space of bounded linear operators between
two Banach spaces X and Y and | - [y y- stands for the operator norm on L(X,Y).
Also, ||lu||, denotes the norm of a square-integrable function u € L*(RJ,U) with
values in the Banach space U. When speaking of a semigroup, we will always mean
a strongly continuous semigroup of bounded linear operators and we refer to [3],
[4] or [9] for basic definitions and facts from semigroup theory. And finally, for a
semigroup generator A and bounded operators B, C between appropriate spaces,
the symbol &(A, B, C) will stand for the state-linear system [3]

z(t) = Ax(t) + Bu(t) with y(t) = Cx(t).

2. Some basic facts about admissibility and infinite-time
admissibility

In this section, we briefly recall the definition of and some basic facts about ad-

missibility and infinite-time admissibility. If A : D(A) C X — X is a semigroup

generator on the Hilbert space X and X_; is the corresponding extrapolation

space, then an operator B € L(U, X_4) (with U another Hilbert space) is called

control operator for A. Also, B is called a bounded control operator iff B € L(U, X)

and an unbounded control operator iff B € L(U, X_1)\ L(U, X). See [9] (Sect. 2.10)
or [4] (Sect. IL.5) for basic facts about extrapolation spaces.
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Definition 2.1. Suppose A : D(A) C X — X is a semigroup generator on X and
B e L(U,X_1), where X,U are both Hilbert spaces. Then B is called admissible
for A iff for every u € L*(R{,U)

(0,00) 2t = Py(u) := /Ot e=1%Bu(s) ds (2.1)

is a function with values in X, where A_; is the generator of the strongly contin-
uous extension of the semigroup e to X_;.

Clearly, for a given semigroup generator A every bounded control operator
B € L(U,X) is admissible (because eAfls‘X = e”* for s € RY). It should also
be noted that if B € L(U,X_4) is admissible for A, then for every t € (0,0)
the linear operator L?(Rj,U) 2 u ~ ®;(u) € X defined in (2.1) is closed and
thus continuous by the closed graph theorem. Consequently, B € L(U, X_1) is
admissible for A if and only if

®, € L(L*(R{,U), X) (t€(0,00)). (2.2)

Definition 2.2. Suppose A : D(A) C X — X is a semigroup generator on X and
B e L(U,X_1), where X, U are both Hilbert spaces. Then B is called infinite-time
admissible for A iff for every u € L*(R},U)

(0,00) 3t Py(u) := /t e=1°Bu(s) ds (2.3)

is a function with values in X that is bounded (in the norm of X), where A_; is
the generator of the strongly continuous extension of the semigroup e to X_;.

Clearly, if B € L(U,X_1) is infinite-time admissible for a given semigroup
generator A, then it is also admissible for A. It should also be noted that, by the
uniform boundedness principle, B € L(U, X_1) is infinite-time admissible for A if
and only if

®, € L(L*(R{,U),X) (t€(0,00)) and  sup |||
te(0,00)

LQ(RSF,U),X < 0. (2.4)
Some authors [8, 2, 10] use the term input-stability for the system &(A, B) instead
of infinite-time admissibility.

It is well-known that admissibility is preserved under bounded perturbations.

Proposition 2.3. Suppose A : D(A) C X — X is a semigroup generator on X
and B € L(U,X_1), where X,U are both Hilbert spaces. Also, let Q € L(X). Then
B is admissible for A if and only if B is admissible for A+ Q.

In fact, the conclusion of this proposition remains true for much more general
perturbations @, namely for perturbations of the (feedback) form @ = ByCy, where
By € L(Uy, X_1) is an admissible control operator for A and Cy € L(X,Uy) with
Up an arbitrary Hilbert space. See Corollary 5.5.1 from [9], for instance.



76 J. Schmid

Proposition 2.4. Suppose A : D(A) C X — X is the generator of an exponen-
tially stable semigroup on X and B € L(U,X_1) is admissible for A. Then B is
even infinite-time admissible for A.

See Proposition 4.4.5 in [9], for instance, and notice that for bounded con-
trol operators B the above proposition is trivial. In view of that proposition, it
is clear that infinite-time admissibility — unlike admissibility — is not preserved
under bounded perturbations. Choose, for example, a bounded generator A of an
exponentially stable semigroup and let Q := —A € L(X) and B:=1 € L(X,X)
(identity operator on X).

3. An example using a stabilization result for collocated
linear systems

3.1. Stabilization of collocated linear systems

We will use the following well-known stabilization result for collocated systems,
that is, systems of the form &(A, B, B*) with a bounded control operator B. It
essentially goes back to [1] (Corollary 3.1) and, in the form below, can be found
in [8] (Lemma 2.2.6), for instance. (Actually, for the more general version with
the countability assumption on o(Ag) NiR we have to refer to [10], but this more
general version will not be used in the sequel.) See [10] or the upcoming second
edition of [3] for the definition of approximate controllability and approximate
observability in infinite time (in [3] the additional clarifying qualifier “in infinite
time” is not used).

Theorem 3.1. Suppose Ay is a contraction semigroup generator on a Hilbert space
X with compact resolvent (or, more generally, with o(Ag) NiR being countable).
Suppose furthermore that B € L(U,X) with another Hilbert space U and that
&(Ay, B, B*) is approximately controllable or observable in infinite time. Then

(i) B is infinite-time admissible for Ag — BB*, more precisely,

(ii) e(A0=BB") s o strongly stable contraction semigroup on X.

2

t
. 1
/ eAo=BB)s By (s)ds|| < 3 Julls (v € L3RS, U),t € RY).
0 X

A far-reaching generalization of this result to the case of unbounded control
operators was obtained by Curtain and Weiss [10]. See Theorem 5.1 and 5.2 in
conjunction with Proposition 1.5 from [10]. We also refer to [2] for a parallel result
on exponential stabilization.

3.2. Infinite-time admissibility under compact perturbations
Example 3.2. Set X := ¢2(N,C) and let Ap : D(4y) C X — X be defined by

Aoz = (/\kak)kEN ({L' € D(A()))7
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where D(A4p) := {(xk) e X: ()\kak) S X} and Agg := —ay, + 18, with
ReXop = —ag :=—1/k (ke€N) and ImMp =S —> 00 (k— 00).
Set U := C and let B : U — CN be defined by

Bu := (uby,) (wel),

keN
where
b :=1/k%% (kel,) and b, :=1/k (ke l),
I = {lQ:leN} and [ :=N\I.
Clearly, (b;) € X and therefore B € L(U, X) and B* € L(X,U) with
Bz = ngxk =({z)y (reX), (3.1)
keN

where b := (by), of course. We now define
A:=Ay—BB* and A := A,

and show, in various steps, that A and A’ are generators of strongly but not
exponentially stable contraction semigroups on X, that A’ = A+ Q for a compact
perturbation @ of rank one, and that B is infinite-time admissible for A but not
infinite-time admissible for A’.

As a first step, we observe that A’ = A + Q with Q := BB* and that @ has
rank one (because the same is true for B), whence @ is compact.

As a second step, we observe from
Mr €C™ (keN) and sup{Relpp:keN} =0 (3.2)

that A’ is the generator of a strongly stable but not exponentially stable contrac-
tion semigroup on X. Indeed, by (3.2.a) one directly verifies that HeA“th; -0
as t — oo for every € X and by (3.2.b) the spectral bound and hence the growth
bound of e?¢" is at least 0.

As a third step, we show that B is not infinite-time admissible for A’. In view
of (2.4), we have to show that

= 0. (3.3)
X

sup  sup
llull;=1t€(0,00)

t
/ e19% Bu(s) ds
0

We first observe by Fatou’s lemma that

¢
/ e19° Bu(s) ds

0

2

XZZ

keN

/ u(s)er® ds
0

2
lim inf |br|?
t—o00

o0
/ u(s)err ds
0

2
[bn (3-4)

>
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for every u € L?(R{,U) and n € N. Setting u,(s) := nil/QX[ojn](s) e~ Pns for
s € Rg and n € N, we see that

lunll, =1, (3.5)
0o 2 n 2 1 5
/ Uy (s)eronds| = — / e rids| = — (1 - e’o‘"”)
0 n|Jo a,n
=n(l —e')? (3.6)

for every n € N. Combining now (3.4), (3.5) and (3.6) we get

2

t
> sup (lim inf / e1° Bu,, (s) ds
X neN t—o0 0

>(1—e1)2sup (n\bn|2)
neN

t
/ e19% Bu(s) ds
0

sup  sup ‘
llull;=1t€(0,00)

Since sup, ey (n/bn|?) = sup,e;, (n]bn]?) = oo, the desired relation (3.3) follows.

As a fourth step, we show that B is infinite-time admissible for A and that
A is the generator of a strongly stable contraction semigroup on X. In order to do
so, we apply the stabilization theorem above (Theorem 3.1). Since

ReXor <0 (keN) and |[Aog| =200 (k— 00),

we see that Ag is a contraction semigroup generator on X with compact resolvent,
and since the eigenvalues Agx of Ag are pairwise distinct and by, # 0 for every k € N,
we see by Theorem 4.2.3 of [3] that the collocated linear system &(Ag, B, B*) is
approximately controllable and approximately observable in infinite time. So, by
the stabilization theorem above (Theorem 3.1), B is infinite-time admissible for
Ao — BB* = A and e?" is a strongly stable contraction semigroup on X.

As a fifth and last step, we convince ourselves that the semigroup generated
by A is not exponentially stable. Assume the contrary. Then there exist M > 1
and w < 0 such that {z € C: Rez > w} C p(A) and

) M
D xx S jes o

H(Af (Rez > w).

So, since Re Ag,, — 0 as n — 0o, we conclude that

M M
. 1 .
We now observe from (3.1) that
(A= Xon)en = —BB%e, = =b,-b—0 (n— 00). (3.8)

Combining (3.7) and (3.8), we arrive at

M
1 =limsup [le, ||y = limsup |[(A — Xon) " 'bn - b]| , < — limsup [|by, - bl| y = 0.
n—00 n—00 |UJ| n—00
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Contradiction! (Alternatively, we could prove the fifth step as follows. Since e(A+®Q)-
is strongly stable by the second step and since @ is compact, we have

He<A+Q>tQH S0 (t— o0). (3.9)
X, X

Assuming that e is exponentially stable and using (3.9), it is not difficult to
conclude from

t
e(ATQIty — oAty | / A3 . Aty ds (z € X)
0

that ‘|e(A+Q)"|X x — 0ast— oo. And from this, in turn, it follows by Proposi-

tion TV.2.2 of [4] that the semigroup e(4T@) is exponentially stable, contradicting
the second step!) O

4. An example using an admissibility result for diagonal
linear systems

4.1. Characterization of infinite-time admissibility

We will use the following well-known characterization of infinite-time admissibil-
ity for diagonal semigroup generators Ag. It essentially goes back to [5] (Propo-
sition 2.2) and can also be found in [9] (Theorem 5.3.9 in conjunction with Re-
mark 4.6.5), for instance.

Theorem 4.1. Suppose X = (>(I,C) with a countable infinite index set I and let
A : D(Ap) C X — X be the diagonal operator given by

Aom = ()\kak)kel (x S D(A()))
where D(Ap) 1= { s (Aokzk) € X} and \ox € C™ for every k € I. Suppose
further that B € L( - ) wzth U :=C, that is,
Bu:(Ubk)kef (wel)

for a unique sequence (by) € X_1 = {(ck) € CT + 3, .;len?/(1 + [Aef?) < o0}
Then the following statements are equivalent:

(i) B is infinite-time admissible for Ag.

(ii) There exists a constant M € R such that

|bk| M +
z€CT).
; \Z—)\0k|2 ~ Rez ( )

Clearly, in the situation of the above theorem the condition (ii) is equivalent
to the existence of a constant M € Ry such that

(= = 4718, < (zeCH). (4.1)

M
VRez
A far-reaching generalization of the above theorem to the case of general contrac-
tion semigroup generators Ay on a separable Hilbert space X was obtained by
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Jacob and Partington [6]. See Theorem 1.3 from [6]. It states that for a contrac-
tion semigroup generator Ay on a separable Hilbert space X a control operator
B ¢ L(U,X_,) with U := C is infinite-time admissible if and only if there is a
constant M € R{ such that the resolvent estimate (4.1) is satisfied. We also refer
to [7] and [9] (Section 5.6) for an overview of many more admissibility results, for
example, for infinite-dimensional input-value spaces U.

4.2. Infinite-time admissibility under compact perturbations
Example 4.2. Set X := (%(Z,C) and let A: D(A) C X — X and A’ : D(4") C
X — X be defined by

Az = (M) (x € D(A)) and A'w:= (Azy) (x € D(4")),

keZ kEZ

where D(A) := {(zx) € X : (\eax) € X} and D(A') := {(zx) € X : (Ma) € X}
with
~1/k? +ik, & —e F ik, k
Neom { YRSk REN, gy o T ik RER,
7(|k‘ + 1)1/27 ke 7N07 7(‘k| + 1)1/27 ke 7N0-
Set U := C and let B : U — CZ be defined by

Bu := (uby,) (ueU),

keZ

where
br:=1/k (keN), by:=0, by:=1/[k]*? (ke -N).

Clearly, >, o7 bk 2 /(14 |Ak]?) < 00 and >°, . |bi|* = 0o whence (br) € X_1\ X.
And therefore

Be LU, X_1)\ L(U, X).

We now show, in various steps, that A and A’ are generators of strongly but not
exponentially stable contraction semigroups on X, that A’ = A+ Q for a compact
perturbation @ of infinite rank, and that B is infinite-time admissible for A but
not infinite-time admissible for A’.

As a first step, we observe from
i, A, €CT (k€ Z),

4.2
sup{ReX;: k€ Z}, sup{ReX,: k€ Z} =0 (4.2)

that A and A’ are generators of strongly stable but not exponentially stable con-
traction semigroups on X. Indeed, this follows in exactly the same way as the
second step of Example 3.2.

As a second step, we observe that A’ = A + Q for a compact operator @ of
infinite rank. Indeed, the operator @ : X — X defined by

Qz = (A, — Ae)Th) ey (€ X)
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is a bounded operator on X because (A}, — Ax)rez is a bounded sequence. Also, Q
is the limit in norm operator topology of the finite-rank operators Qn : X — X
defined by

Qnz = (...,0,07 ()\/1 — )\1)1‘1,. 7()‘§V — )\N)(L'N,0,0,...) (ZK S X)
and therefore @) is compact, as desired.

As a third step, we show that B is infinite-time admissible for A. We have
that

S R <X et then? S TR D] (Y
z— M2 T Rez+ |ReAx|)?2 ~ 2Rez Re Ak '
keZ keZ

kEZ

for every z € C* and that

x|
M = . 4.4
2 [ReAe] =™ 44

So, by the admissibility theorem above (Theorem 4.1), the claimed infinite-time
admissibility of B for A follows from (4.3) and (4.4).

As a fourth and last step, we show that B is not infinite-time admissible for
A’. We have that

> || bal* 1 1 (4.5)
= |z—)\’\2 “lz= A2 (Rez+e )2+ (Imz —n)2n? '

for every z € CT and n € N. Choosing z, := e +in € C* for n € N, we see
from (4.5) that

|bg |2 Re z, 1
R >8 n2
s (Ree 3120 ) 2 e (o s

keZ
en
=sup —5 = Q. 4.6
o = (19
So, by the admissibility theorem above (Theorem 4.1), B is not infinite-time ad-
missible for A’, as desired. O
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Input-to-state stability
for parabolic boundary control:
linear and semilinear systems

Felix L. Schwenninger

Abstract. Input-to-state stability (ISS) for systems described by partial dif-
ferential equations has seen intensified research activity recently, and in partic-
ular the class of boundary control systems, for which truly infinite-dimensional
effects enter the situation. This note reviews input-to-state stability for para-
bolic equations with respect to general LP-input-norms in the linear case and
includes extensions of recent results on semilinear equations.

Mathematics Subject Classification (2010). 93C20, 35K58, 47D06, 93D20,
93C05.

Keywords. Input-to-state Stability, Boundary Control, Parabolic Equation,
Semilinear Equation.

1. Introduction

In the study of control of partial differential equations two main types of inputs
can be distinguished: distributed and boundary inputs (or disturbances or controls).
The latter emerge e.g. by the following reason: Although a system is described
by an infinite-dimensional state space, the ability to influence the system may
only be possible through an “infinitesimal small number” of states. As a simple
motivating example consider a metal rod of length 1 whose temperature flux at
both boundary point is subject to control. Neglecting the width of the rod and
normalizing parameters, the heat distribution may be governed by the following
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equations:
O e 1y = P2 ey t t) €0,1] x (0
a(év )78752(67 )70’1‘(5’ )7 (57 )e [ ’ } X( ,OO),
Ox _ Ox _ (1.1)
a—g(O,t) = a—g(l,t) = u(t), t € (0, 00),
z(£,0) = wo(§), where a > 0.

In this setting input-to-state stability (ISS) can be understood as follows:
The given “data” of the model is the initial temperature distribution xg and the
input function u: R — U = R, representing the temperature flux at the boundary
points. Since it is (physically) clear that the system is causal, that is, the solution
x at time ¢ does not depend on the values of the function u at later values, we may
ask for an estimate on the (norm of the) state z at time ¢ depending on (the norms
of) u|[07t] and z. In particular, if we choose for the state space X = L2(0,1),
we could aim for the following type of time-space estimate for solutions to the
differential equation:

lz®]x < e lloflx + ell pogo,ry (12)

for some fixed ¢ € [1,00], wo > 0 and all xy € L%(0,1), u € L9(0,t) and ¢ > 0.
In this (linear) case, we call the system L?-input-to-state stable (ISS), and in fact,
the above system is L9-ISS for the parameters ¢ € (4/3, 00] and wy € (0, an?], see
Example 2.14. In the literature, the most commonly studied ISS property is with
respect to L*°-functions. Clearly, the notion of “solution” is ambiguous here, and
we shall, for simplicity, confine ourselves in this introduction to classical solutions
of the PDE with sufficiently smooth input functions wu.

Since the above example is a linear system, estimate (1.2) clearly superposes
the uniform global asymptotic stability of the internal system, that is the de-
pendence of z(t) on z( in the case that uw = 0, and the external stability, that
is, the stability of u + x(t) when xy = 0. This combination of stability notions
lies at the heart of ISS and has proved very useful particularly for nonlinear ODE
systems where this superposition principle does not hold. For a detailed overview
on why this concept has become a practical tool in systems and control theory
we refer to [2]. Note that the linear PDE case is more subtle compared to the
rather trivial linear finite-dimensional situation: Imagine, for instance, a simple
space-discretization of the above heat equation which leads to a system of the
form

I(t) = AZ(t) + Bu(t), %(0) = o, (1.3)
where Z is vector-valued and A, B are matrices of appropriate dimensions. By the
variation-of-constants formula the spatially-discrete system is L9-ISS for any g €
[1,00] if and only if A is Hurwitz. If more generally (1.3) describes a system with
A being the generator of a strongly continuous semigroup on the (possibly infinite-
dimensional) state space X and B : U — X being a bounded linear operator, the
corresponding assertion, that the semigroup is exponentially stable if and only if
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the system is LI-ISS, remains valid. Comparing this to the afore-mentioned range
of ¢ € (4/3, 0] for which the heat equation with Neumann control at the boundary
is L9-ISS, Example 2.14, reveals fundamental differences between systems of the
form (1.3) (with bounded input operator B) and the ones with boundary control.
So what goes wrong?* Apparently, (1.1) does not fit into the framework of (1.3)
with bounded B. Instead, (1.1) is of the abstract form

(t) = Ax(t), t>0,
Bx(t) = u(t), t>0, (1.4)
x(0) = o,

where both 2 and B are unbounded operators — we will elaborate on the precise
assumptions in Section 2. Such systems have become known as boundary control
systems. Whereas it is formally clear that our example fits into the setting of (1.4)
rather than into (1.3), it is a little less clear how ISS estimates can be assessed in
this case (or how to discuss existence of solutions, to begin with). However, there
is a way of interpreting a boundary control system as a variant of (1.3). Although
this is rather well-known to the operator theorists in systems theory, the explicit
argument will be recalled in Section 2, also revealing the natural connection to
weak formulations from PDEs. This is also done in order to place approaches
and results that were recently obtained for ISS together with more classic — but
sometimes a bit folklore — results known in the literature.

Whereas these different view-points for linear systems are often rather subject
to taste or one’s background — however, the amount of effort for obtaining ISS
results may differ greatly, not only because solution concepts are intimately linked
with the approach — they (can) become crucial when considering systems governed
by nonlinear PDEs. In line with the introductory 1D-heat equation, one may be
interested in the following semilinear system

Ox 0%z
E(£7t) = aigg(gat)+f(‘r(t7€))7 (§7t) € [071] X (0700)7
Oz _ Oz _ (1.5)
875(0715) - ag(lvt) _u(t) le (0700)»
x(£,0) = 0.
where f is e.g. of the form f(x) = —z—23. In general, to account for nonlinearities,

the aimed ISS estimate has to be adapted to an inequality of the more general
form

lz®ll = Bllzoll . 8) + ([l oo, (1.6)

1[34], A. Mironchenko and F. Wirth. Restatements of input-to-state stability in infinite dimen-
sions: what goes wrong? In: Proc. of the 22th International Symposium on Mathematical Theory
of Networks and Systems, pages 667-674, 2016.
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where 8 € KL and v € K4 being classical comparison functions from Lyapunov
theory,

K={p:Rj = R{ | n(0) =0, u continuous, strictly increasing},
Koo ={r€K] zlggofy(x) =00},
L= {9 : Ry — Ry | v continuous, strictly decreasing, lim 6(t) = O},
t—o0
KL={B:(R)? =Ry |B(t) € KVt and B(s,) € L Vs}.

Of course, even in the uncontrolled setting u(t) = 0, equation (1.5) is more
delicate to deal with than a linear equation, both in terms of existence of solutions
as well as asymptotic behaviour, but well-known [38, 16]. In particular, the “sign”
of f may be crucial for the existence of global solutions, which is necessary for ISS.
Regarding ISS, we now have typical nonlinear effects (for which ISS was originally
studied for ODEs [42]) blended with infinite-dimensional effects (through both the
heat diffusion and the boundary control).

Recently, several steps have been made to address ISS for semilinear sys-
tems, for both distributed and boundary control, e.g. [13, 39, 33, 48, 49] and the
references in Section 1.1. The employed methods are diverse — see the section
paragraph — and it seems that a unified approach for more general systems is
missing and open problems remain. In the following we try to offer yet another
approach to the ISS for parabolic semilinear equations from a mere functional-
analytic point of view. This, though linked to the spirit with [48], generalizes to
more general equations of the form

() = Ax(t) + f(t,z(t)), t>0,
Ba(t) = ult), t>0, (1.7)
z(0) = xo.

Before we summarize on the state-of-the-art in the literature, let us identify the
crucial tasks in identifying ISS for a parabolic system of the form (1.7):

(I) global existence (and uniqueness) of solutions to (1.7) for u in the considered
function class;

(IT) uniform global asymptotic stability of the undisturbed system, u = 0;
(IIT) the LI-ISS estimate, (1.6).
The first task is classical in the study of (parabolic) PDEs and is typically ap-
proached by local fix-point arguments and iteratively extending the solutions to
a maximal interval and a-posteriori regularity investigations. The second step,
sometimes phrased by the “geometric properties” of an evolution equation in the
PDE literature, is dealt with differently than in (I); with methods, such as Lya-
punov functions, carefully adjusted from the finite-dimensional theory. The final
step (III) is closely connected to (II) and, at least in the situations studied in the
literature so far, can often be accessed by weaker arguments than the ones in (II).
In particular, a local (in time) version of estimate (1.6) does in general not suffice
to guarantee global solutions. However, after having settled global existence, in
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Section 3 we shall see relatively simple Lyapunov arguments which are sufficient
for ISS.

This note has two goals: First and foremost we would like to survey on recent
developments that fall under the concept of ISS for boundary-controlled (para-
bolic) evolution equations: This is done with particular care at those instances
where the literature has seen results in similar spirit, but emerging from different
approaches. An example of such an instance is the use of the notion of admissible
operators which is classic in infinite-dimensional systems theory, but comes along
with quite an operator-theoretic “flavour” compared to (direct) PDE arguments.
We will avoid the notion of “admissibility” throughout this manuscript as it is, in
case of uniformly globally asymptotically stable linear systems, equivalent to ISS,
[19]. Thus admissibility in the context of ISS is rather “another name” than an
additional property, which, for linear equations, can be used interchangeably. By
this, we hope to contribute to clarify on some things that may be folklore knowl-
edge in one community, while possibly unknown in others. The author strongly
believes that the fact that ISS for PDEs is currently studied by view-points from
different fields, such as operator theory, systems theory and control of PDEs, has
and has had a very positive effect on the topic. Apart from this survey-character,
the article slightly extends recent findings around ISS for semilinear equations,
in particular the ones in [48]. This includes the goal to unify some of the ap-
proaches from the literature and or to reveal common features and difficulties. We
emphasize that in contrast to the introductory example and several results in the
literature, we will not restrict ourselves to spatially one-dimensional systems in
the following. Thereby we hope to set the ground for coming efforts in the study
of ISS estimates for PDE systems, which even in the semilinear parabolic case are
by far not completed.

What this note does not cover is the link to a profound application of ISS.
Instead, we confine ourselves to some of the — as we believe — mathematical
essentials and refer to the literature for important topics such as ISS feedback
redesign and ISS small-gain theorems, which have had great success in finite-
dimensional theory. Furthermore, ISS Lyapunov functions — interesting from both
the application and the general theory — for which even the linear case is not
completely understood yet, see [17] for an interesting partial result, will not be
discussed here in detail.?

Altogether we hope to address with this article both experts in ISS for infinite-
dimensional systems as well as researchers new to the field. This intention has also
led to the style of the presentation which is chosen in a way that, the author
hopes, is more intuitive than a plain arrangement of definitions and results. Like
in the introduction, we will try to stick closely to some tutorial examples and
develop/recap the ISS theory around them. This also means that some of the
results of Section 3 should rather be seen as a first step (or better second step after
what has already been done in the literature) far from being settled conclusively.

2At least not explicitly.
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We will point out such incomplete situations and comment on difficulties. For
example, one of these seems to be L?-ISS for semilinear parabolic equations with
Dirichlet boundary control, where, to the best of the authors knowledge, so far
only the case ¢ = oo has partially been resolved [33, 47, 49].

1.1. ISS for parabolic semilinear systems — what is known

As mentioned before the notion of ISS in the context of PDEs has only been studied
in the last ten years. However, particularly for linear systems, several results had
previously been known — at least implicitly — by other notions arising in the con-
trol of PDEs or boundary value problems. For example, for linear systems L?-ISS
is equivalent to uniform global asymptotic stability together with L?-admissibility
— the latter property being particularly satisfied if distributed controls are con-
sidered, see [9, 19, 35]. Therefore, classical results for L2-admissibility, e.g. [44] and
L%-admissibility, g € [1,00) e.g. [14, 43, 46], can be applied to derive ISS for linear
systems. Recall that ¢ € {1,000} are special choices for linear systems: Whereas
g = 1 can practically only arise for distributed controls [46], the case ¢ = oo is
implied by any other LP-ISS estimate with p < co. By now there are several results
for general linear, not necessarily parabolic, systems for distributed and boundary
control, see e.g. [5, 8, 9, 26, 19, 35, 36] and the references therein.

In the following we concentrate on works that focus on parabolic equations.
The assessment for particular parabolic equations, both linear and semilinear, has
been studied by several authors. In [8, 9, 32, 39] (coercive) ISS-Lyapunov func-
tions are constructed for semilinear parabolic equations with distributed control.
In these references, spatially one-dimensional equations are considered with the
diffusion term being the Laplacian and primarily L°°-ISS is shown with input
functions being continuous or piecewise continuous. Boundary control (or mixed
boundary and distributed control) for parabolic equations has been studied in
[19, 21, 24, 25, 33, 29, 30, 48, 50, 49]: More precisely, in [24, 25] L*°-ISS estimates
for classical solutions were proved for spatially one-dimensional linear parabolic
equations where 2 referred to a regular Sturm—Liouville differential operator and
with controls acting through general Robin boundary conditions.? The proof tech-
nique rested on a careful analysis of the solutions represented via the spectral
decomposition, available in this case. In [19, Sect. 4] general Riesz-spectral oper-
ators were considered and more general ISS estimates. Recently, another abstract
extension of [24, 25] to Riesz-spectral boundary control systems has been given
n [30], also for generalized solutions and more generally, continuous inputs. The
assumptions used in these works, which particularly include that the differential
operators have discrete spectra, are not required in [21], where a very general class
of linear parabolic equations and inputs in L*° are considered, see Theorem 2.18
below. Note that all these references require finite-dimensional input spaces.

3Here, “Robin boundary conditions” includes Dirichlet and Neumann boundary conditions.
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Semilinear diffusion equations (with constant diffusion coefficients) in one
spatial coordinate have appeared in [48, 49, 50] with different scenarios of bound-
ary control. In particular, it is shown in [48] that Robin boundary control which
is not Dirichlet control allows for L?-ISS estimates, ¢ € [2,00], under sufficient
assumptions on f in order to guarantee global existence of classical solutions. We
will revisit these results in the present paper and show how they generalize to
more general differential operators on higher-dimensional spatial domains. In [33]
maximum principles and their compatibility with monotonicity are used to assess
L-ISS for a broad class of semilinear parabolic equations with Dirichlet boundary
control and infinite-dimensional input spaces. Dirichlet control has also appeared
in [49, 50] for a viscous Burger’s type equation, however with a technical assump-
tions on the L*°-norm of the input functions. We also mention a recent result in
[17, Proposition 4.1] which establishes L>°-ISS Lyapunov functions for parabolic
boundary control problems (and even a bit more general settings). Furthermore,
we remark that also linear control systems with nonlinear (closed-loop) feedback
law can be interpreted as semilinear control systems, e.g. [43]. In particular, we
mention the extensive results for Lur’e systems in [13] and the prior work [22].

1.2. Notation

In the following let R and C denote the real and complex numbers respectively and
Ry = [0,00). The letters X and U will always refer to complex Banach spaces with
norms H . H < H . HU where we omit the reference to the space whenever it is clear
from the context. Let I C [0,00) be a bounded interval. By LP(I; X), p € [1, 00)
we refer to the X-valued Lebesgue spaces of measurable, p-integrable functions
f: I — X, where the Bochner integral is used to define the vector-valued integrals.
The space WP (I; X) C LP(I; X) refers to the vector-valued Sobolev functions of
order k. The space of essentially bounded X-functions is denoted by L*°(I; X),
the space of X-valued regulated functions by Reg(I; X), which is the closure of the
step functions in L>°(I; X), and the space of continuous functions by C(I; X); all
equipped with their natural (essential) supremum norms. Furthermore, C*(I; X)
refers to the space of k-times continuously differentiable functions f : I — X. By
C2°(I; X) we refer to the functions which are k-times differentiable for any k > 0
and compactly supported in I. If Z(I; X) refers to one of the defined function
spaces, then Zjo.(Ry; X) denotes the space of functions f : Ry — X such that
the restriction f| ;1 — X lies in Z([; X) for all compact subintervals I C R.
We will also identify a function f : I — Xwith its zero extension to R or R;.
For a Banach space Y let £(X,Y") denote the space of bounded linear operators
from X to Y. We assume that the reader is familiar with basics from strongly
continuous semigroups (or “Cy-semigroups”) for which we refer to the textbooks
[7, 38, 43, 44]. Typically we will denote a semigroup by T" and its generator by A.
The growth bound of T will be denoted by w4. For a Hilbert space X the scalar
product will be denoted by (-,-) and for a densely defined, closed operator A on
X, let A* denote the Hilbert space adjoint.
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The notation “F(z) < G(x)” means that there exists a constant C' > 0,
which is independent of the involved variable z, such that F(x) < CG(z).

2. A recap on ISS for linear boundary control systems

Intuitively, and in particular if one has a certain class of systems in mind, it is
rather straight-forward how input-to-state stability for PDEs should be defined
in order to generalize the finite-dimensional theory. However, as various solution
concepts such as weak, mild and strong solutions for infinite-dimensional systems
exist, the following abstract definition in the language of dynamical systems seems
to be natural for what we need in the following, see [9, 23] and the references
therein, for similar notions in the context of ISS which have motivated the follow-
ing.

Definition 2.1 (Dynamical control systems). Let X and U be a Banach
spaces. Let D C X x UR+ and let ® : Ry x D — X be a function satisfying the
following properties for any t,h € Ry, (z,u), (z,v') € D:
(1) CI)(O, CL’,U) =T
(ii) (®(t,z,u),u(t +-)) € D and ®(t + h, z,u) = S(h, (¢, 2,u), u(t + -));
(iii) (;r,u’[o,t]) € D and uljp 4 = v'|jo,y implies that ®(t,z,u) = (¢, z,u’).
The mapping  is called semiflow and
X the state space
U the input space
D(®) := D the space of input data
Dx(®) = {z € X: Ju such that (z,u) € D(®)} the initial values
Dy (®) = {u € UR+: 3z such that (z,u) € D(®)} the input functions

The triple (X, U, ®) is called a dynamical control system.

Note that for linear systems it is often possible to “separate” D(®) in the
sense that D(®) = Dx(®) x Dy (®). However, in the case of ® referring to the
semiflow arising from the classical solutions of a boundary control system — even
in the linear case — this is not true.

Remark 2.2. It is debatable whether the definition of a dynamic control system
(as we decided to call it here) should include any continuity assumptions on the
flow. For example, as a “minimal” property, one could require that ¢t — ®(¢, x, u) is
continuous for any (z,u) € D(®), as suggested e.g. in [33]. This condition sounds
reasonable in most concrete situations involving the solution concept of the PDE.
However, we remark that checking this property may not be trivially satisfied
even in the context of linear ISS with respect to inputs from L%, see [19, 21]. As
mentioned, several abstract settings have been introduced in the literature and
the assumptions vary from one to the other. We do not claim that our definition
is more suitable than others, but it seems to be reasonable for our needs.
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Definition 2.3 (ISS of dynamical control system). Let (X, U, ®) be a dy-
namical control system and let ¢ € [1,00]. We say that the dynamical control
system is L9-input-to-state stable, LI-ISS, if there exist functions § € KL and
v € K such that

@tz wllx < B(leoll ) + (Il g | agouen) (2.1
for all t > 0, (wo,u) € D(®) N (X x L{ _(0,00;U)).

loc

More “exotic” norms other than L7 can be considered in the study of ISS.
For instance, Orlicz spaces, a generalization of LP-spaces, appear naturally when
studying integral input-to-state stability, a variant of ISS [19, 37, 21]. We remark
that in the above definition one could more generally refrain from the completeness
of the spaces X and U. It is also important to keep in mind that the definition
of an input-to-state stable dynamical control systems requires the global existence
of solutions in time, known as “forward-completeness” of the function ®. Infinite-
dimensional examples of dynamical control systems that are ISS can readily be
given by means of linear PDE systems with distributed control.

Example 2.4. Let A be the generator of a strongly continuous semigroup on X
and B : U — X be a bounded operator. It is well-known, see e.g. [44, Proposi-
tion 4.2.10], that for any zy € D(A) and u € Wlicl (R4+; U) there exists a classical
solution z : [0,00) — X to the abstract linear equation

& = Ax(t) + Bu(t), t>0 (2.2)
z(0) = x¢

and by the (abstract) variation-of-constants formula,
t
2(8) = T(t)wo + / T(t — 5)Bu(s) ds (2.4)
0

one sees that (X, U, ®) with ®(t,z0,u) = z(t) and D(®) = D(A) x W, (Ry; U),
where z denotes the classical solution for o € D(A), is a dynamical control sys-
tem which is LP-ISS for any p € [1, 00| if and only if A generates an exponentially
stable semigroup, see e.g. [19, Proposition 2.10]. On the other hand, if we ‘define’
a solution only by (2.4), which is possible for any z¢ € X and u € L{, (R;;U), we
have that (X, U, ¥) is an LP-ISS dynamical control system, p € [1, 0o], with semi-
flow W(t, o, u) defined as the left-hand-side of (2.4) and D(®) = X x L _(R;U),
if and only if A generates an exponentially stable semigroup.

For instance, this can be applied to show that that the following system is
LP-1SS for any p € [1,00] with X = U = L%*(Q) and a > 0,

£(§,t) = Ax(g, t) — ax(§,t) + ulé,t), (&) € 2 x (0, 00),
%(é,t) 0 (&,t) € 09 x (0, 00),
x(ﬁ, O) = xO(&)? § e,
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where A denotes the Laplace operator on a bounded domain Q € R™ with smooth
boundary.

In Example 2.4 we have seen that for a linear system with distributed control
the space of initial values Dx (®) can be chosen identical to X provided that ® was
extended to a more general solution concept. In fact, the ISS estimate was only
assessed from the variation-of-constants formula which is a hint that this integrated
version of the PDE is a more natural object to study ISS estimates (of course not
only ISS estimates). However, as indicated in the introduction, system (1.1) does
not fit into the framework of Example 2.4. Before we present a work-around to
this issue, let us formalize the type of system that (1.1) is representing.

Definition 2.5 (Linear boundary control system). Let X and U be Banach
spaces and 2 : D() C X — X and B : D(A) — U be closed operators such that
1. Q[|ker‘3 generates a Cp-semigroup on X, and
2. B is right-invertible, i.e. there exists By € L(U, D(2)) with BBy = idy.
Here and in the following, we equip D(2) with the graph norm

Wl = 1 e+ 12l
Then we call both the pair (2, B) and the formally associated set of equations
(t) = Ax(t), >0,
Ba(t) = u(t), t>0, (2.5)
x(0) =z € X,

a (linear) boundary control system. Given a continuous function u : [0,00) — U
and g € X, a function z : [O,oo — X is called a classical solutwn of the
boundary control system if x € C([0,00); X) N C([0,00); D(A)) and x satisfies
(2.5) pointwise.

~

Note that the definition of a classical solution implies that Bxzg = u(0). Let us
now provide an argument for the L4-ISS estimate (1.2) for the linear heat equation,
(1.1), stated in the introduction. Suppose z : [0,00) — X is a classical solution
to the PDE satisfying the boundary condition for some continuous function u :
[0,00) — U. Integration by parts then readily yields

1d 2
§a||m(t)”m(o,1)

= Re(z(t), (1))

2

- Rc<x(t), (,;%x(t) - ax(t)>

2

9 2
o il vy~ Ol + Re (0TI

o P , , c
<= gen0] O+ Ol + S
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where in the last step we used the fact that the boundary trace is a continuous
linear operator from the Sobolev space H(0,1) to C? and where C' > 0 is some
absolute constant. Therefore, by Gronwall’s lemma, we conclude that for any w < a
there exists C' > 0 such that

. t
||“3(t)H2Lz(o,1) <e ”xOHiZ(O,l) + C/O ™ Ju(s)[* ds

and thus, by Holder’s inequality, L9-ISS, (1.2), for any g € [2, 00] follows. Note
that an argument in this spirit has been applied in [48] to assess ISS even for a
class of semilinear one-dimensional heat equations, provided that “the nonlinear-
ity behaves well” in the above estimates — we will be more explicit on that in
Section 3. Let us make a few remarks on this proof: Although eventually L9-ISS
is derived for ¢ € [2,00], it is essential for the argument to bound the term in-
volving u(t) such that the resulting z(t) is bounded in the H!'-norm squared and
consequently derive an implicit inequality in Hx(t)” L2(0.1)" However, the result is
not sharp. In fact, the considered controlled heat equation (1.1) is L?-ISS for all
q € (4/3,¢]. To see this, we will rewrite the boundary control system such that
an explicit solution representation of the form (2.4) as in the distributed case can
be used. Here the defining properties of a boundary control system are essential.
This transformation is a well-known technique for operator theorists in systems
theory [44, 43], but appears to be a type of folklore result that is hard to find ex-
plicitly in the literature. What can be found more easily, e.g. in [7], is the so-called
Fattorini trick which rewrites the boundary control system into a linear system
of the form (2.2) with bounded operator B at the price that the new input is the
derivative of the initial u. As we are interested in L7-estimates of the input u, this
is undesirable. This can be overcome by an additional step: To show that this is a
natural view-point, we briefly lay-out the “general Fattorini trick” in the following.
Recall that the assumptions made in the definition of a boundary control system
are intimately linked with semigroups and thus with (2.4).

Let (2(,B) be a boundary control system. Denote by T' the semigroup gen-
erated by A := Q[|ker‘B and let By : U — D(2() be a right-inverse of 8. A simple
calculation shows that for continuously differentiable u : [0,00) — U and a classi-
cal solution « to (2.5), the function z = & — Byu solves the following differential
equation

Z(t) = AZ(t) + Q[Bou(t) - B()'[L(lf), Z(O) =Xy — BQU(O), (26)

in the classical sense. Note in particular that by the defining properties of By we
have that © — Bou € D(A) if and only if z € D() and Bx = w. This simple
reformulation, however, paves the way to derive an equation that again only de-
pends on u and not on #%. For that consider the representation of the solution to
the inhomogeneous equation (2.6),

2(t) = T(8) (w0 — Bouo) + /0 Tt sy Bou(s) ds /0 Tt s)Boi(s)ds. (27)
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Note that 2By € L(U, X) so that the second term is well-defined even for any
u € L. (R4;U). The third term is also well-defined, even for functions u €
I/Vl}ml (R4;U). In order to get rid of the term @ we want to (formally) integrate
the second term by parts. To do so, an extension of the semigroup to a larger
space X _; is considered. This is done to make sure that ¢ — T'(¢)z is differentiable
for x € X. For some A € C in the resolvent set of the generator A, X_; is defined
to be the completion of the space X with respect to the norm |[(A] — A)~! - ||
which is independent of A. The semigroup uniquely extends to a strongly continu-
ous semigroup 71 (¢) on X_; with the generator A_; being an extension of A with
D(A_1) = X. For this standard procedure to define X_;, we refer to [38, 43, 44].
Thus, (2.7) and particular the integrals can be viewed in the larger space X_j.
Therefore, integration by parts yields

t t
/ T(t — 5)Byir(s) ds — / T 1 (t — s)A_1 Bou(s) ds + Bou(t) — T(t) Bou(0).
0 0
Inserting this in (2.7) and transforming back to x gives
t
(1) = T(t)zo + / T ot — 5) [UBy — A1 Bo) u(s)ds. (2.8)
0

We emphasize that the integral will in general only exist as a limit in X_; whereas
its value happens to be an element of X for any £ > 0 by our assumption that
x is a classical solution to the boundary control system. Also note that A_1By €
L(U,X_1) and that * — By € D(A) is in turn equivalent to A_jx + [ABy —
A_1Bylu € X. All this leads to the definition of mild solutions.

Definition 2.6 (Mild solutions of boundary control systems). Let (2, B) be
a boundary control system with state space X and input space U. Let T" denote the
semigroup generated by A := |xer s and By be a right-inverse of B. Let 2o € X
and u € L{ (Ry;U). If the function z : [0,00) — X_; defined in (2.8) takes values

only in X, i.e., z(t) € X for all ¢ > 0, and z is continuous from [0, 00) to X, then
x is called a (continuous) mild solution of (2.5).

Remark 2.7. We want to point that in the literature the notion of a mild solution
may be defined in a more general way. E.g. in [19] an arbitrary function x :
[0,00) — X_; defined by (2.8) is called a mild solution, without any assumption
on the range of x and its continuity. Since B € L(U,X_1), any such function
will however be continuous in the weaker norm of X_;. The assumption that a
mild solution should be X-valued is rather natural — not least as one models
a differential equation by choosing for a norm/space initially — and so is the
continuity (in X). While the first one is necessary for ISS, the second (continuity)
could be dropped, if we would be interested in minimal a-priori requirements for
ISS estimates. However, we will see shortly that for linear systems the continuity
is implicit if the system is L9-ISS for ¢ < oo, and also for ¢ = oo, if only continuous
input functions are considered, see below and [19, 30, 44].
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The following properties of mild solutions corresponding to boundary control
systems are well-known and can for instance be found in [44, Chap. 11] (in the
case of Hilbert spaces). The proofs extend to the general Banach space setting in
a straightforward way, see also [43]. Note that in the literature there exists slightly
different versions of the definition of abstract boundary control systems, e.g. in
[12].

Proposition 2.8. Let (A,*B) be a boundary control system with associated oper-
ators A and By. Let xo € X and u € L} _(0,00;U). Then the following assertions
hold:

1. Any continuous mild solution x as in (2.8) solves the equation
t
2(t) — 2(0) = / A va(s) + 2By — A 1 Bolu(s)ds t>0, (29
0

where equality is understood in X _1. Conversely, any x € C([0,00); X) sat-
isfying (2.9) in X_1 is of the form (2.8) with xo = z(0).

2. The operator B = 2ABy — A_1 By is uniquely determined by the boundary
control system and does not depend on the chosen right-inverse By of B.

3. If 29 € D(A) and u € W2L(R;U) such that Bxo = u(0), then there exists
a unique classical solution to (2.5) given by (2.8).

4. A= A71|D(‘21) + BB where B =By — A_1By € ,C(U;Xfl).

Proof. For the first item we refer to [43, Theorem 3.8.2]. The rest can be found
in [44, Chap. 11] upon the straight-forward adaption of proofs to general Banach
spaces. O

In the case of Hilbert spaces (in fact, reflexive spaces suffice), we have several
alternatives to characterize the operator B as well as the mild solutions to a
boundary control system. Note that with this one could in principle avoid the
space X_1.

Proposition 2.9. Let the assumptions of Proposition 2.8 hold and additionally
assume that X and U are Hilbert spaces. Then the following assertions hold:

1. If X and U are Hilbert spaces, then
Az, v) — (2, A") = (Bz, B*Y) Vo € D), € D(A").

2. A continuous function x : [0,00) = X is a mild solution of the form (2.8) if
and only if it is a (weak/strong) solution in one of the following senses:
(i) For allv € D(A*) it holds that (v,z(-)) is absolutely continuous and
d

2 (0 (1)) = (2(t), A™0) + (v, ABou(?)) — (A", Bou(t))

holds for almost every t > 0 and 2(0) = xq.
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(i) For all T > 0 and all z € C([0,T]; D(A*))NC*([0,T); X) with 2(T) = 0
it holds that

T
(2(0), 20) — / (), () dt

- /0 (A*2(8), 2(t)) + (=(8), ABou(t)) — (A*2(t), Bou(t))dt.

(ii) z € Wlijcl([o,oo);X,l), 2(0) = x9 and
I(t) == A_IZZI(t) + [Q[BO - A_lB()} U(t)
holds in X_1 for almost every t > 0.

Proof. Assertion 1. follows directly from Proposition 2.8, see also [44, Remark
10.1.6]. That the solution concept (i) is equivalent to the one of a mild solution
readily follows from (2.9) in Proposition 2.8 and the fundamental theorem of cal-
culus for the Lebesgue integral, see also [44, Remark 4.1.2]. Also recall the duality
of X_1 and D(A*) (see e.g. [44, Proposition 2.10.2]).

Similarly, (2.9) shows the equivalence with (ii) by the fundamental theorem
of calculus for vector-valued functions (see e.g. [3] and note that X possesses the
Radon-Nikodym property) and again using the duality of X_; and D(A*).

To see that (iii) implies (ii) note first that the function ¢ — (z(t),x(t)) is
differentiable for a.e. t and

%<Z(t)7x(t)> =(2(t), x(t)) + (2(t), A—r(t) + [ABo — A1 Bo] u(t)) p(as)xx_,
= (2(8),x(8)) + (A"2(t), 2(t) — Bou(t)) + (2(t), ABou(t))

and thus, by integrating, x satisfies the identity in (ii) for all z € C([0,T]; D(A*))N
CY([0,T]; X) with z(T) = 0. Conversely, assume that x satisfies the condition in
(ii) and consider z(t) = vZ(t), with v € D(A*), Z € C1([0,T);C) and Z(T) = 0.
It readily follows by the definition of the scalar-valued weak derivative and the
characterization of scalar-valued Sobolev functions W11 that

(x(T),v) — (xo,v) = /0 (x(t) — Bou(t), A*v) + (v, ABou(t))dt

holds. Thus, (x(0),v) = (z(:),v)(0) = (zg,v) for all v € D(A*). Thus, by density,
2(0) = xp and hence, (i) holds. For a similar proof showing that mild solutions are
weak solutions in the sense of (ii) see e.g. [7, pp. 631-632] (there, however, only
bounded B’s are considered). O

Remark 2.10. 1. In [30] ISS estimates for boundary control systems are shown
for continuous weak solutions in the sense of (ii) of Proposition 2.9. There it is
also shown that for smooth inputs, this definition of weak solutions coincides
with solutions of the form (2.7). In fact, as Proposition 2.9 shows, the notions
of a mild solution as introduced in Definition 2.6, weak solutions of the form
(1), (ii) and a “strong solution” (iii) are all equivalent provided we assume
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continuity. Note that the definitions of weak solutions have the advantage
that they do not refer to the space X_j.

2. It is easy to see that the definition of classical and mild solutions can be
adapted to more general boundary control systems of the form

i(t) = Ax(t) + Buy(t), >0,
Br(t) = usz(t), t>0, (2.10)
z(0) = o,

where U; is a Banach space, B e L(Uy,X) and u; : Ry — U; account for
some distributed control.

3. Comparing the form of a mild solution (2.8) with the usual variation-of-
constants formula suggests to view a boundary control system as a special
case of a system of the form

#(t) = A_1z(t) + Bu(t), t>0, z(0) =z € X, (2.11)

where the differential equation is understood in the larger space X_; for
B € L(U,X_1). Clearly, for any zo and u € L}, .(R;;U) this equation has a
unique “mild” solution z : [0,00) — X _;. Definition 2.6 of a mild solution
for a boundary system now additionally requires that such z maps indeed
to X. Also note that this setting as the advantage that systems of the form
(2.10) are automatically encoded in that form. Conversely, if we are given a
system of the form (2.11) with a semigroup generator A and B € L(U, X_1),
it is always possible to find operators % : D() — X, B : D(2) — U and
B : U — X so that we have a boundary control system as in (2.10) with
A= Ql|ker% and B = (A — A)By for some (all) right-inverses By of B.
This result, in the case that B is injective, can be found in [40]. The non-
injective case can be seen upon considering the quotient space U=U / ker B.
In conclusion, the study of boundary control systems rather than systems
(2.11) is not a restriction.

So far we have encountered — having in mind the equivalence of Proposi-
tion 2.9 — two types of solutions for boundary control systems: classical and, more
generally, mild solutions. The use of the latter is also motivated by the fact that
the objects in the ISS estimate naturally only require initial values to be in X
and input functions in L? (or the respective functions space). However, for linear
systems, this choice is less “conceptual” than rather a technicality, as the follow-
ing results shows. Note that the case of ISS with respect to continuous functions
has already appeared in [30] (where weak solutions haven been considered instead
of mild solutions). In the view of systems (A4, B) of the form (2.11), the follow-
ing result is a simple consequence of the linearity and the density of the involved
functions spaces.

Proposition 2.11 (ISS w.r.t. different solution concepts). Let (2,B) be
a boundary control system on a Banach space X with associated operators By,
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A and B. Let q € [1,00) and let Pelassic and Pmuag refer to the semiflow defined
by the classical and mild solutions, respectively. Then the following assertions are
equivalent:

1. (X, U, q)classic) with D(q)classic) = D(A) X CSO(O, oQ; U) is L1-ISS.

2. (X, U, q)mild) with D(Cbmild) =X x L?OC([O, OO); U) is L1-1ISS.

3. (X, U, (I)classic) with

D(Dtassic) = {(z,u) € D(A) x WEH(0,00;U): B = u(0)}
is L9-ISS.

If g = oo, then the following assertions are equivalent:
1. (X, U, Pelassic) with

D(®etassic) = { (z,u) € D(A) x W1 (0,00;U): Bz = u(0)}
is L*°-ISS.
2. (X, U, (I)mild) with D(q)mild) =X x CY([O7 OO); U) is L>°-ISS.
Note that the statements above particularly include that the considered dynamical
control systems are well-defined.

Proof. Since classical solutions are mild solutions the implication (2) to (3) for
g < oo and (2) to (1) when ¢ = oo are clear. Moreover, the implication (3) to (1)
is trivial in the case ¢ < oco. It remains to show (1) = (2) in both regimes.

Let t > 0 be fixed and consider the operator

x
Lt : D(Lt) Cc X x Ll([O,t]; U) — C([O,t];X), [u:| = (I)classic('va77u)’[07t]

with D(L;) = {(m,uho t]): (z,u) € D(tbclassic)}. By Proposition 2.8, L; is well-
defined and the assumed ISS estimate together with linearity implies that L; is
continuous with respect to the sum norm ||z||x + Hu| Since classical solu-

‘Lq(O,t;U)'
tions are mild solutions, Proposition 2.8, L; extends to an operator, again denoted

by L., continuous from D := {(x,u’[o,t]): (x,u) € D(q)mild)} to C([0,t]; X_1).
Consider now g < oo. Thus L; is continuous even from D to C([0,t]; X) since
D(A) x C°(0,00;U) lies dense in D and since X is continuously embedded in
X_1. For the case ¢ = oo, it may not be immediate why D(L;) is dense in D.
To see this, let € X and u € C([0,¢];U). Since D(A) is dense in X, we find
a sequence (Zn)n>0 in D(A) = kerB such that z, — x — Bou(0) for n — occ.
Let x, = %, + Bou(0), n € N. Then (z,,u) € D(®Peassic) and x,, — z for
n — oo. Now choose a sequence of smooth functions w,, which satisfy u,, = u(0)
for all n € N and approximate u on [0,¢] in the supremum norm. It follows that
(Tnytn) € D(Pelassic). Therefore, L; is continuous from D to C([0,t]; X). From
the representation (2.8), it follows that ®wia(s,z,u) = (Li(x,u)) (s) for any s,t
such that s <t and (z,u) € D(®Pmia)-

Hence, in both cases, the continuity of the norms and the KL, K functions
directly gives the ISS estimates for (X, U, ®piq)- a
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Remark 2.12. 1. The result of Proposition 2.11 remains true if one replaces
L4, g < oo by the Orlicz space Eg as defined in [19], since W21(0,¢;U) is
dense in Eg(0,t;U).

2. The proof of Proposition 2.11 can also be easily given by viewing the bound-
ary control system as a linear system of the form (2.11). This completely
reduces to the fact that an operator is bounded if and only if it is bounded
(with an explicit estimate) on a dense subspace.

3. In the view of Proposition 2.11, one could also completely avoid the space X_;
in the above considerations and define generalized solutions for the case that
L7 estimates are known for the classical solutions. Then ® can be defined as
abstract extension of @jassic on the space X x L (0, 00; U) or X x C(0, 00; U)

respectively, in a similar way as followed in the proof. Such solutions concepts

(which coincide in this case) are known as “generalized solutions” in the

literature, see e.g. [41], [45, Definition 4.2].

4. The proof of Proposition 2.11 also shows the following: Let ¢ < oo (for the
case ¢ = oo see below) and (X,U, ®) be a dynamical control system for a
boundary control system with D(®) C X x L{ (0,¢;U) with the property
that it extends the dynamical control system given by the classical solutions
(X, U, @elassic) in the following sense:

o O(-,z,u) € C(0;00; X) for any (z,u) € D(®),

o (z,u)— ®(t,x,u) is linear for any t € Ry,

i D((I)classic) c D((I)):

o Doppssic(t, z,u) = (¢, z,u) for all (t,z,u) € Ry X D(Pelassic)-

Then, it holds that

®= (q)mild)’RerD(@)

if (X, U, @assic) is L-ISS. The same assertion holds for ¢ = co with the mod-

ification as in Proposition 2.11. As a side effect, this provides another proof

that the weak solutions considered in [30] coincide with the mild definitions
defined here, at least if the dynamical control system is L9-ISS. Note that,
by Proposition 2.9, this holds true even without any assumption on ISS.

All of this shows that ISS estimates for continuous input functions and
linear systems do ultimately not rely on the “solution concept”, but essen-
tially only on the classical solutions, see [30] for a similar conclusion.

5. In contrast to the previous comment in this remark, we want to point out
that if one aims to study L*°-ISS for input functions in L{2 (0, 00;U) or the
regulated functions Regy,.(0,00; U), then L>*-ISS estimates for the classical
solutions are not sufficient. This issue is crucial as one may want to allow for
non-continuous input-functions.

Above we have seen that the regularity of the boundary trace was the key
to derive the L2-ISS estimate in the case of the toy example heat equation with
Neumann boundary control. In fact, this conclusion follows from the upcoming
Proposition 2.13, which will also show that a better L?-ISS estimate can be ob-
tained. Before let us recap a few essentials about parabolic equations in the view
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of semigroup theory. Recall that a semigroup T is called analytic if T can be ex-
tended analytically to an open sector Sy = {z € C\{0}: | arg z| < ¢} and bounded
analytic if T is bounded on S4. An important characteristic of analytic semigroups
is that ranT'(¢t) C D(A) for all ¢t > 0 and

supte™ ™ ||AT(t)|| < oo (2.12)
>0

for w > w4. We will now introduce interpolation spaces X,, for analytic semigroups.
Note that there are several approaches to do so and we only touch the topic very
briefly here. Let us without loss of generality assume that wsq < 0. If A generates
an analytic semigroup, one can define the fractional power (—A)™ : X — X for
any « € (0,1) by the contour integral

(A~ :/ 27%(2I + A)7tdz,
85,

where 0S4 is the boundary of a sufficiently large sector Sy which particularly
contains the spectrum of A. Since (—A)~“ is a bounded injective operator on X,
one can further define (—A4)® = ((—A4)7%)~! : ran(—=A)~®* — X. The domain
of (—A)* equipped with the graph norm is denoted by X,. Analogously to the
space X_1, we can define X_,, as the completion of X with respect to the norm
[[(—A)~-]|. The operator (—A)~“ extends uniquely to an isometric isomorphism
from X_, to X which we denote again by (—A)~%. Its inverse is the unique
bounded extension of (—A)* from X to X_,. For reflexive spaces there is an
equivalent view-point of the space X_, as the dual space of the space X} where
X} denotes the corresponding fractional space for the dual semigroup 7™ with
generator A* and where duality is understood in the sense of the underlying pivot
space X, see [44, Chap. 3] and [46]. One of the many basic properties of these
spaces are the following (continuous) inclusions,

X 10X DX 3sDXDXgDX,DXy,

where 0 < 8 < a < 1. If the growth bound of the semigroup satisfies wq >
0, the above construction can be performed for a suitably rescaled semigroup
e ™ T'(t) and it can be shown that X, does not depend on the chosen w > w4. For
specific examples (for example when A is the Laplacian with Dirichlet boundary
conditions) these abstract spaces indeed reduce to well-known fractional Sobolev
spaces, which is why X, is sometimes called an “abstract Sobolev space”.

In the spirit of (2.12), the fractional powers (—A)* of a generator of an
exponentially stable analytic semigroup satisfy ranT'(t) C D(—A®) for all t > 0
and

supt®e ™" [[(=A)*T ()] < oo,

>0
for any w > wa. Moreover, it holds that ranT_;(t) C D(A) for all ¢ > 0. For
details on interpolation spaces for analytic semigroup generators we refer e.g. to
[10, 15, 38].
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With these preparatory comments on analytic semigroups, we can prove the
following sufficient condition for ISS.

Proposition 2.13 (L?-ISS for analytic semigroups). Let (2,B) be a boundary
control system on a Banach space X with associated operators A and By and
B =ABy— A_1By. Furthermore, assume that A generates an exponentially stable
analytic semigroup T and that one of the following properties is satisfied for some
a € (0,1]:

(i) By € L(U, X4).

(ii) Be€ LU, X-1+4qa)-

(iii) B* € L(X7_,,U*) and X is reflevive.*
Then (A,B) is LI-1SS for g € (™1, 00]. More precisely, the dynamical control sys-
tem (X, U, ®uita) s L1-15S for D(Pmia) = X x L (0,00; U), where @mia(t, zo, u)
refers to the mild solution x(t) defined in (2.8).

Proof. Either of the assumptions on B imply that (—A)"'**B € £(U, X) and
hence,

HT_l(t)BHL(U,X) = ”T—l(t)(*A)l_a(*A)_HQBHUU,X)
< ”T—l(t)(_A)l_aHz:(X)”(_A)_HQBHz:(U,X)

Stitee ||BHL(U,X,HQ)'

Thus, for the Holder conjugate pof ¢ > (1 —1+a)" ! =a~},

t
1 =Bl ds S 1B, Casllsnran

where we used that (—1+ a)p € (—1,0) and Cq, = ||e*=)<(t — ')(_1+“)HLP(O "

Therefore the integral fg T_1(t—s)Bu(s) ds converges in X for any u € L(0,t;U)
and the assertion follows. O

Recalling that the operator By is not uniquely determined by the boundary
control system in general, it is, however, easily seen that Condition (i) in the above
proposition holds for all right inverses of B if and only if it holds for some Bj.
Looking at the proof, Proposition 2.13 may seem rather elementary. However, it
is widely applicable to settle ISS for linear parabolic boundary control problems
as the assumption can often be checked by known properties of boundary trace
operators. We now come back to the discussion of the heat equation mentioned in
the introduction for general n-dimensional spatial domains.

Example 2.14 (Heat equation with Neumann boundary control). Let
Q2 C R™ be a bounded domain with C2-boundary 9. Consider the Neumann

4Here X;; denotes the dual space of X_g with respect to the pivot space X.
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boundary controlled heat equation with additional distributed control d, i.e.

#(&,1) = Aw(E, 1) — ax(,t) +d(€, 1), (£,1) € 2% (0, 00),
Ox
e =ule) (6:1) € 09 x (0,00),
CL’(&O) :$0(£)7 £ el
We can formulate this as a boundary control system of the form (2.10) with
0

X =I1%Q), A=A—alx, B= B=1Ix, U=L*0%)

%:
with A = A — alx and D(A) = {z € H'(Q) : Az € L*(Q), %m = 0}. Integrating
by parts twice gives for & € H2(Q), v € D(A),

<9[55,1/)> = <%xaw|0Q>L2(3Q) + <1‘7A¢>,

Since A is self-adjoint, we conclude by Propositions 2.9 that B* equals the bound-
ary trace operator 7g. It is known that vy € LI(Hﬁ(Q),LQ(aQ)) for any 8 > %,
where H5() refers to the classical fractional Sobolev space (note, however, that
7o is bounded from H'(Q) to Hz(d9), see [44, 13.6.1]). In terms of the abstract
Sobolev spaces X, this means that B* € L£(Xg,U*) for any 8 > 1, see e.g. [28].
Also recall that the Neumann Laplacian on L?*(Q) has spectrum in (—o0, 0] which
implies that A generates an exponentially stable analytic semigroup as a > 0.
Thus, we can infer from Proposition 2.13 that the system is L?-ISS with respect
for any ¢ > (1—1)7! = 3. Because B is bounded from X to X, we obtain the ISS

estimates for any g > % and ¢ > 1.

Hx(t)HLQ(Q) Se ™ HwOHLQ(Q) + HUHLG(O,t;LQ(QQ)) + HdHLa(O,t;X)

forall t >0, d € L7(0,¢;X) and u € L9(0,t; L?(01)).
Similarly, we can consider the situation where the control does only act on a
part of the boundary 99, and adapt the argumentation in [6, p. 351].

Remark 2.15. 1. The author is not aware of way to sharpen the “Lyapunov
argument” for ISS from the introduction on the Neumann controlled heat
equation in order to derive the same (sharp) result p > 4/3 as in Exam-
ple 2.14. Tt seems that such Lyapunov arguments heavily rely on the fact
that the space of input functions is L? (in time).

2. It is straight-forward to generalize Example 2.14 to a Neumann boundary
problem for a general uniformly elliptic second-order differential operator
with smooth coefficients.

Another, and in the view of the Lyapunov arguments mentioned in the in-
troduction, more interesting example is the Dirichlet-boundary controlled heat
equation.
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Example 2.16 (Dirichlet controlled heat equation). Let Q C R™ be a do-
main with C2-boundary 052. The Dirichlet boundary controlled heat equation

i(gat) = Al‘(é,t% (fﬂf) € x (0’00)7
z(§,t) = u(&t) (&:t) € 092 x (0,00),
(£, 0) = 20 (), £eq

can be formulated as a boundary control system with
X =I*Q), A=A, Br=uz|,, U=L09)

with A = A and D(A) = {z € H*(Q) : Az € L*(2), 70z = 0}, where 7, denotes
the boundary trace. Integrating by parts twice gives for z € D(A), ¢ € C>*(9Q),

oy

Az, ) = <m7 = + (z, AY),

>L2(aQ)
Since A is self-adjoint, we conclude by Proposition 2.9 that B* equals the Neumann
boundary trace operator v, for which v, € LI(H"(Q)7 L%(0%)) for any 3 > %, see
e.g. [44, Appendix]. In terms of the abstract Sobolev spaces X, this means that
B* € L(Xp,U*) for any § > %, see e.g. [28]. Since the Dirichlet Laplacian on
L?(Q) generates an exponentially stable analytic semigroup, by Proposition 2.13
the system is L9-ISS with respect for any ¢ > (1 — 2)~! = 4. Thus,

Hm(t)HLQ(Q) Se Mt Hmo”L‘Z(Q) + H“”Lq(o,t;m(m))
for all ¢ > 0, some Ao < 0 and all u € L9(0,t; L2(99)).

As seen above, Proposition 2.13 L9-ISS for parabolic equation provided suf-
ficient properties of the boundary operator can be shown. In concrete situations
this typically reduces to knowledge of boundary traces. Let us briefly elaborate
on what can be said in situations where this information is not accessible. Fur-
thermore, one may also ask the question whether at all boundary systems exist
which are not L?-ISS for any finite ¢. Let us first answer this positively with a,
admittedly pathologic, example.

Example 2.17. Let X = ¢?(N) be the space of complex-valued, square-summable
sequences and let (en),>1 denote the canonical orthonormal basis. Define 2 :
D) - X and B: D) — C by

e8] z2n 2
D) = {x € %(N): 3¢, € C such that Z —2™(x,ep) + < < oo} ,
n
n=1
> cz2"
= —2" n/En = 5
Ax ;( (x,en)en + n)

Bxr = c,.
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To see that 2 and B are well-defined, suppose that x € X and ¢,, ¢, € C. Then it

holds that
> 2" |? = a2n|?
E —2"(x, 22 < oo, E —2™(x, 22 < oo
2 (z,en) + - 00 2 (z,en) + - 00

By triangle inequality (in ¢(N)), it follows that |c; —c;|* > oo, Qng < 00, and hence

Cz = C. Similarly, it follows that both operators are linear. Since (1 )neN € (A(N),
it is clear that B possesses a right-inverse, e.g. given by Byc = czn 1 nem ceC.
The operator A = ﬂ’ker% is given through Ae, = —2"e,, n € N on its maximal
domain. This operator generates an exponentially stable, analytic semigroup T'
determined by T'(t)e, = e=2"t, n € N. Thus, (2, B) constitute a boundary control
system. The operator B = ABg— A_1 By thus becomes Bc = —¢ > o-, “-en, which
has to be interpreted as an operator from C to

X, = { anen (%)%N € 122(N)}.

In [19, Example 5.2], which in turn was based on a result from [20], it was shown
that the system X(A, B) of the form (2.11) is not L?-ISS for any ¢ < oo. In
particular, this implies that for any ¢ < oo there exists a time ty and a sequence
of continuously differentiable functions u,, : [0,00) — C such that

® Sup,,cn HumHLq(O’tO) < oo and
e the classical solution z,, : [0,00) — X to the boundary control system (2, B)
with initial value xg = 0 and input function u,, satisfy

i [l to) = oo

However, the boundary control system is L*°-ISS, by the upcoming Theorem 2.18.

Theorem 2.18. Let (A,B) be a boundary control system on a Hilbert space with
associated operator A. If the following assumptions are satisfied:
o A generates an exponentially stable, analytic semigroup, and
o there exists an equivalent scalar product (-, -Ypew on X such that A is dissi-
pative, i.e. Re{Ax, ) pew <0,
e the range of B is finite-dimensional,
then (2,B) is L>®-ISS and the (mild) solutions are continuous for all

(wo,u) € X x Lige(Ry; U).

Moreover, there exist positive constants C1,Cy,w,and €, as well as a strictly in-
creasing, smooth, convex function ® : [0,00) — [0, 00) with ®(0) = 0, limy o0 (b;m) =

0o such that

t
o)l < Cre ol + Coetint {05 [0 (Lol s <1}
(2.13)

for any mild solution x, t >0, u € L2 (0,00) and xy € X.
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Proof. This is a direct consequence of the results in [21] where similar results
were stated for systems of the form (2.11). It remains to observe the following.
Because of the assumed dissipativity, the semigroup 7 is similar to a contraction
semigroup. Since B has a right-inverse, it follows that dimU = dimran‘8 < oco.
Hence, B = (2 — A)By is an operator from a finite-dimensional space to X_.
In order to derive Estimate (2.13), we use a rescaling argument: Let € > 0 such
that 7 = e T is exponentially stable and consider the boundary control system
(A + eI, B). Note that the spaces X_; and the corresponding one for A + €, the
generator of T, coincide and also B = (%A — A_1)By = (A + el — A_; — eI)B,.
Corollary 21 and Theorem 19 from [21] show that there exist positive constants
517 5’2 and w and a function ® with the properties described in the statement of
the theorem such that

[Z(t)|| < Cre ™ ||aol| + Coinf {k > 0: /0 (H HU> ds < 1} (2.14)

for any mild solution = of (A + el,B) and t > 0, u € L{2.(0,00) and zp € X. On
the other hand it follows from the representation (2.8), that any mild solution  to
(2,B) with input function u, the function Z(¢) = e z(¢) defines a mild solution of
the boundary control problem (2+€l,B) with input function 7 = e € u. Combining
this with (2.14) shows (2.13).

To see that (2.13) implies that (2, B) is L>*-ISS, we show that there exists a

constant C3 such that for all ¢ > 0,

t eS¢ |lu(s
/q)( o)l )dsgl'
0 Cse H“”Loo(o,t;U)
Since @ is strictly increasing it thus suffices to show that

t
sup/ d (efs6 C’;l) ds <1,
0

t>0

which follows easily by the property that lim,_,o @ =0. |

Remark 2.19. The following remarks can be made about Theorem 2.18:

e Let us point out that (2.13) is indeed stronger than the corresponding esti-
mate with € = 0: By monotonicity of ®,

e_Etinf{kEO: /té (e“”uk(s)HU> ds < 1}
Sinf{kZO: /tCI)<Hu(Z)HU>d5§1}.

Furthermore, in case that ® can be chosen as ®(x) = 2%, € [0,00) for
q € (1,00), the estimate reduces to an L?-ISS estimate.
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e The BCS in Example 2.17 satisfies the assumptions of Theorem 2.18 as can be
checked by the explicit expression for the semigroup. However, the function
® cannot be taken of the form ®(x) = 27 for any ¢ < oo, [19, Example 5.2].

e The assumption that there exists an equivalent scalar product such that A
is dissipative is rather weak from a practical point of view: Most known
practically-relevant examples of differential operators satisfy this condition,
[27] which can be rephrased as the property that the semigroup is similar to a
contraction semigroup. However, it is not difficult to construct counterexam-
ples assuring that not every analytic semigroup on a Hilbert space is similar
to a contractive one. This can be done by diagonal operators with respect to
a (Schauder) basis which is not a Riesz basis, [4, 15].

Example 2.20. Let (2,9) be a boundary control system with dim U < oo and
A being a Riesz-spectral operator, i.e. A = ST'AS for a bijective operator S €
L(X) and a densely defined closed operator A : D(A) C X — X with discrete
spectrum o(A) contained in a left-half-plane of the complex plane and such that
the eigenvectors establish an orthonormal basis of X, where we also assume that
the eigenvalues are pairwise distinct. By Parseval’s identity, it follows that A is
dissipative with respect to the scalar product (S-,S-). If, moreover, it is assumed
that o0(A) = o(A) is contained in a sector Sp := {z € C: arg(z) < 0} with
0 < 3, then A generates an analytic semigroup, which is exponentially stable if
and only if sup{ReX: A € o(4)} < 0. For details on Riesz-spectral operator we
refer for instance to [7]. Therefore, the conditions of Theorem 2.18 are satisfied
and (2, B) is L>°-ISS for input data (zo,u) € X x L2 (Ry; U). See also [30] and
[18, 19] for different proofs of this fact. In particular in the latter, more generally
g-Riesz-spectral operators are considered.

3. A primer on semilinear boundary control systems

In the following we extend the linear systems considered in Section 2 to semilinear
ones. As motivating example serves (1.5). The abstract theory of semilinear PDEs
(without controls/disturbances) with our without using semigroups is comparably
old and can be found e.g. in the textbooks [16, 38]. There is a particularly rich
theory for parabolic equations as smoothing effect of the linear part through the
analytic semigroups allows for rather general nonlinearities. In the following we are
interested in ISS estimates similar to the ones we derived for linear systems: This
includes the property that the undisturbed system is uniformly asymptotically sta-
ble which requires already restrictive conditions on the nonlinearity, particularly,
if we aim for abstract results covering whole classes of examples. The simplest
condition guaranteeing this global stability is a global Lipschitz condition with
sufficiently small Lipschitz constant, as we shall see in Theorem 3.3. There it is
shown that the usual proof technique to assess uniform global asymptotic stability
for uncontrolled systems also goes through for boundary control systems using the
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results we discussed in Section II. The final result of this section is Theorem 3.4,
which provides a generalization of the findings in [48].

Definition 3.1 (Semilinear boundary control system). Let (2, B) be a linear
boundary control system with state space X and input space U. Denote by A the
associated semigroup generator and by By a right-inverse of 8. Further let

e o €]0,1) if A generates an analytic semigroup, or

o a =0 else (in which case we set Xy = X).
Let f: Ry x X, — X be a function continuous in the first variable and locally
Lipschitz in the second variable with respect to the norm X,. Then the triple
(A, B, f) formally representing the equations

(t) = Ax(t) + f (¢, x(1)),
B (t) = u(t), (3.1)
z(0) = xo,

t > 0, is called a semilinear boundary control system.
Let zp € D(A), T > 0 and v € C([0,T];U). A function

€ C([0,T]; D)) N CH([0,T); X)

is called a classical solution to the nonlinear BCS (3.1) on [0,T] if z(t) € X, for
all ¢ > 0 and the equations (3.1) are satisfied pointwise for ¢ € (0,7]. A function
x : [0,00) — X is called (global) classical solution to the BCS, if x|jo ) is a
classical solution on [0, T] for every T > 0. If 2 € C([0,T); D()) N C1((0,T); X)
and z(t) € X, for all ¢ > 0 and the equations (3.1) are satisfied pointwise for
t € (0,7, then we say that z is a classical solution on (0, 7.

Similar as in the previous section, we can define mild solutions.

Definition 3.2 (Mild solutions of semilinear boundary control systems).
Suppose (2, B, f) is a semilinear boundary control system with associated A, By, a €
[0,1). Let zp € X, T > 0and v € LL _([0,T];U). A continuous function z : [0, T] —

X is called mild solution to the BCS (3.1) on [0,T] if z(t) € X, for all ¢ > 0 and
T solves

z(t) = T(t)xo + ./0 T(t— ) [f(s,z(s)) + Bu(s)] ds, (3.2)

for all t € [0,T] and where B = 4By — A_1 By. A function z : [0,00) — X is called
a global mild solution if ﬂc‘[o 7] is a mild solution on [0, 7] for all T' > 0.

It is not hard to see that the definition 3.2 coincides with the one for lin-
ear BCS in case that f(¢t,2) = Cz for any bounded operator C : X — X, or,
more generally, when C is unbounded and A 4+ C generate a strongly continuous
semigroup. Moreover, any (global) classical solution is a (global) mild solution.

The following result is not very surprising as it shows that a semilinear system
is ISS if the linear subsystem is ISS and the nonlinearity is globally Lipschitz.
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Theorem 3.3. Let (2,B) be a boundary control system which is assumed to be
Z-1SS where Z refers to either LY with ¢ < oo, C or Reg. Let M > 1 and w < 0
be such that for the associated semigroup T it holds that ||T(t)|| < M e“t for all
t > 0. Furthermore, let f: Ry x X — X be continuous in the first and uniformly
Lipschitz continuous in the second variable with Lipschitz constant Ly > 0 and
f(t,0)=0 forallt>0. If

w+MLf<O,

then the semilinear boundary control system X(U,*B, f) is Z-1SS. More precisely,
for any xo € X and u € Z(Ry;U) System (3.1) has a unique global mild solution
z € C([0,00); X). Furthermore, there exist B € KL and a constant ¢ > 0 such
that for allt > 0, zg € X and u € Z([0,t];U),

ot < 80zl )+ olull o 0 53
thus (A, B, f) is Z-158.

Proof. The proof follows the lines of a standard technique for semilinear equations
with (global) Lipschitz continuous nonlinearity. For fixed u € Zj,.(0,00;U) and
xo € X, it follows from the assumed ISS that the mapping

t g(t) :=T(t)zo + /0 T(t — s)Bu(s)ds

is continuous from [0,00) to X. Indeed, the continuity follows by [43, Theo-
rem 4.3.2] (noting that ISS implies Z-admissibility/Z-well-posedness). The exis-
tence of a mild solution to X (A, B, f) is equivalent to the existence of a fixed-point
x € C([0,00); X) of

x(t) = g(t) +/0 T(t—s)f(s,z(s))ds, te€]0,00).

The latter follows from [38, Corollary 6.1.3] by the assumptions on f and the
continuity of g. The ISS property can now be shown by a Gronwall-type argument:
Since the linear boundary control system is ISS, there exists o > 0 such that

gl < M e flaoll + o||ul| £, t>0,

0,t];U)’

where M and w are chosen as in the statement of the theorem. By the definition
of the mild solution,

lz@I < 9@ +/O M e || f(s,2(s)l|ds

t
< lg(t)]| + MLy e / e [la(s)]|ds.
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Now Gronwall’s inequality implies that

t
@l < llg@)ll +e”/0 ™" MLy|lg(s)l| "= ds

t
< lg(t)]) + MLy etML) </ M e MEs* dslao |+
0

t
+U”uH2([0’t];U)/O efu.)sfluLfst)

HwtMLy) etw+MLft 1

— w F

=Me 7 |oll + {MLfm+1] ollll 2 0,0
Since the coefficient of the second term on the right hand side is bounded in ¢, the
assertion follows. O

It is trivially seen that the condition on the Lipschitz constant is in general
sharp as the finite-dimensional example

T=-x+2r+u,

with f(z) = 2z, shows. On the other hand, the slight adaption X = R, A = 1,
f(xz) = =2z, B = 0 shows, that the result is not optimal in the sense that the
“sign” of the nonlinearity is crucial for asymptotic stability.

Theorem 3.4. Let (2,8, f) be a semilinear boundary control system with as-
sociated operators A and By. Let the following be satisfied for the linear system

(2, B):

(i) the operator A = Q‘|ker% is self-adjoint and bounded from above by wy € R,
i.e. (Az,z) <wy for allz € D(A),
(i) Be L(U,X é), where B := (A — A)By.

Furthermore, the function f :[0,00) X X% — X satisfies the following properties:

(1) f is locally Holder continuous in the first and Lipschitz in the second variable,
i.e. for any (t,z) € Ry X X1 there exists L >0, 0 € (0,1), p> 0 such that

1F () = (s )l < Lt = s)” + [z — yll1)

for all (s,y) in the ball B,(t,x) in Ry x X with radius p and centre (t,z);
(2) there exists a continuous, nondecreasing function k : Ry — R, such that

IF )l < k@O +2ll1), V(o) € Ry x X;

(3) there exist constants mi,ma € R such that for any (t,z) € Ry x X1 it holds
that (f(t,z),z) € R and

<f(t,$),l’> < —m1<A$,I> +m2||l'||27
above constants savisSfy the inequatity
4) ab tants satisfy the i lit

1—=m1 >0 and (1—my)wa+me <O0.
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Then, for any xo € X1 and u € W2HR,;U) with A_1x9 + Bu(0) € X, the
semilinear boundary control system (3.1) has a unique mild solution x, which is
classical on (0,00), and (A, B, f) is L1-1SS for any q > 2. More precisely, for any
q > 2 there exist constants Cy,Cq,w > 0 such that for all (t,z¢,u) € Ry X X, X
W2LR,;U) with A_12¢ + Bu(0) € X the solution x satisfies

le®lly < Cre faoll + Callulego

Proof. First note that — upon considering A=A—wy —eand J?(s7 x) = f(s,x)+
(wa + €)x we can without loss of generality assume that wa < 0 and thus that the
semigroup is exponentially stable.

In order to show existence and uniqueness of the solutions, we closely follow the
proof of the classical result in [38, Theorem 6.3.1 and Theorem 6.3.3] which has
to be adapted to allow for boundary inputs u. Under the made assumptions on A
and f, it follows by [38, Theorem 6.3.1], that the uncontrolled system, u = 0, has
a unique local classical solution for any xy € X 1 which, by the assumption (2)
and [38, Theorem 6.3.3], extends to a global solution. The key argument for local
existence [38, Theorem 6.3.1] is to consider the unique solution y of

ol

y(t) = T(t)(~A) 2o + / (—A)ET(t - 9)f(s,(~A) Py(s))ds  (34)

for t € [0, 7], where 7 > 0 and to show that ¢ — y(t) is Holder continuous on (0, 7),
so that the sought solution is given by the solution of

#(t) = Aw(t) + f(t, (—A)"2y(1)), (3-5)
x(0) = xo.

To apply an analogous reasoning in the controlled case, u # 0, it remains to
adapt (3.4) and (3.5) by adding the terms fg(—A)%T(t — 8)Bu(s)ds and Bu(t)
to the right-hand sides, respectively. Since B & £(U;X7%), we have that B :=
(—A)"2B e L(U; X) and thus

. /O (CAET( — s)Bu(s)ds = — /O CAT( — ) Bu(s)ds

= - / t T(t — s)Bi(s)ds + T(t) Bu(0) — Bu(t)
0

is a continuous function on [0,00) and, by the analyticity of the semigroup, even
Holder continuous on (0, 00). Therefore, analogously to the proof of [38, Theo-
rem 6.3.1], we conclude that the equation

W) = TOAba0+ [ (AITC =9[4 Hy(0) + Buls)] a5, (3.9

allows for a unique continuous solution y : [0,7] — X for some 7 > 0 such
that t — f(t,(—A)~2y(t)) is Holder continuous on (0,7). Therefore, and since
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u € W2L(R,;U) with A_139 4+ Bu(0) € X, the mild solution = € C([0,7]; X) of

i(t) = Az(t) + f(t, (—A)"2y(t)) + Bu(t), (3.7)
z(0) = xo
is in fact a classical solution on (0,7), [38, Corollary 4.3.3] and [44, Proposi-
tion 4.2.10]. From the representation of the mild solution of (3.7),

a(t) = T(t)zo +/0 T(t—s) [f(s,(—A)—%y(s)) +Bu(s)} ds,

it moreover follows that z(t) = (—A)~2y(t) and thus, z is a mild solution of the
original boundary control problem (3.1) on [0, 7] and even a classical solution on
(0,7). From assumption (4), it follows that x remains bounded in the [ - [|1-norm
on [0, 7), so that, by iterating the argument, = can be extended to a global solution,
see [38, Theorem 6.3.3].

We now show the L9-ISS estimate. Let x be the mild solution to an initial
value x( € X;. Since z is a classical solution on (0, c0), we have for any ¢ > 0 that

5 dtl\ w(t)]* = (Az(t), (1)) + (f(t, 2(8)), (1)) + Re(u(t), B*x(1)).
Therefore, by Assumption (3) and noting that

2|} = ((=A)3a, (~A)2) = —(Az,2) > —walall”, (3.8)

it follows that for any ¢ > 0 and sufficiently small € > 0

5 DI < (1= m) (A (e), 2(0)) + malls O + |(u(t), B 2(0) |
< (1= m1 — Az (t),2(0) + malle O + (1B 3, g (O

1 N2
< (1= = s+ m)|e O + LB o, o WO, (39)

where we used (3.8) and Assumption (4) in the last inequality. Gronwall’s inequal-
ity now yields the assertion for ¢ = 2 and an additional application of Holder’s
inequality the one for ¢ > 2. g

Remark 3.5. Theorem 3.4 is a generalization of the result in [48] where only the
Laplacian with Robin/Neumann boundary control (excluding Dirichlet control)
in one spatial variable was considered and the assumptions on f were tuned to
guarantee the existence of classical solutions. We decided to give a full proof (or at
least a sketch of the necessary adaptations from [38]) of the existence of solutions
for the convenience of the reader, but also since the classical literature on semi-
linear PDEs does not cover the presence of the inputs.? The assumption that the
inputs should lie W2!(R) with the additional property that A_jx¢ + Bu(0) € X
is clearly tuned in order to guarantee for classical solutions (in (0, 00)), cf. [44

5At least the author is not aware of any explicit reference in this operator-theoretic framework.
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Proposition 4.2.10]. This, however, can be weakened with a more careful analy-
sis on the regularity of the solutions and by deriving (3.9) only for almost every
t > 0. Although our proof follows standard arguments in the semigroup approach
to semilinear equations instead, the derivation of the ISS estimate can be seen as
abstraction of the procedure in [48]. Recall that it is well-known that the corre-
sponding boundary operator B in the situation of Neumann or Robin control in
[48] satisfies the condition B € L(U, X_1), see also Example 2.14.

Example 3.6 (Semilinear parabolic equation with cubic nonlinearity).
Let Q C R™ with n € {1,2,3}. Under the setting of Example 2.14 consider

(L‘(f, t) = Am(§7t) - ax(‘f?t) - l’(f,t)?’ + d(f? t)v (£7t) € Qx (07 00)7

%(&t) = u(¢, 1) (£,1) € 9 x (0, 00),
x(f,O) = 1'0(5)7 ¢ e Q,

which establishes a semilinear BCS (2,5, f) with f(x) = —22 and the same
operators 2, B, A, B as in Example 2.14. As seen in the previous example, (2, B)
is a linear boundary control system for d = 0 and, in the generalized sense of
Remark 2.10, for d # 0. The conditions (i) and (ii) of Theorem 3.4 are satisfied
with wyq = —a. Conditions (1) and (2) both follow from the Sobolev embedding
Wh2(Q) C L(Q) valid for n € {1,2,3}, see e.g. [1], and the fact that X, =
W2(Q), see e.g. [28].

4. Concluding remarks and outlook

In the situation of Dirichlet boundary control and the choice X = L?(Q) for the
state space, it is well-known that an L2-ISS-estimate (in time) cannot be expected.
More precisely, even for a linear heat equation the input operator represented by
Dirichlet boundary control is not L?-admissible if the state space is L?(2), see [31,
p. 217] for a counterexample. Instead, as we have seen in Example 2.16, we only
have LP-ISS for p > 4 in general, see also [11, Proposition 5.1] for another proof in
the case that p = co. Therefore, the results of Section 3 cannot be applied and the
situation becomes more involved. The question is if Lyapunov arguments such as
used in Theorem 3.4 can at all be used to assess ISS in situations which are not L?2-
ISS. A work-around — typical in the theory of linear L?-well-posed systems [44]—
is as follows: If in the setting of Example 3.6 one considers Dirichlet boundary
control instead of Neumann boundary control, we could change the considered
state space X to be the Sobolev space H~'(Q) in order to obtain L2-ISS, i.e.

Hx(t)HH—l(Q) Se ™ HxOHHfl(Q) + HUHL2(O,7§;L2(OQ))'

On the other hand, if we aim for L°°-ISS estimates only, other techniques may be
more suitable; such as the maximum principle methods in [33]. These methods,
however, seem to be practical only for L°°-ISS estimates.
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Null-controllability and control cost
estimates for the heat equation on
unbounded and large bounded domains

Michela Egidi, Ivica Naki¢, Albrecht Seelmann, Matthias Téufer,
Martin Tautenhahn and Ivan Veselié

Abstract. We survey recent results on the control problem for the heat equa-
tion on unbounded and large bounded domains. First we formulate new un-
certainty relations, respectively spectral inequalities. Then we present an ab-
stract control cost estimate which improves upon earlier results. The latter
is particularly interesting when combined with the earlier mentioned spectral
inequalities since it yields sharp control cost bounds in several asymptotic
regimes. We also show that control problems on unbounded domains can be
approximated by corresponding problems on a sequence of bounded domains
forming an exhaustion. Our results apply also for the generalized heat equa-
tion associated with a Schrédinger semigroup.
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1. Introduction

We survey several new results on the control problem of the heat equation on
unbounded and large bounded domains. The study of heat control on bounded
domains has a long history, while unbounded domains became a focus of interest
only quite recently. In order to compare and interpolate these two geometric situa-
tions it is natural to study the control problem on large bounded domains including
a quantitative and explicit analysis of the influence of the underlying geometry.
Here the term ‘large domain’ may be made precise in at least two ways. For in-
stance, it could mean that we study the control problem on a sequence of domains
which form an exhaustion of the whole Euclidean space. Alternatively, it could
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mean that the considered domain is large compared to some characteristic length
scale of the system, e.g. determined by the properties of the control/observability
set. Not surprisingly, the results on unbounded and large bounded domains which
we present draw on concepts and methods which have been developed initially
for control problems on generic bounded domains. While these previous results
focused on giving precise criteria for (null-)controllability to hold, only a partial
analysis of the influence of the underlying geometry on the control cost has been
carried out. Merely the dependence on the time interval length in which the control
is allowed to take place has been studied thoroughly. However, recently there has
been an increased interest in the role of geometry for the control cost. We survey
a number of recent results which perform a systematic analysis of the dependence
of control cost estimates on characteristic length scales of the control problem. As
a side benefit we obtain new qualitative results, most prominently a sharp, i.e.
sufficient and necessary, condition on the control/observability set which ensures
the null-controllability of the classical heat equation on the whole of R¢.

The results on null-controllability, in accordance with previous proofs, are
obtained in two steps. The first consists in some hard analysis and depends on
the specific partial differential equation at hand whereas the second one can be
formulated in an abstract operator theoretic language. Let us discuss these two
ingredients separately.

The mentioned hard analysis component of the proof consists in a variant of
the uncertainty relation or uncertainty principle. These terms stem from quantum
physics and encode the phenomenon that the position and the momentum of a
particle cannot be measured simultaneously with arbitrary precision. Note that
the momentum representation of an observable is obtained from the position rep-
resentation via the Fourier transform. Hence the fact that a non-trivial function
and its Fourier transform cannot be simultaneously compactly supported is a par-
ticular manifestation of the uncertainty principle. This qualitative theorem can be
given a quantitative form in various ways, e.g. by the Paley—Wiener Theorem or
the Logvinenko—Sereda Theorem which we discuss in Section 2. If the property
that a function has compactly supported Fourier transform is replaced by some
similar restriction, for instance that it is an element of a spectral subspace of a
self-adjoint Hamiltonian describing the total energy of the system, other variants
of the uncertainty relation are obtained. In the particular case that the Hamil-
tonian is represented by a second order elliptic partial differential operator with
sufficiently regular coefficients a particular instance of an uncertainty principle is
embodied in (a quantitative version of) the unique continuation principle. The lat-
ter states that an eigenfunction (or, more generally a finite linear combination of
eigenfunctions or elements from spectral subspaces associated to bounded energy
intervals) cannot vanish in the neighborhood of a point faster than a specified rate.
Such a quantitative unique continuation estimate in turn implies what is called a
spectral inequality in the context of control theory. This term was first coined for
evolutions determined by the Laplace operator but is now used also for abstract
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systems. Thus, it is hardly distinguishable from the notion of an uncertainty re-
lation. Note however that the term spectral inequality is used in other areas of
mathematics with a different meaning, e.g. in Banach algebras or matrix analysis.

The second mentioned step uses operator theoretic methods and ODEs in
Hilbert space to deduce observability and controllability results from the hard
analysis bound obtained in the first step. There are several related but distinct
approaches to implement this. One of them we present in full for pedagogical rea-
sons. The other ones are not developed in this paper, but we discuss the resulting
quantitative bounds on the control cost. In fact, these seem to be better than what
can be obtained by the mentioned pedagogical approach.

Let us point out several special features of this survey (and the underlying
original research articles): The uncertainty principles or spectral inequalities, and
consequently the implied control cost estimates, which we develop, are scale-free.
This means that the same bound holds uniformly over a sequence of bounded
domains which exhaust all of R?.

The control cost estimates which we present are optimal in several asymptotic
regimes. More precisely, the estimate becomes optimal for the large time 7" — oo
and small time 7" — 0 limit, as well as for the homogenization limit. The latter
corresponds to a sequence of observability sets in R? which have a common positive
density but get evenly distributed on finer and finer scales. Effectively this leads
to a control problem with control set equal to the whole domain but with a weight
factor.

Last but not least, we point out two fields of analysis where related or com-
plementary results to spectral inequalities in control theory have been developed.
One of them is the theory of random Schrédinger operators. There, uncertainty
principles play a crucial role for the study of the integrated density of states and
proofs of Anderson localization. The other is the use of uncertainty principles de-
veloped with the help of complex or harmonic analysis to study semi-norms on
LP-spaces.

2. Scale-free spectral inequalities based on complex analysis

In this section we give an overview of scale-free spectral inequalities obtained
through complex analytical methods, in contrast to the ones obtained through
Carleman estimates, discussed in a subsequent section. The term scale-free stands
for the independence of the estimates on the size of the underlying domain. In par-
ticular, only a dependence on the dimension, on the geometry of the observability
set, and on the class of functions considered is present.

These inequalities deal with the class of LP-functions on R¢ with compactly
supported Fourier transform or with LP-functions on the d-dimensional torus with
sides of length 2w L, L > 0, with active Fourier frequencies contained in a par-
allelepiped of R?, and with observability sets which are measurable and well-
distributed in R? in the following sense:
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Definition 2.1. Let S be a subset of R%, d € N. We say that S is a thick set if it

is measurable and there exist v € (0,1] and a = (ay,...,aq) € ]Ri such that
d
IS0 (z+[0,a1] x - x [0,aa))| =y [[ a;, ¥z eR™
j=1

Here |- | denotes the Lebesgue measure in RY. We will call thick sets (v, a)-thick
to emphasise the parameters.

This geometric condition relates the volume of cubes to the volume of the
part of these cubes inside S. It can equivalently also be formulated with respect
to balls in R¢, in which case a € Ri is replaced by a radius r > 0. The latter is
considered in the proof of Lemma 2.3 below.

Before presenting the most current results, we discuss how these spectral
inequalities and the above geometric condition were identified originally.

2.1. Earlier literature and historical development: Equivalent norms on
subspaces

Let d € N, p € [1,00], @ C R? and S C R? be measurable subsets. We define
F(Q,p) = {f € LP(Rd): suppfc Q},

where fis the Fourier transform of f. If € is bounded, we ask for which sets S
there exists a constant C' = C(S,€) > 0 such that

I fllzecsy = Cllfllrrey, Y f € F(,p). (2.1)

Since || - || L»(s) defines a semi-norm on F(Q,p) and |- [[zr(s) < || - | r(re), We
are actually asking for which sets S this semi-norm defines a norm equivalent to
the LP-norm on R<.

This question was (at the best of our knowledge) first considered by Panejah
in [43]. The author treated the case p = 2 and characterized the class of sets
S satisfying (2.1) through a property of their complement. Indeed, our initial
question is equivalent to the problem for which sets S there exists a constant
C = 5’(50, Q) € (0,1), S¢ being the complement of S in R¢, such that

I£llosey < Cllf oy, ¥ f € F(Q,p). (22)
If we set
p(S¢,p) == sup {||fllLr(se): f € F(Q,0),[Ifll ey =1},

then (2.2) is satisfied for a C < 1if and only if p(S€,p) < 1. The main result in
[43] is a necessary condition for p(S¢,2) < 1.

Theorem 2.2 ([43]). Let d € N. Let S C R? be a measurable set and S¢ its
complement in R?. Let B(x,r) be the ball in RY centered at x of radius v > 0. If

B(S¢) :== lim sup 7‘5 N B(z,7)|

=1 2.3
N T TP 23)
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then p(S¢,2) = 1.

Let us observe that Eq. (2.3) in Theorem 2.2 is just a different characteriza-
tion for S not being a thick set. Indeed, we have the following:

Lemma 2.3. Let d € N. Let S C R? be a measurable set with complement S°.
Then S is thick if and only if 5(S°) < 1.

Proof. Let us assume that S is not thick. Then for all v, > 0 there exists a
ball B(z.,,r) centered at some point z. , € R? dependent on ~ and r, such that
|S N B(zy,r,7)| < v|B(2y,r,7)|. Let now r > 0 and choose v = 1/r, then

o 1SN B )| _ IS0 Byl 1

f _
skt |B@r) = |B@ieer) 1

which implies
lim inf [0 B, )l
rotoowert  |B(x,r)|
Since [S°N B(z,r)| = |B(z,7)| — |S N B(z, )|, we obtain
lim sup SO B@ Ly g BOB@I_
rotoo epae | B(x,7)] rotoowcrt  |B(x,r)|
that is, 5(S¢) = 1.
Conversely, if S is a thick set, we find some positive v and r such that
.. 1SN B(z,r)]
verd | B(z, 7))

=0.

and hence S B
lim  inf SOB@N
r—4oozerd | B(x,r)|
Arguing as above, we see that 5(S¢) <1 —+v < 1, which completes the proof. O

Summarizing we have collected the following implications (at least for p = 2):

(2.1) holds for some C(S,Q) > 0 <= (2.2) holds for some C(S°,Q) € (0,1)
< p(9%2) <1 = B(5°) < 1<= S is thick

So, this leaves open the (hard) question whether thickness of S is a sufficient
criterion to ensure the equivalence of norms in (2.1).

In the subsequent paper [44] Panejah shows that in dimension one the con-
dition 5(S¢) < 1 is also sufficient for p(S5¢,2) < 1, while in higher dimensions he
provides a sufficient condition unrelated to the necessary one. In both papers, the
methods used rely essentially on L2-properties of the Fourier transform.

A different approach was taken by Logvinenko & Sereda [34] and Kacnel’son
[23]. Using the theory of harmonic functions they considered the case p € (0, c0)
and, almost simultaneously, proved the following theorem.

Theorem 2.4 ([34, 23]). Let d € N, 0 > 0, p € [1,00), and S C R? be a
measurable set. Then the following statements are equivalent:
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(i) S is a thick set;
(ii) there exists a constant C = C(S,0) > 0 such that for all entire functions
f:C* = C satisfying f‘Rd € LP(R%) and

4 -1
lim sup (Zzz> In f(z) <o,

|z1 |4+ +]|za| =0

i=1
we have
Ifllzecs) 2 Cllf e ay- (24)
In addition, they exhibit the dependence on ¢ establishing the relation
C =17,

where ¢; and ¢y depend only on the thickness parameters of S and dimension d.

We observe that a function f satisfying the assumption in part (ii) is called
entire LP-functions of exponential type o. Equivalently, the space of such functions
is the space of functions with Fourier transform supported in ball of radius o (see
for example [45, Theorem IX.11] or [2]). Hence, Theorem 2.4 may be regarded as
the first quantitative statement related to the problem formulated in (2.1).

2.2. Current state-of-the-art

A quantitatively improved version of Theorem 2.4 was given in early 2000s by
Kovrijkine (see [29] for the one dimensional case and [28] for the higher dimensional
case). Using complex analytical techniques, he shows that the constant C(S, ) in
(2.4) depends polynomially on the thickness parameters of the set S. Moreover,
he analyzes the case when the support of the Fourier transform is contained in a
finite union of parallelepipeds, which may or may not be disjoint. His approach
is inspired by work of Nazarov [42], which studies topics related to the classical
Turan Lemma [56].
More precisely, Kovrijkine proved the following statement.

Theorem 2.5 ([28]). Letd € N, p € [1,00], and let S be a (v,a)-thick set in RZ.

(i) Let J be a parallelepiped with sides of length by, ..., by parallel to the coordi-
nate azes and let f € F(J,p). Set b= (by,...,bq), then

>K1 (a-b+d)

v
Il flleres) > <*

where K1 > 0 is a universal constant.

(ii) Let n € N and let Jy,...,J, be parallelepipeds with sides parallel to the
coordinate azxes and of length by,...,bq. Let f € F(J1U---U.J,,p) and set
b= (b1,...,ba). Then

I1lLe may, (2.5)

/1 Lo (Ra), (2.6)

Lg " .b+n,P;I
¥ ( g ) ¢ v
1 llons) = (—)

for Ko > 0 a universal constant.
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Here a - b denotes the Euclidean inner product in R®.

The different nature of the constants in (2.5) and (2.6) originates in the
different approaches used in the proofs. While the bound in (2.6) allows for more
general situations, it is substantially weaker than (2.5) in the case n = 1. The
bound in (2.5), however, is essentially optimal, which is exhibited in the following
example (see also [28]).

Example 2.6. Let de N, p>1,a; =---=aq =1, and v € (0,1). We choose
b > 0 such that N> « := b/(47) > 3. We consider the 1-periodic set A in R such
that AN [—%7 %] = [—%, —% + %] U [% -1, %}, and define the set S := A x R4,
Clearly, S is a (v, 1)-thick set in R?. Let now g: R*! — C be an LP-function

such that supp g C B(0,7) C R*"! for some r < b/4, and let f: R — R defined as
f(z1) == (m) . Since supp f C [—%, %], the function

e:RY = C, () = f(z1)g(a2, ..., 74)

has Fourier Transform supported in a cylinder inside the cube [f%, g]d. Theo-

rem 2.5() says
K1 (db+d)
el 2 (7)ol

= Kf (R4)»
for a constant K; > 0. We now show that the LP-norm of ¢ on S can also be
bounded from above by a constant of type 7°. In order to do so, it is enough to
bound the LP-norm of f on A from above.

We first observe that || f||r@) > 1. Then, taking into account the inequality

sin(2nt)/t < 6w(1/2 —t) for all ¢ € [0,1/2], we calculate

Il L a) < (/ sin(27xy) [pa—2 Sin(QW:rl)‘del)l/p
Iy — \Ja Ty 1
< (sup sin(27xq) PQ*Q/ sin(27rw1)‘2dm1)l/p
z1€EA T A 1
< (SUP sin(2721) D o (2n?)1/p
z1€A T1

~(sin(27(1/2 — ~/2)) a3/ 2\1/p
(MR E) ey

a—2/p a=2/p
< (2n) 27 (Som) /:<1/(gﬂ3>> |

Using a —2/p = —2/p> L — 2> 1, we obtain for v < 1/(67%),

22
»y 4w
p < | ——7 »(R)-
e < () W
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Hence, by separation of variables, we conclude

lellzecsy = [1fllrayllgll Lo @a-1)

L _2
fy 47
< (W) Il e @) llgll L a1y

v\
= (W) H‘PHLP(Rdw
which shows the optimality of the 4* term.

For p = 2, the statement of Theorem 2.5(i) can be easily turned into a spectral
inequality. Let £ > 0 and let X(_oo,5](—Aga) be the spectral projector of —Aga
up to energy E, Aga being the Laplacian on R%. Then

X(me.)(~Ara): L2(RY) = {f € LARY) : supp [ € B(0,VE) },
where B(0,VE) is the Euclidean ball with center 0 and radius v/E. Clearly,

Ran (X(,OO’E](—ARd)) @ {f e L*(RY) : suppr [— \/E7\/E]d}.
Therefore, as explained in [14, §5], Theorem 2.5(i) implies:

Corollary 2.7. Letd € N. There exists a constant K1 > 0 such that for all E > 0,
all (v, a)-thick sets S, and all f € Ran (X(—co,p)( — Aga)) we have

K1 (2VE||all1+d)
) £l L2 ey

v
1 llecs) > (—

where ||lally = a1 + -+ + aq.

Using similar techniques as in [28], Logvinenko—Sereda-type estimates have
been recently established also on the torus T¢ = [0,27L]? with sides of length
2rnL, L > 0,d €N, for Lp(']I‘dL)—functions with active Fourier frequencies contained
in a parallelepiped of arbitrary size, see [13]. This leads to a spectral inequality
for linear combinations of eigenfunctions of the Laplacian on T¢ with suitable
boundary conditions, see [14, §5].

For f € LP(T¢) we adopt the convention:

~ (1 d ~( k1 kay 1 —ilg

d
L

In particular, supp fC (%Z)d Cc R4

Theorem 2.8 ([13]). Letp € [1,00] and L > 0. Let T¢ = [0,2rL]¢, f € LP(T$),
and S be a (v, a)-thick set with a = (a1,...,aq) such that 0 < a; < 2wL for all
j=1,....d.
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(i) Assume that supp fc J, where J is a parallelepiped in R? with sides of length
bi,...,bq and parallel to coordinate axes. Set b= (by,...,bq), then

6d+1

~ Ksa-b+ >
1f 1l snimsy = (@) 1 o ra (2.7)

where K3 > 0 is a universal constant.

(ii) Letn € N and assume that supp fC Ule Ji, where each Jy is a parallelepiped
in R® with sides of length by, ... ,bq and parallel to coordinate axes. Set b =
(b1,...,bq), then

Lf)"'a,b+n_ w=1)

v P

73 (
171l Lo gsrms) = (K—Z) 11l ocra)

for K4y > 0 a universal constant.
Here a - b denotes the Euclidean inner product in R?.

We stress that these estimates are uniform for all L > (27)7! max;—i,...da;

and are independent of the position of the parallelepipeds J;. Note that for growing
L the number of possible Fourier frequencies in the set | J;"_; J; grows unboundedly.

Let us also note that in [54, Corollary 3.3], related techniques from complex
analysis, in particular a version of the Turan Lemma, are used to establish an
estimate similar to the one in Theorem 2.8. However, there the control set S is
assumed to contain a parallelepiped and the constant comparing || - ||z2(sy and
| - Ilz2(re) depends on its volume.

Comparing (i) and (ii) of the above theorem, we again see that, although (ii)
allows for more general situations, the corresponding constant is worse that the one
in (i) in the case n = 1. Example 2.9 below, inspired by Example 2.6, shows that for
general LP-functions on ']I“i estimate (2.7) is optimal up to the unspecified constant
K3. However, this bound may be improved once special classes of functions are
considered, for example Fourier series with few, but spread out Fourier coefficients,
as discussed in Example 2.10.

Example 2.9. Let a; =---=aq=1,p>1,b>8nm, and € € (0,1). We consider
the set
S=A; x--x Ag CR?
such that each Aj; is 1-periodic and A; N[0,1] = [% — 5,5+ 5] Then, Sis (v,1)-
thick in R? with v = .
Let now N> o := [ 2| and L = 1/(2). On the torus T} = [0,27L] = [0,1]
and on its d-dimensional counterpart T¢ = [0, 1]¢ we consider the functions

f:00,1] > R, f(x):= (sin(27x))”

d d
g: [0, l]d - R, g(x):= Hf(@) = Hsin(vaj)o‘.
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Clearly, supp f C [—27a, 2ma] C [—%, %] and suppg C [—g, g}d, and the Fourier

coefficients are uniformly spaced.
Consequently, by Theorem 2.8(i) we know
cd \ Ksdb+ Gd:rl
9l r(snio,1)4y > (Fg)

||9HL1>([0,1]d)-

We now show that the prefactor cannot be improved qualitatively. To obtain an
upper bound on |[|g|| s (sn0,1]¢) We proceed as follows. By separation of variables,

gl r(snio,1)4) = H?=1||f”Lp(Ajﬁ[07l]) and similarly for ||g||1»([0,1)¢)- It is therefore
enough to analyze the LP-norm of f on A; N[0, 1].
By Jensen’s inequality, we have

1 1 po po
2
||f\|1£,,([0 ) :/ |sin(272)|PYda > (/ |sin(27rw)|dx> = <7) .
’ 0 0 T

By symmetry of the sine function, sinz < x, the choice of «, and the change of
variable y = 27wz, we estimate

11 v
W Lr(Ano.1) (T “ / sin(27x) |[P*dx
1711 ze 0.1 *(2) (Am[m]l (2mz)|
1/p
) ( blnpa )dy)
1/p
T «
< - yPe
<) (7] wo)
1 1+pa 1/p
) (71' 1+pa)

( - >a+1/p

Using a+1/p= L] +1/p> L —1>1, we obtain for ¢ < 2/72,

b
-1

oA
lroneion < (s ) Mlago,

which holds also for € > 2/7? trivially. Consequently,

-1
’y 47
lolusisoinan < (7kesa) oo,

This shows that in general we cannot obtain a Logvinenko—Sereda constant which
is qualitatively better than (v/c%)¢®*+9 for some ¢ > 0.

Example 2.10. Let b € N, v € (0,1), S be the 1-periodic set such that SN[0,1] =
[0,7], and f: [0,1] — R be defined as f(x) := sin(2brz). This function has two
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non-zero Fourier coefficients at —2bm and 2bw, growing apart as b increases. For
the L'-norm of f on [0, 1] and [0,7] we calculate

Il 22 o, o7

Y 2
< / 2brx do = —by?,
Ifllzrqoay ~— 2 Jo 2

suggesting a behavior of type by? instead of 4° as in Theorem 2.8(i).

As anticipated, the case p = 2 in Theorem 2.8(i) is of particular interest,
since it can be interpreted as a statement for functions in the range of the spectral
projector of fAT% with periodic, Dirichlet, or Neumann boundary conditions. Let

A%I*Dz]i‘ I A’?%v

boundary conditions, respectively. To shorten the notation we set @ € {P, D, N}.

Let X(,OQE](—A;N) be the spectral projector of —A%, up to energy E > 0.
L L

A{r\; be the Laplacian on 'JT% with periodic, Dirichlet, and Neumann
L

Namely, let A\* and ¢3%. be the eigenvalues and corresponding eigenfunctions of
—A?,, then

d
T¢

X(—oo,E](—Aq}g) L LP(T}) — Z axedSe(z) [ are € C
Ne<E

Similarly as before, Theorem 2.8(i) implies by simple arguments performed in [14,

§5]:

Corollary 2.11. Let d € N, and let T¢ = [0,27L], L > 0. There exists a
universal constant K5 > 0 such that for all L > 0, all (v, a)-thick sets S C RY
with a = (a1, ...,aq) such that 0 < a; < 2L forall j=1,...,d, all E >0, and
all f € Ran (X(—OO,E](_A;T%)) we have

y )KS\/EHaHlJrM;l

1112 gsrms) = (K—g 1 /1l 2rs (2.8)

where ||laly = a1 + -+ + aq.

In the case of periodic boundary conditions, Corollary 2.11 is a direct conse-
quence of Theorem 2.8(i): Since the eigenfunctions of —AZL, are ¢'™/L)* (up to a

L
normalization factor), corresponding to eigenvalues ||k||2/L?, k € Z?, the Fourier
frequencies of any f € Ran (X(_OO,E](—A,HI.Z )) are contained in [—\/E, \/E]d, and
the statement follows immediately. -

In contrast, when Dirichlet or Neumann boundary conditions are considered,
the respective eigenfunctions do not have Fourier frequencies contained in a com-
pact set. However, once these functions are extended to functions on ']I‘gL in a
suitable way depending on the boundary conditions, the Fourier frequencies of the
extensions are concentrated in [—\/E , \/E]d. Correspondingly, one can construct
a new thick set with controllable thickness parameters by first extending S N T¢
to ']1"21 1, using reflections with respect to the boundary of 'JT%, and then taking the
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union of translates of this set with respect to the group (4wLZ)?. Finally, Theo-
rem 2.8(i) applied to the extensions and the new thick set yields Corollary 2.11.
For more details we refer the reader to [14, §5].

Remark 2.12. Recently, a Logvinenko—Sereda-type estimate has also been ob-
tained for L2-functions on the infinite strip Qp := ’JI'del xR, d>2and L >0,
having finite Fourier series as functions on Tfl and compactly supported Fourier
transform as functions on R. In this case, the set S C R? is assumed to be thick
with parameters a = (a1, ...,aq) € R% such that a; < 2rL for j € {1,...,d — 1},
and 7 € (0,1], see [12, Theorem 9]. With similar arguments as in [14, §5], we ob-
tain, as a consequence, a corresponding variant of Corollary 2.11 on the strip, that
is, a spectral inequality analogous to (2.8) for functions in the range of the spec-
tral projector X(—oc,5(—Qq, ), where —Agq, is the Laplacian on Qp with either
Dirichlet or Neumann boundary conditions.

3. Scale-free spectral inequalities based on Carleman
estimates

Most of the results which we present here have originated in works devoted to
the spectral theory and asymptotic analysis of evolution of solutions of random
Schrédinger equations. The interested reader may consult for instance the mono-
graphs [50, 58, 1] for an exposition of this research area. In this theory one is
(among others) interested in lifting estimates for eigenvalues. The particular task
we want to discuss here can be formulated in operator theoretic language in the fol-
lowing way: Given a self-adjoint and lower semi-bounded operator H with purely
discrete spectrum A (H) < -+ < A\p(H) < ---, a parameter interval I C R, a
cut-off energy E € R, and a positive semi-definite perturbation B, find a positive
constant C' such that

%/\k(H +tB) > C

for all indices k € N for which the associated eigenvalue curve I 5t — A\, (H +tB)
stays below the level E for all ¢ € I. Depending on the properties of H and B,
this exercise may be trivial, demanding, or impossible, so we should say a bit more
about the structure of the operators of interest.

The self-adjoint Hamiltonian H models a condensed matter system, and
studying it will require investigating it on several scales, on the one hand the
macroscopic scale of the solid and on the other the microscopic scale of atoms.
Let us explain this in more detail: If we choose a coordinate system such that the
typical distance between atomic nuclei is equal to one, the size L of the macro-
scopic solid may be very large — of the order of magnitude of 1023 or so. Hence the
Hamiltonian of the system H will be defined on the Hilbert space L?(Az) where
Ap = (—L/2,L/2)* and L > 1. Since often the only possibility to understand the
full system is to consider first smaller sub-systems and subsequently analyze how
they interact, one is also interested in intermediate scales. Thus in the discussion
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which follows, the scale L will always be larger than one, but will range over many
orders of magnitude.

The Hamiltonian H will be a Schrédinger operator of the form H = —A+V
in L2(Ar). The electric potential V', which mainly models the force of the atomic
nuclei in the solid on an electron wave packet, will have a characteristic length scale
corresponding to the typical distance between atoms (which as above we set equal
to one). This characteristic scale could manifest itself in different ways, for instance,
V may be the restriction xa, Vper of a Z%-periodic potential Vper: RY - R. It
could also have a structure which is not exactly periodic but incorporates some
deviations from periodicity. Furthermore, it can happen that the exact shape of
V is not known. In this case, V' is modeled by a random field allowing for local
fluctuations. The values of the field at two different points with a distance of order
one may be correlated, but the field will exhibit a mixing behavior on large scales.
Since we study the system in L?(Ay) for many scales L > 1, the ratio between the
scale L of the whole system and the scale one can grow unboundedly. In view of
this challenge, for a comprehensive understanding of the system it is required to
derive so-called scale-free results, i.e. results which hold for all scales L > 1, or at
least for an unbounded sequence of length scales.

In the light of this multi-scale structure, the problem formulated above takes
now a more specific form: We are given a bounded potential V as well as the
corresponding Schrédinger operator H = —A + V on Ay with self-adjoint, say
Dirichlet, boundary conditions, a bounded non-negative perturbation potential
W: Ap — [0,00), which is the restriction to Az of a (more or less) periodic po-
tential Wye,: R? — [0,00), an interval I C R, a cut-off energy E € R and aim to
find a positive constant C, independent of L > 1, such that

%Ak(HthW) >C (3.1)

for all k£ € N such that the associated eigenvalue parametrization I 3 ¢ — A\ (H +
tB) stays below E for all ¢ € I. The real challenge of the problem is to obtain a
bound C which is scale-independent. Furthermore, C should only depend on some
rough features of V and W such as their sup-norms but not on minute details of
their shape. This is required since, as explained above, the potentials V' and W
might by modeled as realizations of a random field where it is possible to control
certain global properties, but not the detailed shape of the realization.

The eigenvalue lifting bound in (3.1) can be derived from an uncertainty
relation for spectral projectors of the type

X (o0, B) (H)W X (—o0,5)(H) > CX(—o0,5)(H),

where the inequality is understood in quadratic form sense. In fact, since the
operators considered so far have purely discrete spectrum, this inequality can be
rewritten in terms of linear combinations of eigenfunctions, so that the conclusion
(3.1) is almost immediate. If H is the Dirichlet-Laplacian on a bounded domain the
above uncertainty relation is called spectral inequality in the literature on control
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theory. It is also sometimes called a quantitative unique continuation estimate (for
spectral projectors), because its proof uses a refined version of the proof of the
classical qualitative unique continuation principle for solutions of second order
elliptic operators, based on Carleman estimates. In the particular case where, as
explained above, the constant C' in the estimate is independent of the length scale
L > 1, the inequality is called scale-free unique continuation estimate. Let us
present a summary of such results derived in the context of random Schrodinger
operators.

3.1. Development of scale-free unique continuation estimates applicable
to Schrodinger operators with random potential

We will not be able to review all publications dealing with the topic, in particular
older ones, but have to be selective due to limitations of space. As the starting
point we choose an important and intuitive result of [6] (which was fully exploited
only in [7]).

Theorem 3.1 ([6, 7]). Let E € R, Vyor: R? — R be a measurable, bounded
and Z%-periodic potential and HECY the restriction of —A + Vper to the cube Ap
with periodic boundary conditions. Denote by X (—oo,E) (HY") the spectral projector
of HY" associated to the energy interval (oo, E]. If O # 0 is an open Z-periodic
subset of R and W: R? — [0,00) a measurable, bounded and Z3-periodic potential
such that W > xo then there exists a constant C > 0 depending on E, Vyer and
W, but not on L € N, such that

X(—o0, 2] (HL™) WXAL X(—o0.2)(HL™") 2 OX (00,51 (HL™)
for all scales L € N.

The theorem gives no estimate on the constant C' > 0, since its proof invokes a
compactness argument. Moreover, it is based on the Floquet—Bloch decomposition
and thus cannot be extended to a situation without periodicity. This explains also
the restriction to integer valued scales L € N.

An improvement of the above theorem with an explicit lower bound on C
was given in [19]. The method which allowed to derive this quantitative estimate
was a Carleman estimate. It was the seminal paper [5] which introduced Carle-
man estimates to the realm of random Schrodinger operators and stimulated the
further development. With this tool at hand it was possible to circumvent the use
of Floquet—Bloch theory in the proof of scale-free unique continuation estimates.
Consequently, it was possible to remove the periodicity assumptions on the poten-
tial function V' and the set O. They can be be replaced by a geometric condition
which we define next.

Definition 3.2. Given G,§ > 0, we say that a sequence Z = (2;)e(gz)e C R? is
(G, §)-equidistributed, if

Vj e (GZ)Y:  B(zj,0) C Ag + .
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Corresponding to a (G, §)-equidistributed sequence Z we define the set
Ssz= |J B(z,9),
je(Gz)d

see Fig. 1 for an illustration. Note that the set S5 z depends on G and the choice
of the (G, d)-equidistributed sequence Z.

o|le|e|o|e@ ol © o|®

e

o|le|e| o e@ @ ¢ o lo
o|le|oe| o e O
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FIGURE 1. Tllustration of S5z C R? for periodically (left) and
non-periodically (right) arranged balls.

For L > 0 we denote by D(A}®") and D(AP™) the domain of the Laplacian
on L?(Ayp) subject to periodic or Dirichlet boundary conditions. With this notion
at hand we formulate the following result:

Theorem 3.3 ([46]). Let E € R. There exists a constant K € (0,00) depending
merely on the dimension d, such that for any E € R, any G > 0, any ¢ € (0,G/2],
any (G, 8)-equidistributed sequence Z, any measurable and bounded V: R? — R,
any L € GN, and any real-valued ¢ € D(AY) U D(APY) satisfying |Ay| <
|(V — E)Y| almost everywhere on Ap, we have

5\ K (#6272 v=p)2?)
) Wl (32)

Iy 2 s, oo > (

The last inequality implies by first order perturbation theory the lifting esti-
mate (3.1) with

K (14643 |V -E|2/?)
c- (i> . (3.3)

G

The theorem has been extended to R? in [53]. Lower bounds like (3.2) (with less
explicit constants) have previously been known for
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(1) Schrédinger operators in one dimension (see [57, 26] where periodicity was
assumed, and [20], where the additional periodicity assumption was elimi-
nated),

(2) energies F sufficiently close to mino(H) = mino(—A+ V) (see [24, 5] under
a periodicity assumption and [18] without it), and similarly for

(3) energies E sufficiently close to a spectral band edge of a periodic Schrodinger
operator —A+Ve,. (This has been implemented in [25] for periodic potentials
using Floquet theory.)

In the two latter cases one uses perturbative arguments, whereas in the one-
dimensional situation one has methods from ordinary differential equations at
disposal. The result of [46] unifies and generalizes this set of earlier results.

Remark 3.4 (Dependence of the constant on parameters). Apart form
being scale independent the constant C from (3.3) is also explicit with respect
to the model parameters. Only the sup-norm ||V|| of the potential enters, no
knowledge of V' beyond this is used, in particular no regularity properties. This is
essential since in applications V' is chosen from an infinite ensemble of potentials
with possibly quite different local features. The constant is polynomial in é and
(almost) exponential in ||V ||oo.

For L > 0 and V € L>®(R), we define the operator
Hp=-A+V in L*(Ar)
with Dirichlet, Neumann or periodic boundary conditions. In view of the known
scale-free uncertainty relation for periodic spectral projectors of [6], see Theo-

rem 3.1, the authors of [46] asked whether (3.2) holds also for linear combinations
of eigenfunctions, i.e. for 1) € Ran x(_oo 5)(Hr). This is equivalent to

X(—o0,8)(HL) X85, 2081 X(—o00,2](HL) = CX(— 00, (HL), (3.4)
with an explicit dependence of C' on the parameters G, d, E and ||V« as in (3.3).
Here x1(Hp) denotes the spectral projector of Hy, associated to the interval I. If
XS5.znA,, is periodic and a lower bound for the potential W, we recover an estimate
as in Theorem 3.1. A partial answer was given in [27].

Theorem 3.5 ([27]). There exists K = K(d) such that for all E,G > 0, all
5 € (0,G/2), all (G,9)-equidistributed sequences Z, all measurable and bounded
V:RY =R, all L €N, all intervals I C (=00, E] with

(st

|[7| <2y where ’yQZﬁ IE

)

and all ¢ € Ran x7(HL) we have
[¥ll2(85.2080) = GV 1¥llL2(as)-

Again the scale-free unique continuation principle of [27] on the finite cube
Aj, was adapted to functions on R in [53]. Theorem 3.5 left open what happens
if the energy interval I has length larger than 2+, which is quite small for typical
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choices of G, 9, F, V. In particular, Theorem 3.5 is not sufficient for applications in
control theory which we discuss in Section 4. The full answer to the above question,
confirming (3.4), has been given in [40, 41].

Theorem 3.6 ([40, 41]). There is K = K(d) > 0 such that for all G > 0, all
0 € (0,G/2), all (G,0)-equidistributed sequences Z, all measurable and bounded
V:R* =R, all LGN, all E>0, and all ¢ € Ranx(—co,p)(HL) we have

2 2
1M1z s ngy = Cocllllzaia,)

where
5 K (14G*2||V|2*+GVE)
g) -

Cue = Coold, G0, B, [|V]|oo) = (—

Note that since Ay is bounded, Hj; has compact resolvent, thus any 1 €
Ranx(—co,z(HL) is a finite linear combination of eigenfunctions. In [52] this as-
sumption has been relaxed to allow certain infinite linear combinations of eigen-
functions where the coefficients decay sufficiently fast.

3.2. Current state-of-the-art
Let d € N. For G > 0 we say that a set I' C R? is G-admissible, if there exist
a;, B € RU{zxoo} with 5; — a; > G for i € {1,...,d}, such that

d

I'= X(a;,3) and (-G/2,G/2)¢CT. (3.5)

i=1
If instead of the second condition in (3.5) one can only find a ¢ € R? such that the
cube (—G/2,G/2)% + € is contained in T, then our assumption (—G/2,G/2)? C T’
can be achieved by a global shift of the coordinate system. For a G-admissible set
T" and a real-valued V € L°°(T), we define the self-adjoint operator Hr on L2(T")
as

Hpr=-A+V

with Dirichlet or Neumann boundary conditions.

Theorem 3.7 ([39]). There is K = K(d) > 0 depending only on the dimension,
such that for all G > 0, all G-admissible T C R?, all § € (0,G/2), all (G,6)-
equidistributed sequences Z, all real-valued V € L>®(T"), all E € R, and ally) € Ran
X(—o0,£](Hr) we have

> O 1¥

2 2
Hd’HL?(Sa,Zmr) |L2(F)’

where

)

(6 )K(1+G4/3||V—A||§O/3+G\/m)

and ty = max{0,t} fort e R.
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Remark 3.8. If I' = A for some L > G, then Hr has compact resolvent,
and hence the spectrum of Hr consists of a non-decreasing sequence of eigen-
values whose only accumulation point is at infinity. As a consequence, functions
% € Ran x(_oo, 5] (Hr) considered in Theorem 3.7 are finite linear combinations of
eigenfunctions corresponding to eigenvalues smaller than or equal to E. On the
contrary, if T is an unbounded set like R? or an infinite strip, the bulk of the
spectrum of Hr will in general consist of essential spectrum, and eigenfunctions,
if any exist, might span only a subspace. Hence, the subspace Ran x(_., g might
be infinite dimensional — a challenge.

The proofs of Theorems 3.3 and 3.5 are heavily based on the fact that the
function v satisfies the pointwise differential inequality |Av| < |V| almost ev-
erywhere on Ay, or are perturbative arguments thereof. Functions from a spectral
subspace as considered in Theorem 3.7 do in general not have this property. In
what follows, we explain one main idea how to bypass this difficulty. It is inspired
by a technique developed for operators with compact resolvent in the context of
control theory for the heat equation, see e.g. [31, 32, 22, 30].

We denote by {Ppr.(A) = X(—oo,n)(Hr): A € R} the resolution of identity of
Hr, and define the family of self-adjoint operators (F¢)s;cg on L?(T') by

- sinh(vVAt)/V/A, A >0,
F= / st (NP (V) where s,(\) = 4 1, A=,
- sin(v/—At)/vV—\, A <O0.
The operators F; are self-adjoint, lower semi-bounded, and satisfy Ran Pp.(E)
C D(F) for E € R, where D(F;) denotes the domain of F;. For ¢ € Ran Py,.(E)
and T > 0 we define the function ¥: I' x (=T,T) — C as
W(a,1) = (F)a).
Note that W(-,t) € L?(T) for all t € (=T, T). Moreover, we define the (non-self-
adjoint) operator Hr on L(T' x (=T, T)) = L*((-T,T), L*(T)) on
D(Hr)
82
- {q> € L2((=T,T), LA(T)): t > Hp(<b(t))f<w¢> (t) € L2((=T,T), LQ(F))}

by Hp = —A+V, where ?(x, t) = V(x). Here, A denotes the (d+ 1)-dimensional
Laplacian. We formulate a special case of Lemma 2.5 in [39)].

Lemma 3.9. For allT >0, E € R and all ¢ € Ran Py (F) we have:
(i) The map (=T,T) >t~ U(-,t) € L*(T) is infinitely L?-differentiable with

(i) ¥ € D(Hr) and Hp¥ = 0.
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From Lemma 3.9(ii) we infer that U is an eigenfunction of Hp. This allows us
to apply similar techniques to the function ¥ as used in the proofs of the results
presented in Subsection 3.1. In order to recover properties of 1) from properties of
U one combines a second Carleman estimate with boundary terms already used
in [31, 22] with part (i) of Lemma 3.9.

4. From uncertainty to control

We introduce the notion of (null-)controllability in an abstract setting. Let H
and U be Hilbert spaces, A a lower semi-bounded, self-adjoint operator in H and
B a bounded operator from U to H. Given T > 0, we consider the abstract,
inhomogeneous Cauchy problem

Fult) + Au(t) = Bf(t), t€(0,T],
u(0) = ug € H,
where u € L2((0,T),H) and f € L2((0,T),U). The function f is also called control

function or simply control and the operator B is called control operator. The mild
solution to (4.1) is given by the Duhamel formula

(4.1)

) =g+ [ LB s(o)s, e 0,T] (42)
0

One central question in control theory is whether, given an input state ug, a time
T > 0 and a target state up, it is possible to find a control f, such that u(T") = up.

Definition 4.1. Let T > 0. The system (4.1) is null-controllable in time T if for
every ug € H there exists a control f = f,, € L?((0,T),U) such that the solution
of (4.1) satisfies u(T") = 0. In this case the function f,, will be called a nuli-control
in time T for the initial state ug.

The controllability map or input map is the mapping BT : L2((0,T),U) — H
given by

BTf= /OT e T=94Bf(s)ds.

Taking into account (4.2), clearly a function f is a null-control for (4.1) if
and only if e"T4ug + BT f = 0. Thus, the system (4.1) is null-controllable in time
T > 0 if and only if one has the relation Ran 87 O Rane~74, which gives an
alternative definition of null-controllability in terms of the controllability map.

Remark 4.2. Note that if the system (4.1) is null-controllable in time T' > 0,
then, by linearity of e~ it is also controllable on the range of e=74. This means
that for every ug € H and every ur € Rane~74 there is a control f € L?((0,T),U)
such that the solution of (4.1) satisfies u(T") = up.

In the context of the heat equation on a compact, connected and smooth
manifold with control operator B = xg, null-controllability was proved for all
T > 0 in [31, Theorem 1] and independently in [17]:
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Theorem 4.3. Let H = U = L*(Q) for a compact and connected C°>° manifold
Q, A= —A and B = xs for some non-empty, open S C Q, and T > 0. Then, the
system (4.1) is null-controllable in time T.

In fact, the statement in [31] is stronger since it allows for the control set S
to change in time and it states that the null-control can be chosen smooth and
with compact support.

The concept of null-controllability is closely related to a second one, the so-
called final-state-observability: For T > 0 we consider the homogeneous system

{EZU(t) + Au(t) =0, te(0,T],

u(0) =up € H (43)

with solution given by u(t) = e 4*uq for t € [0, T].
Definition 4.4. The system (4.3) is called final-state-observable in time T' > 0 if
there is a constant Cyps > 0 such that for all ug € H we have

T
le=4Tuo |2, < C2 / 1B e Aty || dt (4.4)
0

obs
with B from (4.1). Inequality (4.4) is called observability inequality.

In [31, Corollary 2], it is noted that null-controllability of the system (4.1)
leads to final-state-observability of (4.3). In fact, it is known that the notions of
null-controllability and final-state-observability are equivalent:

Theorem 4.5 ([47], see also [61, Chap. IV.2.]). Let T > 0. The system (4.1) is
null-controllable in time T if and only if the system (4.3) is final-state-observable
in time T.

Theorem 4.5 is, in fact, a direct consequence of the following lemma, which
is a well-known result going back to [11], see also [10, 8, 33]. The proof given here
is inspired by the corresponding proofs in [61] and [55, Proposition 12.1.2].

Lemma 4.6. Let Hq, Ho, H3 be Hilbert spaces, and let X : Hi1 — Hs, Y : Ho — H3
be bounded operators. Then, the following are equivalent:

(a) RanX C RanY;
(b) There is ¢ > 0 such that || X*z|| < c||[Y*z]| for all z € Hs.
(¢) There is a bounded operator Z: Hy — Ha satisfying X =Y Z.

Moreover, in this case, one has

inf {c: ¢ as in (b)} = inf{||Z||: Z as in (c)}, (4.5)
and both infima are actually minima.
Proof. (a)=(b). First, suppose that Ker Y = {0}. Let H3 = RanY be the Hilbert
space with the same scalar product as in Hs. Then, we can regard X, Y as oper-

ators with the codomains ﬁg and Y. 7:23 — Ho exists and is densely defined.
The operator Y ~1X is an everywhere defined closed operator, hence bounded by
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the closed graph theorem. In turn, also (Y ~!X)* is bounded. From [48, Propo-
sition 1.7] it follows that XY =) ¢ (Y~1X)* where (*) denotes the adjoint
with respect to Hs. Hence there exists ¢ > 0 such that [|[X™z|| < ¢y ™) z]|
for all z € 7-[3. But it is easy to see that X®z = X*z and Y®z = Y*z for
all z € RanY. Finally note that if z € (RanY)l then Y*z = 0 = X™z since
KerY* = (Ran Y)J‘ C (Ran X)J‘ = Ker X* by hypothesis. Hence, in this case, (b)
is proved.

If KerY is not trivial, instead of Y we take 1/}, the restriction of Y to the
space (Ker Y)*. Since RanY = RanY, we can apply the first part of the proof to
show || X*z|| < ¢||Y*z| for all z € Hs. Since Y*z = Y*2 for all z € H, the claim
follows.

(b)=(c). We define the operator K: RanY™* — Ran X* by K(Y*z) = X*z
for all z € Hs. The hypothesis implies that K is well defined and bounded with
norm less or equal to c¢. We continuously extend K to RanY™* and by zero to a
bounded operator on Hy. Then still || K |2, -, < c. We obviously have KY* = X*
by construction and hence also X = Y K*, which implies the claim with Z = K*.
Since || Z|| = ||K|| < ¢, this also shows that the right-hand side of (4.5) does not
exceed the left-hand side.

(c)=(b). We clearly have

X7l = 1272 < || 27] - (Y=

for all z € Hg, which proves the claim with ¢ = ||Z*|| = ||Z]|. This also shows that
the left-hand side of (4.5) does not exceed the right-hand side.

(¢)=(a). This is obvious.

This concludes the proof of the equivalence of (a)—(c) and also of the iden-
tity (4.5). It remains to show that both minima in (4.5) are actually minima. This
is clear for the infimum on the left-hand side. In turn, it then follows from (4.5) and
the proof of (b)=-(c) that also the infimum on the right-hand side is a minimum,
which completes the proof. a

Proof of Theorem 4.5. Observe that

T
1Bl = BT w0l o 1,2

The claim therefore follows from the equivalence between (a) and (b) in Lemma 4.6
by taking X = e 4T: H - H and Y = BT: L2((0,T),U) — H. O

Lemma 4.6 actually gives much more information: If the system (4.1) is null-
controllable, corresponding to case (a) in the lemma, there exists according to
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case (c) a bounded operator F: H — L2((0,T),U) such that
Il

T
_ min {c >0 1% € el < B oran = | HB*e—AtzH;dt}
(4.6)

and e~ T4 4+ BT F = 0. In particular, Fuo is a null-control in time 7" for an initial
state ug € H. Moreover, if we fix an initial datum ug and a time 7" > 0, and
are given one particular null-control fy, the set of all null-controls is given by the
closed affine space
fo + Ker BT.
If P denotes the orthogonal projection onto Ker BT we have —e~4T = BT (I - P)F
and the operator F7 := (I — P)F does not depend on the choice of F. It follows
that for every uog € H, the function FTug € L%((0,T),U) is the unique control
with minimal norm associated to the initial datum wug.
Together with the identity (4.6), this justifies the following definition.

Definition 4.7. If the system (4.1) is null-controllable, then the norm of the above
defined optimal operator F1: H — L2((0,T),U) is called control cost in time T.
It satisfies
CYT = H]:TH = ! Shlp min {HfHLQ((O,T),U): e_TAUO + BTf = 0}
wo||n=1

= min {Cobsz Cops satisfies (4.4)}.

The equivalence between final-state-observability and null-controllability can
be seen as a way to reduce the study of properties of the inhomogeneous sys-
tem (null-controllability) to properties of the homogeneous system (final-state-
observability).

A crucial ingredient for proving observability estimates are uncertainty rela-
tions. An uncertainty relation is an estimate of the form

VEEeRueH: ||X(—oom(A)us, < Cur(B)||B* X (oo (Aull;,  (47)

for some function Cy,: R — [0, 00). As we will see below, in the context of interest
to us, it is possible to prove estimates of this type with

Cur(E) = dogeBr (4.8)

for some s € (0,1) and constants do,d; > 0. Recall that ¢, = max{0,t} for ¢ € R.

In the case of the pure Laplacian, such estimates can be deduced from the
Logvinenko—Sereda theorem, cf. Corollaries 2.7 and 2.11. In the case of Schrodinger
operators, they can be proved by means of Carleman estimates as discussed in
Section 3.

Remark 4.8 (Terminology). In the case where A is an elliptic second order
differential operator (on a subset of R% or on a manifold) and B is the indicator
function of a non-empty, open subset, inequality (4.7) is also referred to as a
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quantitative unique continuation principle. In the context of control theory, it is
also called spectral inequality.

In [30], a very transparent interplay between null-controllability, final-state-
observability and spectral inequalities is used to iteratively construct a null-control
and thus establish null-controllability. Since this approach is very instructive in
nature, we are going to present their strategy in detail here. Even though in [30] the
special case of the heat equation on bounded domains Q2 with B = y g for some open
S C  has been considered, we formulate their proof here in an abstract setting. In
particular, it does not require the operator A to have purely discrete spectrum and
thus can also be applied for the heat equation on unbounded domains, provided
that a corresponding spectral inequality has been established.

Theorem 4.9. Assume that A > 0 is a self-adjoint operator and that the spectral
inequality (4.7) holds for E > 0 with Cy(E) = CeCVE for some C > 1. Then, for
every T > 0 the system (4.1) is null-controllable.

The main idea in the proof of Theorem 4.9 in [30] are so-called active and
passive phases. For that purpose, the time interval is decomposed as [0,T] =
Ujen, [@), aj+1] where ag = 0, aj11 = a; + 2T; for T; > 0 to be specified in the
proof, and with lim;_,c a; = T. The subintervals [a;,a; + T;] are called active
phases and the subintervals [a; + T}, a;41] passive phases. The idea is now to
choose a sequence (E;);en,, tending to infinity and to split for every j € Ny the
system according to H = Ran X(_oo,5;)(A) ©Ran x (g, o) (A) into a low energy and
a high energy part. In every active phase [a;, a; +T}], one then deduces final-state-
observability of the low energy part Ran x(_o,g,)(A) and thus finds a control in
this time interval such that at time a; + T}, the solution will be in Ran X (g, o) (4),
i.e. it will be in the high energy part of the state space. Then, in the passive phase,
no control will be applied and by contractivity of the semigroup e =, the solution
will decay proportional to e 77, Repeating this procedure, we will see that with
appropriate choices of the T; and the Ej, the solution tends to zero as j — oo, i.e.
ast —T.

In order to make these ideas more precise, the following energy-truncated
control system is introduced:

{aatv(t) + Av(t) = X(—o0,5)(A)Bf(1),

v(0) = vo € Ran x(—oo,5(4). (4.9)

Lemma 4.10. Let T > 0 and assume that the spectral inequality (4.7) holds for
all E > 0. Then for every E > 0, the system (4.9) is null-controllable in time T
with cost Cr satisfying C3 = Cy(E)/T.

Proof. Tt suffices to see that the system

Su(t) + Av(t) =0, >0,
v(0) = vg € Ran X(_OO,E](A)a
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as a system on the Hilbert space Ran x(_oo, 5)(A), is final-state-observable in time
T. For that purpose, we calculate, using spectral calculus and in particular the
fact that e’ leaves Ran x(_ s p](A) invariant, and (4.7) that

T T
The ool < [ lle el < CunlE) [ [[Bre uelfae. O
0 0

Proof of Theorem 4.9. Following [30, Sect. 6.2], we split the time interval [0,7T] =
Ujen, @), aj+1] with ag = 0, a1 = a; + 2T}, and Tj = K279/2 for a constant K
defined by the relation 2 Zj‘io T; = T. Furthermore, we choose E; = 2%.

Our aim is to choose in every active phase [a;,a; + T;] an appropriate null-
control f; € L*([ay,a; + T;],U) such that u(a; + T;) € Ran x (g, o0)(A).

Therefore, let j € Ny and u(a;) € H be given. In the active phase [a;, a; +T}],
we apply Lemma 4.10 with vg = X(—oco,5;)(A)u(a;), and T = Tj. This yields a
function f; € L*([aj,a; + T;],U) with

aj+T; 9
[ s

J

C C27
e lutap)|3,

such that the solution of the system

Zot) + A0(t) = X(oor (DB D), ¢ € (05,05 +T),
v(aj) = X(—oc,Ej](A)U(aj) € Ran X(—oo,Ej](A)7

satisfies v(a;+Tj) = 0. Since the spectral projectors of A commute with e~ with

this control function f; in (a;,a; + T;] we then have X(_c0,5,)(A)u(a; +Tj) =0

and

u(a; +Tj)
= X(5;00)(A)u(a; + Tj)
a;j+T;

= e~ (B, 00) (Aulay) + / e WHDTOAX (g, o) (A) B, (t)dt

aj

(4.10)

We use the notation F(t) := e~ (@ Fh=04y . (A)Bf;(t) and estimate
a;+T) 2
H / e (@ =DAy b (A)Bf;(t)dt
j H

a;+T; a;j+T);
) R R O TR

a;+T; a;+T; i+T; a;+T;
/ / IF(t HHdth/ / |P(s)|[% e

a;+T; a;+T;
[ e < mmS

I /\
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Hence, we obtain from (4.10) and using that C' > 1

Jluta; + Ty, < (1 + 1BIVC22) [luay)]],,

J J
< o2HIBINC2 —. D2 ‘

()l =

|u(az)|]5,-
Now, using u(a; + Tj) € Ranx(g; 00)(A) = Ran x(22i )(A) and recalling that
T; = K279/2, we find

J_ K93i/2
<eD2 K2 Hu(a

Hu(aﬂl)”% <e ¥ ”u(“j + Tj)HH =

i) HH :
Inductively, this yields

J
sl < o (302 2 futo,
k=0

Thus, lim;_, ”u(aJ)Hi = 0. It remains to show that the function f: [0,7] — U,
defined by

Ft) = {fj(t) if t € [a;,a; + T},

0 else

is in L2((0,T),U). For that purpose, we calculate

2
171220, 0

—ZL HLHW<Z ula)
20 > c2’ J—1
< C;O +> CeT_ exp (Z 2D2F — 2K23k/2) [[u(0)]]3, (4.11)
j=1 J k=0

CeQC 0 (2 ]
+ Z ~ exp (C2J L+ ;021:)2’“ 2K23’“/2> u(0)]5,;

and since there are 5’17 6’2 > 0 such that

m(2); 2
cor 4 227 3 2Dk 2K 9%/
k=0
o In(2)j 29 —1 231/2 1
=CY 2D -
Ty AP 23/2 1
In(2) 2K ’ 2K\ 32
g(c+—2 +2D+723/271)2 53 )2

< CNH — 522j for all j € N,

the series in (4.11) converges. This concludes the proof. O
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We have now seen how a spectral inequality leads to null-controllability. While
being very constructive in nature, the above method makes it challenging to keep
track of the estimate on the control cost, that is, on the norm of the null-control
f, in terms of model parameters. Even trying to understand its T-dependence is
difficult. This becomes even more involved if we endow the spectral inequality
with more constants, e.g. by choosing Cy(E) = doed“/ﬁ, and attempt to also
understand the dependence of the control cost in terms of dy and d;.

However, there exist other works which have derived more explicit upper
bounds on the control cost. There, usually an observability estimate for the whole
system is proved without going through the active-passive-phases construction.
The first work we cite here is [37], where ideas of [31] have been streamlined and
generalized to a more abstract situation. In fact, Miller considered a situation
where the operator A is no longer self-adjoint, but merely the generator of a
strongly continuous semigroup. Due to the lack of spectral calculus, an additional
assumption on contractivity of the semigroup on certain invariant subspaces (4.12)
is required and serves as a replacement for the strict contractivity of the semigroup
on high energy spectral subspaces. Furthermore, the situation is treated where the
spectral inequality holds for an additional reference operator By which is in some
relation to the actual control operator B (actually, it will be the identity operator
in our applications below).

Theorem 4.11 ([37, Theorem 2.2]). Let a (not necessarily self-adjoint) operator
—A in H be the generator of a strongly continuous semigroup {e_tA: t > 0}.
Assume that there is a family Hy C H, A > 0, of semigroup invariant subspaces
such that for some v € (0,1), m >0, mg > 0, and To > 0 we have

YA >0,z € Hy,t € (0,Tp), He_tAxHH < moem)‘ue_”HxHH. (4.12)
Let By be an operator, mapping from D(A) to U, satisfying

Vo € Ha, A >0, HBO.ﬁHiL < age®™” B.I’Hj{ (4.13)

for some ag,a,a > 0. Assume that there are by, 3, b > 0 such that
T
Vo € D(A),T € (0,Tp), HefTAxH; < boe%/ HBoeftAxH;dt. (4.14)
0

Assume that we can choose f = a/(1 —a) =v/(1 —v).
Then, for all T > 0, we have the observability estimate

T
e~ T4, < ke / |BetAz|2dt, o € D(4)
0

where kr satisfies 2c = limsupy_,o TP In ky < 0o with the constant ¢ satisfying

B+1

c<e = ((ﬁ+1)b>T B8
S

B+1)?
a+m e e
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with .
ATt

s(s+ﬁ+1)ﬂ:(ﬁ+1)ﬁ%a+m.

Moreover, if we have
T
Vi € D(A),T > 0, / |Bet4 |2 dt < Adme ][,
0

with a constant Admy satisfying limr_,g Admp = 0, then there exists T' > 0 such
that for all T € (0,T'], we have

2¢,
kr < 4agby exp <Tcﬂ) .

In particular, the control cost xr is estimated only for sufficiently small times.

One can apply Theorem 4.11 in various ways. For instance, it is possible to
choose By = I, in which case (4.14) is obviously satisfied for small times and
(4.13) becomes a spectral inequality. Depending on the system, the latter can be
challenging to establish or not. Alternatively, one might be able to prove (4.14)
for a convenient operator By for which (4.13) is easier to establish.

In the case of the system (4.1), Theorem 4.11 simplifies to the following result.

Corollary 4.12. Let A > 0 be a self-adjoint operator in a Hilbert space H and
B e L(U,H). Then, (4.12) holds with mo = 1 and m = 0. Let (4.7) be satisfied with
Cur(\) = age®™” (i.e. (4.13) is valid for By = I and H, being spectral subspaces
of A corresponding to the interval (—oo, \]). Then (4.14) is satisfied for any choice
of b,bo > 0, provided T is small enough. Consequently the conclusions of Theorem
4.11 hold true.

In the particular case where the spectral inequality (4.7) with Cy,(E) as
in (4.8) and s = 1/2 holds, the result of [37] implies that the system (4.3) is
final-state-observable in sufficiently small time 7. Thus the system (4.1) is null-
controllable in time T with cost satisfying

CTSdoexp(%), 0<T<T

for some 77, ¢, > 0, depending in an implicit manner on dy and d;. We emphasize
that this result provides estimates on the control cost only for small times 0 <
T < T’, where T" also depends in an implicit way on the model parameters.

In [4, Theorem 2.1], Beauchard, Pravda-Starov and Miller removed this re-
striction to small times in the specific situation where # = L?(2) and B = xg for
ScQcCRL

Theorem 4.13 ([4, Theorem 2.1]). Let Q be an open subset of R, S be an
open subset of 0, {mp: k € N} be a family of orthogonal projections on L?(£)),
{e7*4: ¢t > 0} be a contraction semigroup on L%(Q), c1, c2, a, b, tg, m > 0 be
positive constants with a < b. If the spectral inequality

Vg € LQ(Q)7Vk >1, Hﬂ—kgHLz(Q) < eclka”ﬂ—kgHLQ(S)a
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and the dissipation estimate

_ 1 o pmpb
Vg € L2(@).k > 1,50 < ¢ < to: [|0-m) (™ 20) () < e 0] ago
hold, then there exists a positive constant C' > 1 such that the following observ-
ability estimate holds

C T
VT > 099 € L2@), [l T2, ) < Coxp (j> /O e~ g]12 .

Let us remark that the proof of [4, Theorem 2.1] does not require S to be
open, but merely to have positive measure as observed in [14].

In the applications we discuss below, the projectors 7 will be spectral pro-
jectors corresponding to the operator A and the dissipation estimate will hold
automatically. Thus, the verification of the conditions of the theorem is again
reduced to the verification of a spectral inequality.

In Theorem 4.13, the estimate on the control cost is again given in the form

Cp = Cexp (%) T >0 (4.15)

for a non-explicit constant C'. Note that this constant C- does not converge to zero
as T tends to oco. In some situations, however, the constant can be strengthened
to show this asymptotic behavior at large times. A step in this direction is [54,
Theorem 1.2]. We note that there, more general control operators B are considered,
while A is assumed to be a non-negative self-adjoint operator with purely discrete
spectrum.

Theorem 4.14 ([54, Theorem 1.2]). Let A be a non-negative operator in H and
let B € LU, Hp) for some B < 0, where Hg is the completion of H with respect
to the scalar product

— 2)8/2 2)8/2
(2,003, = ((d+ 422, (1d+ 4 a)

Assume that A is diagonalizable, that {¢: k € N} is an orthonormal basis of
eigenvectors with corresponding non-decreasing sequence of eigenvalues {\g: k €
N} such that limg_,oo Ak = 00. Assume furthermore that there exists s € (0,1)
such that for some dy,d; > 0, we have

1/2
V{ar}ren € 2(C),p > 1, > [ || < doe™|| > axB ¢y
A <n AL <p u
Then, the system
w=—Aw+ Bu, w(0) =z (4.16)

is null-controllable in any time T > 0. Moreover, given ¢ > hghg_gzd?, where
g=s5/(1—8), h=g+1=1/(1—s), the control cost satisfies Cy < CT~/2e/T’

for a constant C' depending only on dy, d1, ¢, B, s, and HBHc(u Ha)'
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Note that in Theorem 4.14 as well as in Theorem 4.15 below, the Duhamel
formula (4.2), defining the mild solution of the system (4.16), now describes a
function in the Hilbert space Hg whence also the semigroup e~ needs to be
appropriately extended from H to Hg, see e.g. [15, I1.5.a] for details.

Theorem 4.14 shows that if A has compact resolvent, then a spectral inequal-
ity with Cy, = doe®?” for all A > 0 and some s € (0,1) implies null-controllability
in all times T > 0 with cost satisfying

Ch Cy
Cr < ﬁexp (TT> . (4.17)
The upper bound in (4.17) decays proportional to VT - as T tends to infinity
and thus improves upon the upper bound in (4.15). Furthermore, [54] provides an
estimate on Cy in terms of s and d;. However, it remains unclear whether and how
C1 depends on s, Cy, dgy, di, and on the operator B.

While the results in [37] and in [4] are both inspired by [31] and thus the
structure of the proofs is rather similar, the proof in [54] has a different structure
which makes it easier to keep track of the dependence of the constant C7 in
terms of the model parameters, even though this analysis has not been thoroughly
performed in [54].

In the recent paper [38], the result of [54] is generalized to non-negative self-
adjoint operators (regardless of the spectral type) with explicit dependence on the
model parameter. This unifies advantages of all the control cost bounds mentioned
above, at least for heat flow control problems.

Theorem 4.15 ([38]). Let A be a non-negative, self-adjoint operator in a Hilbert
space H and B € LU, Hg) for some § <0, where U is a Hilbert space and Hg is
defined as in Theorem 4.14. Assume that there are dg > 0, d; > 0 and s € (0,1)
such that for all A > 0 we have the spectral inequality (4.7) with Cyr(X) = doe®?".
Then for all T > 0, we have

T
e, < Care [ 1B Nt
0
where
obs Ts

02y = S g0 oy <03 (d1 + (=) ) )
T

with K = 2d00*ﬂ|

depend only on s.

|BH£(U,7—L,;) + 1. Here Cy, Cy, C3, and C4 are constants which

5. Null-controllability of the heat and Schrédinger
semigroups

In the previous Section 4, we have seen how uncertainty relations, respectively
spectral inequalities, lead to null-controllability of abstract systems. In particular,
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Theorem 4.15 provides a very explicit estimate on the resulting control cost. We
now combine this abstract result with the results of Sections 2 and 3 to deduce
null-controllability of the heat equation on cubes and on R? with so-called interior
control and provide explicit estimates on the control cost. In particular, the cost
will be explicitly given in terms of parameters which describe the geometry of the
control set.

We start by examining the classical heat equation. Recall from Section 3
that Ap = (=L/2,L/2) c RY for L > 0. Let Q € {Ap,R?}. If Q = R?, then
A denotes the self-adjoint Laplacian in L?(R%). If Q = A, then A denotes the
self-adjoint Laplacian in L?(Ar) with Dirichlet, Neumann or periodic boundary
conditions. Given a measurable S C RY, the controlled heat equation in time [0,T]
with control operator B = xsnq (this choice is also called interior control) is

%u — Au=xsnaf, u, feL*(0,T)xQ), u0,)=ue L*Q). (5.1)

Note that by the above convention, the boundary conditions are fixed by the choice
of the self-adjoint Laplacian. If Q@ = R? the system (5.1) is null-controllable if
and only if S is a thick set, see [14, 59]. If Q@ = Ay, the system (5.1) is null-
controllable if and only if |[AL N S|| > 0, see [3]. Furthermore, in [14], combining
the spectral inequalities from Corollaries 2.7 and 2.11 with the technique by [4],
cf. Theorem 4.13, the following estimate on the control cost is provided:

Theorem 5.1. Let L > 0, Q € {Ar,R%}, S C R? a (v,a)-thick set with a =
(a1,...,aq) andy > 0. If Q = A, we assume that 0 < a; < L forallj=1,...,d.
Then, for every T > 0, the system (5.1) is null-controllable in time T with cost
satisfying

Kd>K(d+a1)

Cr < 011/2 exp (%) , where Cp= (7 , (5.2)

where K is a universal constant and |al|y = Zd

j=1 Clj .

As discussed in Section 2, the spectral inequalities used in the proof of The-
orem 5.1 have recently been extended in [12] to strips, see Remark 2.12. This has
led in an analogous way to the following result which, to the best of our knowledge,
is the first result of this kind dealing with an unbounded domain 2 that is not the
whole of R?.

Theorem 5.2 ([12]). Let L >0, Q = (=L/2,L/2)% ' xR, S C R? a (v, a)-thick
set withy >0, and 0 < a; <L forallj=1,...,d—1. Then, for everyT >0, the
system (5.1) with Dirichlet or Neumann boundary conditions is null-controllable
in time T with cost satisfying the bound (5.2).

Here, thickness of S is again a necessary requirement for null-controllability
(where obviously S can be arbitrarily modified outside €2). We refer to [12] for
more details.
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In light of the discussion made in the previous section, the bound in The-
orem 5.1 (and, of course, Theorem 5.2) can be strengthened if Theorem 4.13 in
the last step of the proof is replaced by Theorem 4.15. For Q € {Ar, R?}, this has
been performed in [38, 51]:

Theorem 5.3. Let L > 0, Q € {A;,R?}, S C R? a (v,a)-thick set with a =
(a1,...,aq) andy > 0. If Q= A, we assume that 0 < a; < L forallj=1,...,d.
Then, for every T > 0, the system (5.1) is null-controllable in time T with cost

satisfying
2
o D (Pellelly (D)
T_7D2\/T T .

where D1 to Dy are constants which depend only on the dimension.

(5.3)

Proof. By Corollaries 2.7 and 2.11 we have the spectral inequality

VE > 0,u € Ran x(—o0, E|(—A): < dOCdl\/EHXSﬁQUHiQ

”“H;(Q)

N2
do = <ﬁ> and d; = Ny|[al], In <ﬂ) ,
Y Y

where Nj, No, and N3 are constants, depending only on the dimension. Theo-
rem 4.15 together with the equivalence between null-controllability and final-state-
observability, and the absorbtion of all universal constants into D; to D, yields
the result. g

Q)
with

Remark 5.4. In order to discuss the bound (5.3), let us first compare it to lower
bounds on the control cost. For the controlled heat equation (5.1) with open S it
is known that the control cost grows at least proportional to exp(C/T') as T tends
to zero unless S = ), see e.g. [16, 36]. Thus, the T-dependence (5.3) is optimal in
the small time regime.

On the other hand, the T7-'/2 term will dominate for large 7. This is also
optimal. One way to see this is to study the ODE system

Y (t)=Cf(t), y,feL*(0,T)C),
y(0) = yo € C,

the control cost of which can be explicitly computed and is C/ VT in time T for
every T' > 0. This also shows that the minimal possible lower bound on the control
cost in time T of abstract controlled systems as in (4.1) is of order T—'/2. This
argument can be slightly generalized to show that this lower bound holds in fact
for all systems of the form (4.1), see [38] for details. We conclude that the control
cost in time T is lower bounded by C/+/T for all T > 0 for some constant C.

An interesting limit is the homogenization limit of the control set where the
parameter a tends to zero while the parameter v remains constant. This corre-
sponds to requiring an equidistribution on finer and finer scales a while keeping
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the overall density v constant. We see that the exponential term, which is charac-
teristic for the heat equation with control operator B = xsnq where S C 2,5 # ,
is annihilated. On the other hand the 1/+/T factor, which is universal in the class of
abstract linear control systems, remains unaffected. This limit can be interpreted
as the control cost of the system with weighted full control, i.e. where ys has been
replaced by ¢, xq with a v-dependent constant ¢, € (0, 1].

Now we study the heat equation with non-negative potential or homogeneous
source term. Instead of considering thick control sets S C R, we will restrict our
attention to a special geometric setting, namely to equidistributed unions of 4-
balls. Recall the notation from Section 3: If G > 0, 6 € (0,G/2), and Z is a
(G, d)-equidistributed sequence then

Ssz= |J B(z,9).
je(Gz)?
Let L > G and Q € {Ar,R?}. For a non-negative V € L>(Q) the controlled heat

equation with potential V' in time [0, T] with interior control in S5 z N Q is

%quu+Vu =Xxssznaf, u, f€ L2((0,T)xQ), u(0,-) =up € L*(Q). (5.4)

In [41], Theorem 3.6 and Miller’s Theorem 4.11 were combined to prove:

Theorem 5.5. There exists T' > 0, depending on G, §, and HVHOO such that for
all T <T', the system (5.4) is null-controllable in time T with cost Cr satisfying

K (14642 v |122) 22 L2
Cr <2 <§) exp (HVIIOO | 0(5/G) (KG +4/1n(2) )

0 T
with a dimension-dependent K.

Again we can improve this bound by replacing Theorem 4.11 with a more
suitable estimate. Furthermore, certain unbounded domains can be treated as
well. More precisely, combining Theorems 3.7 and 4.15, we obtain analogously to
Theorem 5.3 the following result.

Theorem 5.6. Let G > 0, 0 < § < G/2, Z a (G,9)-equidistributed sequence,
L > G, and Q € {Ar,R%}. Then, for every T > 0, the system (5.4) is null-
controllable in time T with cost satisfying

D, (G)Dz(1+c4/3|IVI|’;/3) o <D3G2h12(5/G)) ) (5.5)

Cr<—| =
=T \s T
where D1, Do, D3 are constants which depend only on the dimension.
Theorem 5.6 improves upon Theorem 5.5 since it allows for all times T" > 0

and since the argument of the exponential term is now of order G? as G — 0,
which is optimal.
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The difference between Theorems 5.3 and 5.6 is that Theorem 5.3 allows for
more general control sets, while Theorem 5.6 treats Schrédinger operators with
non-negative potential instead of the pure Laplacian.

Remark 5.7. By the same arguments as in Remark 5.4, we see that the asymp-
totic T-dependence in Theorem 5.6 is optimal. Homogenization of the control set
now corresponds to G,d — 0 with §/G = p for some p € (0,1/2). In the limit, the
upper bound in (5.5) tends to
1 Do

vt
We see that homogenization not only annihilates the term exp(C/T') which is char-
acteristic for the heat equation, but also the influence of a non-negative potential
V' on the control cost estimate disappears.

Furthermore, the dependence of the exponential term on the parameter G
in (5.5) is optimal. This can best be seen in the special case V' = 0 by comparing it
to a lower bound on the control cost in terms of the geometry deduced in [36]. In
fact, for the heat equation on smooth, connected manifolds € with control operator
B = xs for an open S C Q it is proved in [36] that the control cost C7p in time T'
satisfies

sup p?/4 < liminf T'ln Cr. (5.6)
B,co\S =0
Inequality (5.5), on the other hand, implies
limsupT'In Cr < DsG?1n?(6/G). (5.7)
T—0

Thus, we complement the lower bound in (5.6) by an upper bound. More precisely,
for a (G, ¢)-equidistributed sequence Z, it is clear that the complement of Ss 7 (in
Ap, or R?, respectively) always contains a ball of radius

p= 1 <g _ 5) - Gﬂ whence Gﬂ < sup p.

2\2 4 4 B,CO\Ss.2
Combining this with (5.6) and (5.7), we find
1-2 2
G2% < sup p?/4< lirTn ingln Cr
—

64 B,CO\Ss.2

<limsupT'In Cr < D3G?1n*(6/G).
T—0
If we perform the limit G — 0 or G — oo, respectively, while keeping §/G constant,
this reasoning shows that the factor G2 in the exponential term in (5.5) is optimal.

Remark 5.8. So far, we only used the fact that V' > 0. If, however, we have
V > k > 0, then the control cost should decay proportional to exp(—~rT) at
large times. This can be seen by modifying the construction of the null-control,
see [51, 38|

Conversely, if we only have V' € L*°, but inf V' < 0, then the situation might
become even more interesting. In fact, the relevant quantity is mino(—A + V). If
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mino(—A 4+ V) < 0, then the semigroup exp((A — V)t) will be non-contractive
and the control cost will be bounded away from zero uniformly for all times 7" > 0.
This situation can also be studied by an appropriate generalization of the above
arguments, see [51, 38].

Remark 5.9. One can also study the fractional heat equation for 6 € (1/2,00):

%u + (=A% = xsnaf, u,feL*(0,T)xQ), u0,)=ueL?*Q) (5.8)

and deduce an estimate on the control cost. Here, again Q € {Ar,R%}, and S is
a (7, a)-thick set such that 0 < a; < L forall j =1,...,d in case Q = Ap. It
is known that the fractional heat equation on one-dimensional intervals is null-
controllable if and only if 6 > 1/2, see [35]. In order to deduce a control cost
estimate, it suffices to deduce an uncertainty relation for the operator (—A)?. For
that purpose, we estimate using the transformation formula for spectral measures,

cf. [48, Proposition 4.24], and the uncertainty relation for the pure Laplacian in
Corollaries 2.7 and 2.11

HX(*OOA](_A)Q)“H;(Q) = ”X(foo,/\”"](_A)“”i%Q)

)‘1/(26)‘

< doedl |XS 'X(foo,)\l/9](7A)uHiz(Q) (5'9)

= doe™™" |5  X(coen (- ) )ul[2

for all A > 0 and all u € L%(Q2) where

N2
do = <&> and dy = Nya||, In (ﬂ) ,
Y Y

with constants N1, No, and N3, depending only on the dimension. Combining (5.9)
and Theorem 4.15, we obtain the following result.

Corollary 5.10. Let § € (1/2,00), Q € {Ar,R?}, and S be a (v, a)-thick set such
that, in case Q@ = Ap, 0 < a; < L for all j =1,...,d. Then the system (5.8) is
null-controllable in any time T > 0 with cost satisfying

T
oo D1 oo (Dallallin(Dy/)
~DP2y/T T2o-1

for constants Dy, ..., Dy, depending only on 6 > 1/2 and on the dimension.

6. Convergence of solutions along exhausting cubes

In this section we review certain approximation results which have been indicated
in [14] and spelled out with proofs in [49]. They describe how controllability prob-
lems on unbounded domains can be approximated by corresponding problems on
a sequence of bounded domains. Since these results apply to a larger class of
Schrédinger operators than discussed so far, we will introduce them first.
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Let © C R? be an open set and Ay, := (—L/2,L/2)¢ with L > 0 as before.
Let V: R?Y — R be a potential such that V := max(V,0) € LL () and V_ :=
max(—V,0) is in the Kato class; see, e.g., [9, Sect. 1.2] for a discussion of the Kato
class in R?. Under these hypotheses, one can define the Dirichlet Schrédinger
operators Hq and Hy, = Hqna, as lower semi-bounded self-adjoint operators on
L?(Q) and L?(Q N Ap), respectively, associated with the differential expression
—A + V via their quadratic forms, with form core C¢°(2) and C°(2 N Ap),
respectively. For details of this construction we refer to [9, Sect. 1.2], [21, Sect. 2],
and the references therein. In fact, our arguments apply to Schrédinger operators
incorporating a magnetic vector potential as well, see [49] for details.

Since we want to compare operators defined on two different Hilbert spaces,
namely L2(Q2) and L2(Q2 N Az), we need a notion of extension. Corresponding to
the orthogonal decomposition L%(Q) = L2(QN AL) @ L2(Q\ AL), we identify Hp,
with the direct sum Hy, &0 on L%(£2). Consequently, the subspace L2(2NAL) C
L?(Q) is a reducing subspace for the self-adjoint operator Hy, on L2(€). Hence,
the exponential e *72 = e~*HL @ [ for all t > 0 decomposes as well; see, e.g., [48,
Definition 1.8] and [60, Satz 8.23]. In particular, e "*fIZ is a bounded self-adjoint
operator on L?(Q), and e "2 f =0 on Q\ Ay, for all f € L2(QNAL).

6.1. Approximation of semigroups based on an exhaustion
of the domain

An important tool in what follows is an approximation result for Schroédinger
semigroups. It applies to a sequence of semigroups, all of the same type, but
defined on different domains.

Lemma 6.1 ([49]). Let R > 0, ug € L2(QNAR) C L*(Q), and t > 0. Then, there
exists a constant C = C(t,d,V_) > 0 such that for every L > 2R one has
—tHq —tHy, 2 < L? 2
e — e a7 g < Coxp(—;) ol
The lemma implies that for every ¢t > 0 the exponential e~ *~ converges
strongly to et as I — oo. Moreover, it exhibits a very explicit error bound if
the support of the function wug is located inside some cube. However, for what we

present here the qualitative statement on strong convergence will be all what we
will use.

6.2. Continuous dependence on inhomogeneity

In the applications we have in mind, the above approximation estimate for a
sequence of semigroups needs to be complemented by an approximation result
with respect to change of the right-hand side of the partial differential equation
and truncation of the initial datum. This is presented next in a more general
framework.

Let H and U be Hilbert spaces, and let 7' > 0. Recall (cf. Sect. 4 above) that
given a lower semi-bounded self-adjoint operator A on H, a bounded operator
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B:U — H, ug € H, and f € L2((0,T),U), the continuous function u: [0,T] — H
with .
u(t) = e g +/ e~ =94 Bf(s)ds
0
is called the mild solution to the abstract Cauchy problem

%u(t) + Au(t) = Bf(t) for 0<t<T, u(0)=uop.

Lemma 6.2 ([49]). Let A, A,, n € N, be lower semi-bounded self-adjoint oper-
ators on the Hilbert space H with a common lower bound a € R. Assume that
(e7t4n),, converges strongly to e*4 for allt > 0. Let B, B,, n € N, be bounded
operators from U to H such that (By,), and (BY), converge strongly to B and B*,
respectively. Moreover, let (ug n)n be a sequence in H converging in norm to some
uy € H. Let f, f, € L2((0,T),U), n € N. Denote by u and u,, n € N, the mild
solutions to the abstract Cauchy problems

%u(t) + Au(t) = Bf(t) for0<t<T, u(0)=up,

and
%un(t) + Apun(t) = Bofu(t) for0<t<T, un(0)=wugn,
respectively.

(&) If (fu)n converges to f in L?((0,T),U), then (un(t)), converges to u(t) in H
for all t € (0,T]. Moreover, (uy), converges to u in L2((0,T),U).

(b) If (fu)n converges to f weakly in L*((0,T),U), then (un(t)), converges to
u(t) weakly in H for all t € (0,T]. Moreover, the sequence (uy)n converges
to u weakly in L*((0,T),H).

If the sequence (f,,), consists of null-controls as in Definition 4.1, then this
property is inherited by the limit f, more precisely:

Corollary 6.3. If in the situation of Lemma 6.2 the sequence (fn)n converges to
f weakly in L2((0,T),U) and for every n one has u,(T) = 0, then also uw(T) = 0.

6.3. Construction of controls via exhaustion of the domain

In certain situations it may be easier to infer (or is already known) that a certain
variant of the heat equation exhibits a null-control provided the domain of the
problem is bounded. With the operators H; and Hg introduced above we present
a criterion how one can infer the existence of a null-control of the corresponding
problem on an unbounded domain.

Theorem 6.4 ([49]). Let S C R be measurable, u € L*(Q), and (L), a sequence
in (0,00) with L, /* o0 asn — oo. Let f, € L2((0,T),L2(QN Ay, NS)) for each
n € N be a null-control for the initial value problem

0 ~
au(t) + Hp,u(t) = xana,, nsfa(t) for0<t<T, u(0)=xana,, u, (6.1)

and u, the corresponding mild solution.
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Suppose that (f,,)n converges weakly in L*((0,T), L%(R)) to some function f.
Then, f is a null-control for

%u(t) + Hou(t) = xansf(t) for0<t<T, u(0)=nu, (6.2)

and the corresponding mild solution is the weak limit of (uy)y in L2((0,T), L*(Q)).

The above theorem is based on Lemma 6.2 in the situation & = H = L2(f2)
with A = Hq, A, = Hy,, B = xans, and B,, = XenAr, ns- In this case, due to
the discussion before Definition 4.7, the null-controls for (6.1) and (6.2) can indeed
be assumed to be supported in QNS and QN Ay, NS, respectively.

Note that if the null-controls f;, in Theorem 6.4 are uniformly bounded, that
is,

[ frllz2 0.0y, 2200, nsyy < ¢ forall neN (6.3)

for some constant ¢ > 0, then (f,,), has a weakly convergent subsequence with limit
in L2((0,T),L?(22N S)). Theorem 6.4 can then be applied to every such weakly
convergent subsequence, and the corresponding weak limit f of the subsequence
of (fn)n automatically satisfies the bound

Ilfll 20,1y, 22 (2n8)) < ¢ (6.4)
This leads to the following corollary to Theorem 6.4.

Corollary 6.5. Let S C RY be measurable, u € L*(2), and (L), a sequence
in (0,00) with L, /* oo as n — oo. Let f, € L2((0,T),L2(2N Ay, NS)) for
each n € N be a null-control for the initial value problem (6.1), and let u,, be the
corresponding mild solution.

Assume that there is a constant ¢ € R such that (6.3) holds. Then there exists
a subsequence of (fn)n which converges weakly to a null-control

feL*(0,7),L*(QnS))

for (6.2), satisfying (6.4) as well. The mild solution u associated to (any such weak
accumulation point) f is the weak limit of the corresponding subsequence of (up)n
in L*((0,T), L*(2)).

As discussed in previous sections, the control cost estimate (6.3) can be in-
ferred by a final state observability estimate. Consequently, a scale-free uncertainty
principle or spectral inequality, as formulated in Theorem 2.8 or Theorem 3.6, leads
not only to control cost estimates on a sequence of bounded cubes Ay, but also to
the limiting domain Q = R?. This means that results like Theorem 5.1 or Theo-
rem 5.6 (for = R%) could be obtained by a (partially) alternative method, where
one performs hard analysis for partial differential equations only on bounded do-
mains and then invokes operator theoretic methods to lift the results to unbounded
domains. For details see [49].
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Abstract. The control algebraic Riccati equation is studied for a class of sys-
tems with unbounded control and observation operators. Using a dichotomy
property of the associated Hamiltonian operator matrix, two invariant graph
subspaces are constructed which yield a nonnegative and a nonpositive so-
lution of the Riccati equation. The boundedness of the nonnegative solution
and the exponential stability of the associated feedback system is proved for
the case that the generator of the system has a compact resolvent.

Mathematics Subject Classification (2010). Primary 47N70; Secondary
ATA15, ATAG2, ATBA4.

Keywords. Algebraic Riccati equation, Hamiltonian matrix, dichotomous
operator, invariant subspace, graph subspace.

1. Introduction

In systems theory, the algebraic Riccati equation
A* X+ XA—-XBB*X+C*C=0 (1)

plays an important role in many areas. One example is the problem of linear
quadratic optimal control where a selfadjoint nonnegative solution is of particular
interest. For infinite-dimensional systems such a solution is often constructed in
parallel to a solution of the optimal control problem. This has been done for
different kinds of linear systems, e.g. in [6, 15, 16, 17, 20].
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On the other hand, the Riccati equation is closely connected to the so-called
Hamiltonian operator matrix

A —BB*

An operator X is a solution of (1) if and only if its associated graph R ( ) is an
invariant subspace of the Hamiltonian. In the finite-dimensional case, this connec-
tion has lead to a complete characterisation of all solutions of the Riccati equation,
see e.g. [3, 13] and the references therein. For infinite-dimensional linear systems,
this “Hamiltonian approach” to the Riccati equation has been studied under dif-
ferent boundedness assumptions on the control and observation operators B,C
and for different classes of Hamiltonians concerning their spectral properties. For
the case that B, C' are bounded and have finite rank, a characterisation of all non-
negative solutions of (1) has been obtained in [5]. In [12] the class of Hamiltonians
possessing a Riesz basis of eigenvectors was considered for systems with bounded
B and C, and characterisations of solutions and their properties were obtained. In
[22, 23] this was extended to unbounded B, C and to more general kinds of Riesz
bases. The Riesz basis setting typically leads to the existence of an infinite number
of solutions of (1).

However, the existence of a Riesz basis of eigenvectors of T' is a strong as-
sumption and might be to restrictive. An often weaker condition is that T is di-
chotomous. This means that the spectrum of 7" does not contain points in a strip
around the imaginary axis and that there exist invariant subspaces corresponding
to the parts of the spectrum in the left and right half-plane, respectively. Dichoto-
mous Hamiltonians with bounded B and C were considered in [4, 14] and the
existence of a nonnegative and a nonpositive solution of (1) was shown. This re-
sult was extended in [18] to a setting where BB* and C*C are unbounded closed
operators acting on the state space. This however excludes PDE systems with con-
trol or observation on the boundary. In this article we will construct a nonnegative
and a nonpositive solution of (1) for a class of dichotomous Hamiltonians which
allows for systems with boundary control and observation.

In the infinite-dimensional setting the Hamiltonian approach typically leads
to unbounded solutions of the Riccati equation in the first instance, see [14, 18,
22, 23]. This means that the boundedness of solutions is an additional question
now. Moreover, due to the unboundedness of the operators in (1), additional care
has to be taken to exactly determine the domain on which the Riccati equation
actually holds.

Our setting is as follows: Let H,U,Y be Hilbert spaces. Let A be a quasi-
sectorial operator on H, i.e., A — p is sectorial for some p > 0. This means that
A may have spectrum on and to the right of the imaginary axis up to the line
Re z = p and that A generates an analytic semigroup. The operator A determines
two scales of Hilbert spaces {Hs} and {Hﬁ*)},

HcHCcH.,, HYcHcHY, s>o,
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whose norms are given by ||z||s = H(I—i—AA*)%xH and Hng*) = ||(I+A*A)%x“. It
A is a normal operator, then both scales coincide with the usual fractional power
spaces, Hy = H ™= D(]A]*). In general, however, the two scales are different and
must be distinguished. Our assumption on the control and observation operators
is now
BeLU,H_,), CeLHM)Y)

where 7,8 > 0 and r + s < 1. Examples of systems with boundary control and
observation which fit into this setting may be found e.g. in [19, 23]. The adjoints
of B and C are defined using a duality relation in each of the scales of Hilbert
spaces, which is induced by the inner product ( - ) on H: the mapping y
(-ly), y € H, extends by continuity to isometric isomorphisms H_, — (H,) and
H (_*S) — (H, ) ). This is also referred to as duality with respect to the pivot space
H. With this duality we obtain

BB*:H, » H_,, C*°C:H" - HY.

The Hamiltonian is now considered as an unbounded operator
A —BB*
To= (—c*c A )

) with appropriate extensions of the operators A and

—s)

acting on Vo = H_, x H
A*. We prove that if
(a) o(A)NiR =@, or
(b) A has a compact resolvent and
ker(A — it) Nker C = ker(A* +it) Nker B* = {0}, teR,

then Tp is dichotomous and hence there is a decomposition Vo = Vp @& Vp— into
To-invariant subspaces such that o(Tolv,,) C C4, ie., Vy— corresponds to the
spectrum in the open left half-plane C_ and Vj; to the one in the open right half-
plane C, . For the rest of this introduction we assume that (a) or (b) is satisfied.

We derive that Vy4 are graph subspaces in two different situations. In the
first we assume that

[ kerB*(A*—\)~'={0}. (3)
A€iRNg(A*)
Then Vy4+ are graphs, Vor = R ( Xé N ), of closed, possibly unbounded operators
Xox : D(Xos) C H_, — H). If in addition
[ kerC(A-X""= {0}, (4)
A€iRNo(A)

then Xo+ are also injective and hence Voo = R (Y‘}i) with Yo+ = X();l. The
conditions (3) and (4) were also used in [14, 18, 22, 23], sometimes in different
but equivalent forms; (3) amounts to the approximate controllability, (4) to the
approximate observability of the system (A4, B,C), see [14, 23]. In the second
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situation, we assume that o(A) C C_. Hence the semigroup generated by A is
exponentially stable. In this case we obtain Vo = R () ) and Vou =R (7o+)
where, again, Xo_ and Y are closed and possibly unbounded, but not necessarily
injective.

Under the additional assumption that A has a compact resolvent, we can
show that Xo_ and Yy are bounded. More precisely, if A has a compact resolvent
and either (3) and (4) or o(4) C C_ hold, then Xo_ € L(H_,,HY)), Yo, €
L(H(_*S),H_T). In this case we also obtain that Xy_ is a solution of the Riccati

equation on the domain H ft)r and that the operator A — BB*X_ associated with
the closed loop system generates an exponentially stable semigroup on H_,..

In [14, 18] the two solutions of the Riccati equation are selfadjoint operators
on H, one being nonnegative, the other nonpositive. Here the situation is more
involved. While Xo1+ can be restricted to symmetric operators on H that are
nonnegative and nonpositive, respectively, selfadjoint restrictions need not exist
in general. More specifically, Xo+ admit restrictions to closed operators X4 from
Hg*) to H, such that

X1+ C X7y = Xox,
where the adjoint is computed with respect to the duality in the scales {H} and
{H g(*)} In particular, X;4 is symmetric when considered as an operator on H. If
X+ is the closure of X4 as an operator on H and X is the part of Xo4 in H,
then
X1+ C Xyt C Xjyg = X4 C Xog,

Xps— is symmetric and nonnegative, X4 is symmetric and nonpositive. We can
also consider the restriction of the Hamiltonian Tj to an operator T'on V = H x H.
Then T has invariant subspaces Vi corresponding to the spectrum in Cy and V4
is in fact the graph of Xi. Note here that 7" will in general not be dichotomous
since V4 @ V_ will only be dense in V. Also note that the above statements hold for
Xo— and its restrictions provided that Vo = R (X(IF ), i.e., if (3) or o(A) C C_
holds. Likewise the statements for the restrictions of Xot hold if Vo =R ( X{) N ),
ie., if (3) is true.

Finally assume that max{r,s} < . In this case T is in fact dichotomous
and we obtain X4+ = Xy. Hence X_ is selfadjoint nonnegative, X is selfadjoint
nonpositive. If in addition A has a compact resolvent, then X_ is also bounded
and a restriction of A — BB*Xy_ generates an exponentially stable semigroup on
H.

This article is organised as follows: In Section 2 we collect some general oper-
ator theoretic statements, in particular about dichotomous, sectorial and bisecto-
rial operators. The scales of Hilbert spaces are defined in Section 3 and their basic
properties are recalled, in particular concerning interpolation. Section 4 contains
the definition of the Hamiltonian and basic facts about its spectrum. Moreover,
we describe the symmetry of the Hamiltonian with respect to two indefinite inner
products, which will be essential in Sections 6 and 7. In Section 5 we prove the



162 C. Wyss

bisectoriality and dichotomy of T and T using interpolation in the Hilbert scales.
The graph subspace properties of VL and Vi are derived in Section 6 as well as
the boundedness of Xy_ and Yj,. The symmetry relations between Xp1 and its
restrictions are the subject of Section 7, while the Riccati equation and the closed
loop operator are studied in Section 8.

A few remarks on the notation: We denote the domain of a linear operator T
by D(T), its range by R(T'), the spectrum by o(T') and the resolvent set by o(T).
The space of all bounded linear operators mapping a Banach space V' to another
Banach space W is denoted by L(V,W). For the operator norm of T' € L(V, W)
we occasionally write ||T'||y—w to make the dependence on the spaces V and W
explicit.

2. Preliminaries

In this section, we summarise some concepts and results for linear operators on
Banach spaces. Unless stated explicitly, linear operators are not assumed to be
densely defined.

Lemma 2.1. Let T be a linear operator on a Banach space V. Let W be another
Banach space such that D(T) C W C V and such that the imbedding W — V s
continuous. Let X € o(T).

(a) The resolvent (T — \)~1 yields a bounded operator from V into W, i.e.,
(T —XN)"teL(V,W).

(b) If the imbedding W — V is compact, then the resolvent is compact as an
operator from 'V into V, ie., (T —A)~t:V — V is compact.

Proof. (a) The assumption D(T) C W implies that (T — A\)~! maps V into W.
The operator (T—\)~! : V — W is thus well defined, and by the closed graph
theorem it suffices to show that it is closed. Let z, € V with z,, = z in V
and (T — \)~'z, — yin W as n — oo. Then (T — A)~!x, — y in V by the
continuity of the imbedding W < V', and also (T—\) "1z, — (T-A)"lzinV
since the resolvent is a bounded operator on V. Consequently (T—\) "1z =y
and hence (T — \)71:V — W is closed.

(b) This follows immediately from (a) by composing the bounded operator (T —
A)~1:V — W with the compact imbedding W — V. 0

Lemma 2.2. Let Ty be a linear operator on a Banach space Vy. Let V' be another
Banach space satisfying D(Ty) C V' C Vy with continuous imbedding V — Vy. Let
T be the part of Ty in V, i.e., T is the restriction of Ty to the domain

D(T) = {I S D(Tg) |T0.13 S V},
considered as an operator T : D(T) CV — V. Then

(a) UP(T) = Up(TO):
(b) o(To) C o(T) and (T = X\)~' = (To — A) "ty for all X € o(Tp),
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(c) if D(Tp) is dense in V, V is dense in Vo and o(Tp) # &, then T is densely
defined.

Proof. (a) This is clear, since D(Ty) C V implies that all eigenvectors of Tp
belong to V.

(b) Let A € p(Tp). Then T'— X : D(T') — V is injective as a restriction of Tp — .
Let y € V and set z = (Ty — A)~ty. Then x € D(Ty), which implies z € V
and Toz = Az +y € V. Therefore x € D(T) and (T’ — A\)xz = y. Hence
T — X:D(T) — V is bijective with inverse (T — \)~* = (Tp — A)*l‘v. Since
(To — N\)~' € L(V,,V) by Lemma 2.1 and since V < V4 is continuous, we
obtain (T — \)~! € L(V) and thus A € o(T).

(c) Let X € o(Tp)- Since (Ty —\)~t € L(Vg, V) and since V C V, is dense, we get
that D(T) = (Ty — A)~*(V) is dense in D(Ty) = (To — A)~*(Vy) with respect
to the norm in V. As D(Tp) C V is dense, we conclude that D(T') C V is
dense. 0O

Let us recall the definitions and basic properties of sectorial, bisectorial and
dichotomous operators. For more details we refer the reader to [7, 8, 21]. We denote
by

zw:{xe(:\{()} argxe[—g—e,gw}} (5)

the sector containing the positive real axis with semi-angle 7 +6. We also consider
the corresponding bisector around the imaginary axis

Q=560 (=S5 10) :{/\E(C\{O}Marg/we [g—a,gw}}. (6)

For sectorial operators we adopt the convention that the spectrum is con-
tained in a sector in the left half-plane:

Definition 2.3. A linear operator S on a Banach space V is called sectorial if
there exist § > 0 and M > 0 such that Xz, C o(S) and

M
RY

S is called quasi-sectorial if S — p is sectorial for some p € R.

1S — )7 < for all A€ Xs g, (7)

If (7) holds for some @, then it also holds for some ¢’ > 0 (with a typically
larger constant M). We may therefore always assume that § > 0. S is quasi-
sectorial if and only if there exist 6, M,p > 0 such that' Xz 4\ B,(0) C o(S5)
and

M
(S =N~ < oy for all A € Xz44, [A = p. (8)

An operator is sectorial and densely defined if and only if it is the generator of
a bounded analytic semigroup. On reflexive Banach spaces every sectorial and
quasi-sectorial operator is densely defined. If S is a (quasi-) sectorial operator on a

1By (z) C C denotes the open disc with radius 7 centred at z.
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Hilbert space, then its adjoint S* is also (quasi-) sectorial with the same constants
0, M (and p, p).

Definition 2.4. A linear operator S on V is called bisectorial if iR \ {0} C o(S)
and

1S = N1 < % for all A € iR\ {0} )

with some constant M > 0. S is almost bisectorial if iR \ {0} C o(S) and there
exist 0 < B < 1, M > 0 such that
1S = N1l < % for all A € iR\ {0}. (10)
If S is bisectorial, then for some 6 > 0 the bisector 2y is contained in the
resolvent set o(.5), and an estimate (9) holds for all A € Q. Similarly, for an almost
bisectorial operator a parabola shaped region around the imaginary axis belongs
to o(S). If S is bisectorial and 0 € o(S), then S is almost bisectorial too, for any
0 < B < 1. Note that an almost bisectorial operator always satisfies 0 € o(S), while
for a bisectorial operator 0 € o(S) is possible. Bisectorial operators on reflexive
spaces are always densely defined; for almost bisectorial operators this need not
be the case.

Definition 2.5. A linear operator S on a Banach space V is called dichotomous
if iR C p(S) and there exist closed S-invariant subspaces Vi of V such that
V=V,&V_ and
U(S’V+) C Cy4, U(S"L) cC_.
1
|

S is strictly dichotomous if in addition H (S’Vi - /\)_ ‘ is bounded on C.

A dichotomous operator is block diagonal with respect to the decomposition
V = V,®V_, see [18, Remark 2.3 and Lemma 2.4]. In particular, o(S) = U(S}V+)U
O'(S’vi) and the subspaces V4 are also (S — X)~!-invariant for all A € o(S). The
additional condition of strict dichotomy ensures that the invariant subspaces Vi
are uniquely determined by the operator.

One of the main results from [21] is that if the resolvent of an operator S is
uniformly bounded along the imaginary axis, then .S possesses invariant subspaces
V. having the same properties as in Definition 2.5, with the exception that V. ®V_
might be a proper subspace of V| i.e., S need not necessarily be dichotomous. In
this case, the corresponding projections are unbounded. We summarise the results
for the almost bisectorial situation here.

Let S be an almost bisectorial operator. Then there exists h > 0 such that
{A € C||ReA| < h} C p(S) and the integrals

+1 +h+ico 1

- _ —1
=0, RS-V (11)

define bounded operators Ly € L(V') which satisfy
L,L_ =L L;=0 L,+L_ =81 (12)

Ly
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see [21, §5].

Theorem 2.6. Let S be almost bisectorial on the Banach space V. Then Py =
SLy are closed complementary projections, the subspaces Vo = R(Px) are closed,
S- and (S — \)~t-invariant for all A € o(S), and

(a) o(S) = O'(S‘V+) UO‘(S"L) with O'(S‘Vi) C Cy,

(b) H(S’Vi — )x)ilH is bounded on C,

(c) D(S)CcD(Pr)=VoaV_CV,

(d) I =PL+ P_ on D(Py).

The projections satisfy the identity

P00/

Poa—Pa—— [ (S—azd\ xeD(S), (13)

T ) _ico

where the prime denotes the Cauchy principal value at infinity. Moreover, S is
strictly dichotomous if and only if Py € L(V).

Proof. All assertions follow from Theorem 4.1 and 5.6 as well as Corollary 4.2
and 5.9 in [21]. O

Note that Py are closed complementary projections in the sense that they
are closed operators on V and satisfy R(Py) C D(Py), P2 = Py, D(Py) = D(P_)
and I = P, + P_ on D(P4). In other words, Py are complementary projections
in the algebraic sense acting on the space D(Py) = D(P-). Since S is invertible,
we obtain

Vi = R(P+) = ker Py = ker L. (14)
The case that Py are unbounded may occur even for bisectorial and almost bisec-
torial S, see Examples 5.8 and 8.2 in [21].
For use in later sections, we collect some properties of the spaces R(L4):

Lemma 2.7. Let S be an almost bisectorial operator. Then the inclusions

D(S) NnVy C R(Li) Cc Vg (15)

hold, in particular R(L+) C Vi. In addition,
(a) if S is also densely defined, then D(S)NVy = R(Ly);
(b) if S is densely defined and strictly dichotomous, then D(S) N Vy = R(L+)
and R(Ly) = V.

Proof. From (12) and the invariance properties of Vi we get

D(S) NVy = Sil(Vj:) = Li(Vi) C R(Li) C kerL; = V5.

Since V4 are closed, R(Ly) C Vi follows. If S is densely defined, then part (c) of
the previous theorem yields Vi @ V_ = V. Therefore

R(Ly)=Le(Via V) CLe(Vy@ Vo) = Le(Vy)=D(S)NVy,




166 C. Wyss

and hence the inclusion “O” in (a) holds. The other inclusion is clear by (15). If now
S is also strictly dichotomous, then Py are bounded. In particular R(Ly) C D(S)
and hence R(Ly) = D(S) N V4. Using that S and Ly commute, we obtain

Vi =R(Ps) = PL(D(S)) C P(D(5)) = L£S(D(S)) = R(L+)

and hence R(L4+) = V4 by (15). O

We remark that the inclusion R(L4) C V4 is strict in general, see [21, §6]
and Examples 8.3 and 8.5 in [21].

3. Two scales of Hilbert spaces associated with a closed
operator

In this section we construct two scales of Hilbert spaces {H} and {HS(*)} asso-
ciated with a closed, densely defined operator A. Although the results are well
known, the presentations found in the literature often cover only parts of the full
theory or are restricted to certain special cases: The construction of the spaces
Hq and Hj(:l) for general A can be found e.g. in [9, 19]. The intermediate spaces
for s = +3 are defined in [9] for general, and in [19] for selfadjoint positive A. The
spaces H; with arbitrary s are constructed in [10] for selfadjoint A, while a gen-
eral theory of scales of Hilbert spaces including interpolation results is contained
in [2]. Note that in [19] a different naming convention and different but equivalent
definitions of the spaces are used. Our presentation follows [2, 9].

Let A be a closed, densely defined linear operator on a separable Hilbert
space H. We denote by || - || the norm on H and consider the positive selfadjoint

operator A = (I + AA*) 2. For s > 0 let Hy = D(A®) be equipped with the norm
lz|ls = |[A®%z||, and let H_4 be the completion of H with respect to the norm
|lz|]|=s = |A=*z||. Then Hy and H_g are Hilbert spaces,

H,CHCH_g,

and the imbeddings are continuous and dense. The family of spaces { H} is called
a scale of Hilbert spaces. In particular we obtain Hy = D(A*) and

1
lzlls = (=1 + [|4%)1*) *, @ € Hy.

For any s > 0, the spaces Hs; and H_g are dual to each other with respect to
the inner product ( - ) of H. More precisely, the norm on H satisfies

lyll-s = sup{|(z[y)| |z € Hy, |2lls =1}, y € H,

which implies that the inner product of H extends by continuity to a bounded
sesquilinear form on Hg x H_g, which we denote by ( - )S _,- In fact,

(.r\y)sy_s = (A°z|A™"y), x€H,, yeH.
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The space H_; can now be identified with the dual space of Hs; by means of the
isometric isomorphism H_; — (Hs)', y — ( . |y)S _,- For convenience, we also

define a sesquilinear form on H_; x Hg by
(ylz)_, = (aly), _,, z€H,yeH.

With respect to the duality in the scale { H,}, we obtain the following notion
of adjoint operators:

Definition 3.1. Let W be a Hilbert space and C € L(H;, W). Then the operator
C* € L(W, H_;) satisfying

(Cm|w)w = (z|C*w), _, x€H,,weW, (16)

5,—s

where ( . )W denotes the inner product of W, is called the adjoint of C' with
respect to the scale { Hy}. Similarly the adjoint of B € L(W, H_;) with respect to
{H,} is the operator B* € L(H,, W) such that

(ﬂc\Bw)s = (B*z|w) x € Hyy, weW. (17)

—s w?

The adjoints exist, are uniquely determined and satisfy B = B**, C' = C**,
|B|| = |B*|| and ||C|| = ||C*||. The adjoints of C € L(W, H,) and B € L(H_,, W)
are defined in a similar way. If C € L(Hg, W) is an isomorphism, then C* is an
isomorphism too and (C*)~! = (C~1)*.

Remark 3.2. The notion of adjoints with respect to the scale {H} generalises
the usual definition of adjoints of unbounded operators on Hilbert spaces: Let
C € L(H;,W). Then C can be regarded as a densely defined unbounded operator
Cy : D(C1) C H — W with domain D(C;) = H,. The adjoint of C; in the usual
sense of unbounded operators is an operator C; : D(Cy) C W — H. Observe that
C4 and Cf satisfy (16) provided that w € D(CY). Consequently, C is a restriction
of C*: W — H_,. In fact,

DCY)={weW|C*'we H}.
Note here that C € L(H,, W) does not imply that C; is closable. Hence Cf need
not be densely defined and even D(Cy) = {0} is possible.

Since H; = D(A*) and since || - ||; is equal to the graph norm of A*, we can
consider A* as a bounded operator A* : Hy — H. The adjoint with respect to
{H,} is a bounded operator A** : H — H_; and in view of the last remark A** is
an extension of the original operator A. We will denote this extension by A again,

A H— H_l.
Now for any A € g(A), the operator A* — X : H; — H is an isomorphism. Hence
its adjoint A — X : H — H_; is an isomorphism too. In particular |[(A — A)~1 - ||
is an equivalent norm on H_;.
1
Consider now the positive selfadjoint operator A, = (I + A*A) 2, and let

{H §*)} be the scale of Hilbert spaces associated with it. In other words, we repeat
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the above construction with the roles of A and A* interchanged. We denote the

respective norms and the extension of the inner product by || - \|§*), |- |\(_*§ and

(-] )i*)_s Moreover, Hl(*) = D(A), the norm on Hf*) is equal to the graph norm
of A, the norm on H(fl) is equivalent to ||(A* — )71 - || for A € o(A*), and we get
bounded operators

A:HY S5 H A H—> HY.
Lemma 3.3. If A has a compact resolvent, then the imbeddings Hy, — H and
Hé*) — H are compact for all s > 0.

Proof. Let A € p(A). So (A—X)~"! and (A* —\)~! are compact operators in L(H).
The imbedding H; < H can be written as the composition

H A2 g A g

Since A* — X : Hy — H is bounded, it follows that H; < H is compact. Since
A~': H — H; is bounded, the sequence

HA g —H

implies that the operator A= : H — H is compact. Consequently A=% : H — H
is also compact for all s > 0. Decomposing H; — H as

H A g2 gy

where A® : H, — H is bounded, we conclude that H, < H is compact. The proof
for H{") < H is analogous. g

For operators acting between two scales of Hilbert spaces, there is the follow-
ing interpolation result, which is also known as Heinz’ inequality, see [11, Theo-
rem 1.7.1]. Let H and G be Hilbert spaces. Consider the scales of Hilbert spaces
{H} and {G,} with corresponding positive selfadjoint operators A and A on H
and G, respectively.

Theorem 3.4 (|2, Theorem I11.6.10]). Letr; < ra, s1 < sg and let B : G, — Hg,
be a bounded linear operator which restricts to a bounded operator B : G, — Hyg,.
Let 0 <A <1 and

r=Xr1+(1=XNre, s=2As1+(1—N)sa.

Then B also restricts to a bounded operator B : G, — Hg and

A
I1Bllg, ~n, < [BlG,, ~n., 1Bl

We remark that if B restricts to an operator B : G,, — Hs,, i.e., if B maps
G,, into Hg,, then the boundedness of the restriction already follows from the

closed graph theorem.

1-X
Gry—Hs, '
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Applying interpolation to A : Hf*) — H and its extension A : H — H_1, we
obtain that A also acts as a bounded operator
A:HY S H_,, selo1]
Similarly,
A Hi_,— HY seo1].
Moreover, if A € g(A) then A — X : Hfi)s — H_gand A* —\: Hi_, — H(_*&) are
both isomorphisms. Here surjectivity follows from the fact that for example the
resolvent (A — X\)~! is an operator in L(H, H£*>) and L(H_q,H) and hence by
interpolation also in L(H_57 Hfi)s).
The extensions of A and A* satisfy the identity

(Aaly)_, , = (x]4°y)}” veH,, yeH, (18)

1—s,5—1’
This follows from an extension by continuity of the relation (Ax|y) = (x|A*y),
xr € D(A), y € D(A).

In view of the above, using appropriate restrictions and extensions, the re-
solvent (A — A)~! belongs to L(H) as well as L(H_;) and L(Hf*)). Similarly,
(A* — X)~! belongs to L(H), L(H(jl)) and L(Hy). The corresponding operator
norms can be estimated as follows:

Lemma 3.5. For any A € o(A) the estimates

(A=A <A - < A=A

)71||L(H, X)71|’L(H1) = )71HL(H)

and B
1A =27 ey < (A=A

)71HL(H1(*)) = H(A* 7X)71HL(H)
hold.
Proof. From
A" =X a[§ = (A" =27 af? + [|A47(AT =) ?
= [[(A" =N ]2+ [|[(AT = X)Tr A
<[l =27 gy 113
for x € H; we obtain
A" =07 ],y = AT =27
Moreover, for x € Hy, y € H_1,
[(el(A=21)] = (A =D k), | < 14" =27 el
which implies [[(A — X)~ly||—1 < ||(4* —X)*HL(Hl)HyH,l and hence
A =2y < IA" =27 -

The other estimates are analogous. a

A—-A

‘L(H) = ”( )71”L(H)'
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Interpolation now yields the following:
Corollary 3.6. For )\ € o(A), s €[0,1],
1A =2y < A=V gy
H(A* 7X)_1HL(H(:‘S)) < H(A* 7X)_1HL(H)'

4. The Hamiltonian

Let A be a closed, densely defined operator on a Hilbert space H and let {H,}
and {H, é(*)} be the associated scales of Hilbert spaces defined in Section 3. Let
BeL{U,H-,), CeL(HMY)
where U,Y are additional Hilbert spaces and r,s € [0, 1] satisfy » + s < 1. The
adjoints of B and C with respect to the scales of Hilbert spaces are
B* € L(H,,U), C*eL(Y,HY).

We define the Hamiltonian as the operator matrix
A —BB*
To= (—C*C A ) '

Then Ty is a well-defined linear operator from D(Ty) = H f*jr x Hy_g to the product
Hilbert space

Vo=H_, x H").
Indeed we have
A:H® ~H . BB :H —H.,,
c*C:H® - HY, A H_ - HY,

and the assumption r + s < 1 implies
7Y cH®, H_,CH,.

We consider Tj as an unbounded operator on V with domain D(Tp) as above. In
particular, Ty is densely defined.
Alongside V; we will also consider the two product Hilbert spaces

Vi=H" xH, and V =HxH.
Thus
D(Ty) cVhCcV CW.

Let T be the part of Ty in V. Then o0, (T') = 0,(Tp). Moreover, T' will be densely
defined as soon as o(Tp) # @. This follows from Lemma 2.2 since both inclusions
D(Tp) C Vand V C V are dense.



Dichotomous Hamiltonians and Riccati equations 171

Lemma 4.1. The Hamiltonian satisfies
op(To) NiIR = @&
if and only if
ker(A — it) Nker C = ker(A* +it) Nker B* = {0} for allt € R. (19)
Proof. Suppose first that (19) holds and that

@) eD(Ty), To (;) — it (;) teR.

(A—it)e — BBy =0, —C*Cx— (A" +it)y=0
where x € HI@T C Hé(-*), y € Hi_s C H,. Using the extended inner products of
the scales {H,} and {Hg*)}, we find

0= ((A —it)x — BB*y\y) = ((A - it)as|y)_m - (BB*y|y) -
0=(—-C*Cx— (A" +it)ylz) = —(C*Cm|x)(_*z’s — (A" + it)y\x)(*)

—s8,8"

Then

(20)

From (18) we see that
(Aaly) ., = (zl47y)”
Adding the two equations in (20) and taking the real part, we thus obtain
0=—(BB"yly)_,, — (C*Calx) | = ~|B"ylf — | Cx|}}.

Consequently, B*y = Cz = 0 and hence also (4 —it)z = (A* +it)y = 0. Now (19)
implies = y = 0 and so it € o,(Tp). For the reverse implication note that if for
example x € ker(A —it) Nker C and x # 0, then (z,0) is an eigenvector of Ty with
eigenvalue it. d

. weHY yeH_,

S

—r,r

Lemma 4.2. The Hamiltonian satisfies
Tapp(To) NiIR C o(A). (21)
Proof. Let t € R, it € capp(Tp). Then there exist v, € D(1p) such that ||vy||v, =1
and
lim (Tp —it)v, =0 in V.
n—00
By the continuity of the imbedding V; < V} there is a constant ¢ > 0 such that
1= [loallva < cllvnllva-

Thus also "
lim (Tp — it)—— =0 in Vj.

n—o0 lvallve

Setting (2, yn) = vn/|[vnllv; we obtain [|z,[|S”? + [lyn |2 = 1 and

lim (Tp — it) (

n—o0

z”) =0 inVj,

n
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or
(A —1it)x, — BB*y, -0 in H_,,

22
—C*Cxyp — (A" +it)y, = 0 in H(fs) (22)

as m — o0o. Since the sequences (z,) and (y,) are bounded in HY and H,,
respectively, this implies that

((A — i)z, — BB*yn|yn) — 0,

—r,r
(= OOy — (At it)yalan) ") 0,

Similarly to the previous proof, we add these identities and take the real part to
obtain

— (C*Caalzn) ") =~ B yall? — [Canll} — 0.

— (BB yn|yn) s
Consequently, B*y,, — 0 and Cx,, — 0.

Now suppose in addition that it € g(A). Then A — it is an isomorphism from
H{i to H_,, see Section 3. Therefore (4 —it)~' € L(H_,, Hg*)) and analogously

(A* +it)~t e L(H™), H,). Tt follows that

—s

—r,r

(A—it)"'BB*y, -0 in H, (A*+it)"'C*Cz, — 0 in H,.
On the other hand, we infer from (22) that
&n — (A—it) 'BB*y, - 0 in H,
—(A* +4it)"C*Cxp —yp — 0 in H,.

Thus z,, — 0 in H{" and y,, — 0 in H,, which contradicts Hwan*)Q + lynl? = 1.
g

Lemma 4.3. If A has a compact resolvent, v+ s < 1 and o(Ty) # &, then both T
and Ty have a compact resolvent, too.

Proof. First we have o(T) # @ by Lemma 2.2. Lemma 3.3 shows that the imbed-
dings Hl(t)r x Hi_g — V and Hf*_)r x Hy_s < Vp are compact. Since D(T) C
D(Tp) = Hfi)r x Hi_g, Lemma 2.1 implies that the resolvents of T and Tj are
compact. g

On V = H x H we consider the two indefinite inner products
[vjw] = (Jolw), [v|w]. = (jv|w), v,w€ H x H, (23)
with fundamental symmetries
7=(r o) =1 0)
For v = (z,y),w = (z,y) this yields
[lw] = i(2[g) —i(ylz), [vlwl. = (217) + (¥I7)-
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For the first inner product, we also consider its extension to v € V; = Hg*) x H,
and w € Vy = H_, x H") which we denote again by [-|-] and which is given by

S

vlw] =i(x ) s T ,
[olw] = i(2]g), ”, —i(yl ),(n;)r - (24)
fwl] = i)~ i(31e)", = o]

Note that the extended inner product is non-degenerate in the sense that if w € V;
is such that [v|w] = 0 for all v € Vi, then w = 0. Analogously v € V; with [v|w] =0
for all w € V4 implies v = 0.

The Hamiltonian has the following properties with respect to the inner prod-
ucts defined above:

Lemma 4.4.
[Tov|w] = —[v|Tow], v,w € D(Ty),
Re[Twlv]. <0, ve D).
Proof. Let v,w € D(Tp) = Hf*_)r x Hi_s and v = (z,y),w = (Z,y). Then
2, i€ HY cHY, yyeH _,CH, TwToweVy=H_, xH").
We obtain

[Tov|w] = i(Az — BB*y|y) _ e —i( = C*Czx — A*y|7) (_*2 .

—i(Aslg) ,, ~i(BE)_,, +i(C7Cxl#)") +i(Aya)"),
— i(afary) —i<y|BB*z7)r,,T+z’<x|c*cf>§’fis+i<y\Af>T,,r
- i(x\c*cm A iyl - AT+ BB'Y),
— [v] = Tyw). | |

Let now v = (z,y) € D(T'). Then
[Tw|v]. = (Az — BB*yly) + (— C*Cx — A*y|z)
= (Aaly) .. = (BB"ly) = (C"Cala) ") = (4"ylo) "
= (Azly)_,, — 1IB*ylE — IC2liy - (ylAz), _,
and hence

Re[Tw|v] = —[|B*y[lZ; - | Cx[l5- < 0. O

Corollary 4.5. (a) If there exists A € C such that \,—\ € o(Ty), then T is
J-skew-selfadjoint and o(T) is symmetric with respect to the imaginary axis.

(b) If both T and Ty have a compact resolvent, then o(Ty) is symmetric with
respect to the imaginary axis.
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Proof. The previous lemma yields [Tw|w] = —[v|Tw] for v,w € V. Also recall
that T is densely defined since o(Tp) # @. Lemma 2.2 implies o(Tp) C o(T) and
hence A, —A € o(T). By the theory of operators in Krein spaces, we conclude
that T is skew-selfadjoint with respect to the J-inner product, which in turn
implies the symmetry of the spectrum. If now both resolvents are compact, then
o(T) = 0p(T) = 0,(Ty) = 0(Tp) and the symmetry of the spectrum follows from
part (a). O

Remark 4.6. The symmetries of the Hamiltonian with respect to the two indef-
inite inner products on H x H have been used already in [14, 18, 22, 23]. The use
of the Hamiltonian T on the extended space Vj as well as the extended indefinite
inner product is new here and is motivated by the better properties of Ty compared
toT.

5. Bisectorial Hamiltonians

Starting from this section we consider Hamiltonians whose operator A is quasi-
sectorial, see Definition 2.3. Recall from Section 4 that

Vi=H" x H,, Vo=H_, x H")
and
BB* € L(H,,H_,), C*Ce LHY, HY),

We consider the following decomposition of Ty on Vj:

A 0 0 —BB*
To =S + R, So—<0 —A*)’ R_(—C*C 0 > (25)
Here Sy, like Tp, is an unbounded operator on Vy with domain D(Sg) = D(Tp) =
H{i X Hi_4. On the other hand, R is a bounded operator R € L(V1,Vp).
By Corollary 3.6 the extensions of A and A* to unbounded operators on H_,
and H")

—8

respectively, are quasi-sectorial and satisfy

_ M N _ M
H(A*A) 1HL(H,T) < mv ”(A ) 1”L(H<j;) < W

for all A € ¥z 14, |\[ > p where 6, M, p are the constants from (8). Consequently,
M
-1
[0 =N oy S5 A€W 20 (26)

with Q the bisector from (6).
We derive a few estimates for the resolvents of A and A* with respect to the
scales of Hilbert spaces {H,} and {Hg*)}
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Lemma 5.1. Let A be quasi-sectorial and let 0, M,p > 0 be the corresponding
constants from (8). Then for all A € ¥z 19 with |\| > p the estimates

1A=V g < My [l(A=2)
4 —

) oy < M,

<My [[(AT =N e

IHHHHI = <M

SH =
hold where My = M (% + 1) + 1.
Proof. For x € H we have

1A =0 < (A =2 el + [JA(A — Nz
< A= N "] + [l + A A =Nz

M M
< (fyram)tel < (54100 ol

and hence ” (A=)~ HH e < M;. Since the adjoint of (A —X\)"': H — Hl(*)

with respect to the scale {Hs(*)} is (A* — X)L H(_*l) — H, see Section 3, we also
get

(A" = A)~ = [[(A=N " 5 < M.

1”H(jl>aH

Note here that if A belongs to Xz then so does . The other estimates follow
by interchanging the roles of A and A*. g

Corollary 5.2. Let A be quasi-sectorial, 0, M, p as above. Let r,s > 0 withr+s <
1. Then for A € Yz 40, |A| > p:

M,

M.
g g < N :

71“1{&*2%1{,. = W

I(4 =2~ (A" =)

The constant My depends on M, p,r,s only.

Proof. We apply interpolation to the results of Lemma 5.1. As a first step we get
_ —1|r+s _

1A=N" s me, < lA=X) (A=N"

1-r—s
H—H

M l—r—s M2
MT+9 —

' <|/\\> [A[t=r=s
with My = M{t*M*="=% and similarly

M.
Mo, on < I/\P%

J(a-x-

From this we obtain with 7 =

'ris’
B M.
1A= e < NA=NTHE pll(A=2) 1HHHH( % Wl%

The estimates for H(A* -A) are again analogous. O

Mo m,
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Lemma 5.3. Let A be quasi-sectorial, let 6, p be the constants from (8). Suppose
that r+s < 1. Then there exists p1 > p and co, c1 > 0 such that Qg\ B, (0) C o(To)
and

_ Ci
1(To — M)l < ﬁ (27)
_ _ C
1(To = X) ™ = (So = X) ooy SW (28)

for all X € Qq, || > p1.

Proof. This is a standard perturbation argument for 7o = Sy + R on Vj: For
X € 0(Sp), the identity

To— A= (I — R(Sp — )\)_1)(50 —-A)
holds. Corollary 5.2 implies that

_ Mo
|(So — ) 1HL(V0,V1) < A=’ AEQg, [N >p.

Since |R(So —A) "Ml zove) < IRII(So = N) "l Leve,va) and 1 —7 — s > 0, it follows
that there exists p; > p such that

1
|IR(So — >\)_1||L(Vg) < 5 for all A € Qp, |A| > p1.

Hence I — R(Sp — A)~! is an isomorphism on Vp and thus A € o(7p) with
(To =N = (So =N (I =R(So— N7 (29)

and

_ _ 1y —1 2M
1T = < 1650 = 0 7 = A8 = 07 < 200

for X € Qg, |A| > p1. Moreover,
(So=AN)"'=(To =N =(To — AN)"'R(So — N) 1, (30)

which implies
H(SO - /\)71 —(To - )\)71||L(V0)

1T = N7 Loy IRINSo = D 7H v v
< 2M|R||M>
— |)\|27'rfs ! O

Lemma 5.4. Let A be quasi-sectorial and let Qo € L(Vy) be the projections

Qo- = (é 8) » Qoy = (8 ?) . (31)

Consider the integration contours v1(t) = it, t €] — 0o, —p] U [p,00] as well as
T

Yo+ (t) = pe't, t € [-Z, 2] and yo—(t) = pe~ ™, t € [Z,3X] where p is the constant
from (8) for A. Then

1 /
Qo+v—Q0_U:—,/ (So — N tvd\ + Kv, v eV,
e 71
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where the prime denotes the Cauchy principal value at infinity and K € L(Vg) is
given by K = (If)l ]?2) with

1 1
K, = 7/ (A=XN"td\, Ky= 7/ (—A* =\ tdA.
Yo+ Yo—

e Ly

Proof. We consider A as an operator on H_,.. Since A — p is sectorial and 0 €
o(A —p), _

1 100/ 1
— (A—p—=XN)""zd\=—-z, xz€H_,,
T J—ico
holds by [14, Lemma 6.1]. Using Cauchy’s theorem in conjunction with the resol-
vent decay of A to alter the integration contour, we obtain

1 ptioco/
—r = —/ (A—=XN)"tadr
i S,
p—1ico
I -1 1 ~1
=— | (A=N)""zd\+ — (A=XN)""zd\, ze€H_,.
i i

71 Yo+

Looking at —A*, we get
1 100/

— (~A*+p—N"lyd\=y, yeH

(%)
and hence
| 1 RN )
y=— [ (A" =N "lyd\+—= [ (A" =N)"lyd\, yeH).
T Jryy T S
Combining both identities and noting that Qorv — Qo—v = (—z,y) for v = (x,y),
we obtain the claim. O

Theorem 5.5. Let A be quasi-sectorial and let r + s < 1. If c(A) NiR = & or if
A has a compact resolvent and

ker(A — it) Nker C' = ker(A* 4 it) Nker B* = {0} for allt € R, (32)
then the Hamiltonian Ty is bisectorial and strictly dichotomous.

Proof. We first show that iR C o(Tp). If 0(A) NiR = &, then Lemma 4.2 implies
Oapp(To) NiR = @. Since do (1) C dapp(To) and iR N p(Ty) # &, by Lemma 5.3
it follows that iR C (7). Suppose, on the other hand, that A has a compact
resolvent and that (32) holds. By Lemma 4.3, Tj has a compact resolvent too and
therefore o(Tp) = 0,(1p). Lemma 4.1 then implies o(7p) N iR = @.

From iR C o(Tp) and the estimate (27) we obtain that Tp is bisectorial.
In particular Theorem 2.6 can be applied to Ty and yields corresponding closed
projections on Vj, which we denote by Py+. By Lemma 5.4 the mapping

1 !
v»—>f./ (So — N tvd\, wveVp,
mi ).,
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defines a bounded operator in L(Vp). In view of (28) the integral
/ (To — 2)~" = (S0 — A)~LdA
71
converges in L(V;). Consequently, v — L f,;l (To — A\)"tvd) and hence also

100 /
v i/ (To — )" tod\, v eV,
T J—ico

defines a bounded operator in L(Vp). By (13) this last operator coincides with
Py — Py~ on D(Tp). Since Pyy — Py— is closed and D(Tp) is dense in Vp, we
conclude that D(FPy+) = Vo and hence Pyt € L(Vp) by the closed graph theorem.
Therefore Ty is strictly dichotomous. d

Remark 5.6. Combining the results from Lemma 5.3 with the dichotomy of Ty
from Theorem 5.5 we find that, in fact,

(0 \ By, (0)) U{X e C|[A < h} C o(Tp)

where p; > p, h > 0, and 0, p are the constants from (8) corresponding to the
quasi-sectoriality of A. Also note that the last proof shows that Tj is bisectorial
and strictly dichotomous whenever r + s < 1 and iR C o(Tp).

We close this section by investigating the dichotomy properties of the Hamil-
tonian on V = H x H, i.e., of the operator T'. Let

A0
=0 %)

with domain D(S) = H f*) X H1, considered as an unbounded operator on V, i.e.,
S is the part of Sy in V. Note that a decomposition similar to (25) does not hold
for the operators T" and S since R maps out of V into the larger space V. In
particular we have D(T) # D(S) in general.

Lemma 5.7. Let A be quasi-sectorial with constants 0, p as in (8). Let r+s < 1.
Then there exist p1 > p and co,c1 > 0 such that Qg \ B,,(0) C o(T) and

1 Co

1T =07 o) < 3 (33)

C1

(T =XN""=(5- )‘)71|‘L(V) < |A[2(—max{r,s})

(34)

for all A € Qq, |\ > p1 where

3= {17 max{r, s} <
2(1 — max{r,s}), max{r,s} >

I

MR SIE

Proof. By Corollary 5.2, there exist My, M4 > 0 with

H(A* A) 1HL(H_T,H) < w%’ H(fA =) 1”L(Hfs)vH) = \M%
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for all A € Qg, [A] > p. Since p > 0 we can thus find ¢ > 0 such that

1 Cc
1680 =27 vay < (rimanrey for A€ Q0 X2 0

Similarly there exists ¢’ > 0 with

Cl

H(S — /\)71||L(V,V1) = |>\|1—max{r,s}

for A € Qg, |A] > p.

Let now p; > p be chosen as in Lemma 5.3 and let A € Qp, |A| > p;. Then
A € o(Tp) and we obtain from (29) that

_ _ 1y —1
H(TO - 1||L(V0,V) < H(SO —A) 1||L(V0,V)||(I — R(So = A) 1) ||L(V0)
< 2c (35)
- |)\|1—max{'r,s}

and, consequently,
-1 -1 -1 -1
H(TO —ANTR(S - A) ”L(V) = H(TO =) ”L(VO,V)”R”H(S - HL(V,Vl)
2¢d || R||
- ‘)\|2(1—max{r,s}) '
Lemma 2.2 implies that A € o(T) and (T — \)~! = (T — A)_l‘v. Restricting (30)
to the space V', we get

(36)

(S=N"t—(T-N"'=(To-N"'RS - ML (37)
Combining this with (36) and [[(S — A)*1HL(V) < M/|A|, we obtain the desired
estimates. g

Remark 5.8. The statement of Lemma 5.4 remains true if all involved operators
are restricted to V. This means that Vj, Sy and Qo+ are replaced by V, S and
Q4+, respectively, where Q4+ are the restrictions of Qg+ to V. The proof remains
unchanged except for an adaption of the spaces.

Theorem 5.9. Let A be quasi-sectorial and let r + s < 1. If c(A) NiR = & or if
A has a compact resolvent and

ker(A — it) Nker C = ker(A* +it) Nker B* = {0} forall teR,

then T is almost bisectorial; in particular, there exist closed, T- and (T — \)~*-
invariant subspaces Vo C V such that U(T}Vi) C C4. If in addition max{r, s} < %,
then T is even bisectorial and strictly dichotomous.

Proof. From Theorem 5.5 we know that iR C o(7p). Hence also iR C o(T) by

Lemma 2.2. From (33) in Lemma 5.7 we thus conclude that T is almost bisectorial
with 0 < 8 < 1 if max{r,s} > 1 and bisectorial if max{r,s} < 1. Note that

bisectoriality implies almost bisectoriality here since 0 € o(7T'). The existence of
V4 follows by Theorem 2.6. If now max{r, s} < 3 then (34) yields
_ - 1
1T =27 = (8 =071 < 3

Ae QH? |A‘ > P1,
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with some € > 0. In view of Remark 5.8 we can then derive in the same way as in
the proof of Theorem 5.5 that T is dichotomous. a

6. Graph and angular subspaces

In this section we consider a Hamiltonian with quasi-sectorial A, r + s < 1, and
iR C o(Tp). From the last section we know that then Ty is bisectorial and strictly
dichotomous and T is almost bisectorial. We denote by Vp4+ and Vi the corre-
sponding invariant subspaces of Ty and T, respectively, and by Py+ and P4 the
associated projections; see Theorem 2.6. In particular Pyy € L(Vp) while Py are
closed operators on V. The projections Pp+ are given by Pyr = T Lo+ where
Lo+ € L(V),

+1 +h+ico 1
Los = —— Ty = A)~L A
0k =5 e )\( 0—A) " dA (38)
Recall from (24) the extended indefinite inner product [-| -] defined on V; x Vj
as well as Vp x V7.

Lemma 6.1. The operators Loy satisfy Lox € L(Vo, V1) and
[Lotv|w] = —[v|Lo_w] for all v,w € V.
Proof. In the proof of Lemma 5.3 we have seen that there exists p; > 0 such that
(To =N = (So =N (I =R(So— N7
for A € Qg, |A| > p1, and the estimates
My

—_

-1 —1
H(SO - ) HL(VO,Vl) < A==’ HR(SO ) HL(VQ) =< 5
hold. It follows that
_ 2M.
1(To = V) oy < r (39)

Since 1 —r — s > 0 this implies that the integral in (38) converges in L(Vp, V1); in
particular, Lox € L(Vy, V). For v,w € V we can now derive, using Lemma 4.4,

[Losvlw] = [i /}Hm Lo, - A)—lvdAM

210 Jh—ioo A
[ —h—it)"? ‘ }dt
Mh (—=Tp — h+it)~? }dt
= h [v) T0—|—h it)” w} dt

[v‘%ﬂ /_h+wo %(To —\) " tw d/\} = —[v|Lo_w].

—h—ioco
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Corollary 6.2.
lw]=0  forallv e Vor, w € R(Lox)-

Proof. This is immediate since Vo4 = ker L. d

We can now establish conditions for the subspaces Vp1 to be graphs of oper-
ators. We say that a subspace U C Vy = H_, X H(,*s) is the graph of a (possibly
unbounded) operator X : D(X) C H_, — H(jg if

U:{()fx> xED(X)}ZR()I().

We also consider the inverse situation where U C H_, X H(_*S) is the graph of an
operator Y : D(Y) C H(_*S) — H_,, ie.,

{3 e} -a ()

Proposition 6.3. If

| kerB (A"~ N~ ={0} onHY), (40)
AEIRNp(A*)

then Vo = R (X[ ) with closed operators Xo+ : D(Xo+) C H_, — H . If
0+

ﬂ kerC(A—\)"'={0} on H_,, (41)

AEiRNQ(A)

then Vor =R <Y0]i') with closed operators Yox : D(Yox) C H(_*S) — H_,.. If both
(40) and (41) hold then Xox are injective and Xy' = Yo+.

Proof. For the first assertion, since Vy4 are closed linear subspaces of Vj, it suffices
to show that (0,w) € Vot implies w = 0. Let (0,w) € Vo1 and ¢t € R such that

—it € o(A*). Set
(;) = (Ty— it)™! <g) :

Then (x,y) € D(Tp) N Vox by the invariance of Vo1. By Lemma 2.7 it follows that
(z,y) € R(Lo+). Using Corollary 6.2, we get

o= ()1 ()] =2,

(£)-n-n ) - e

From
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we thus obtain

0= (m\w)(*) = —(x|C*C’x)Sis — (x|(A* + it)y)(*)

S,— s,—s

= —[ICz]* = (A = it)aly) _, , = ~|ICz|* — (BB yly)
= —||Cal* — | Byl

—r,r

and therefore Cx = B*y = 0. This implies w = —(A* 4 it)y and hence —B*y =
B*(A* +it)~lw = 0. Since t € R with —it € o(A*) was arbitrary, (40) implies that
w = 0. For the second assertion, we show in an analogous way that (w,0) € Vo4
implies w = 0 provided that (41) holds. The final statement is then clear. O

Proposition 6.4. Suppose that A is sectorial with 0 € o(A). Then

I Y
%7:R<X07)7 Vo+:R< 3*)

with closed operators Xo_ : D(Xo-) C H_, — H(_*s) and Yot : D(Yo4) C H(_*S) —
H_,.

Proof. Let (0,w) € Vp— and t € R. Proceeding as in the previous proof, we set

(5) =m0 (i)

and obtain Cx = B*y = 0 and hence (A — it)x = 0 and w = —(A* + it)y. Since
iR C o(A) it follows that

- (2)- () (e )

We consider now the two functions

e =@-27 (0] v = (g Cyyn)-

¢ is analytic on a strip {A € C||Re )| < &} while ¢ is analytic on a half-plane
{A € C|Re\ < &} where ¢ > 0 is sufficiently small. The above derivation shows
that ¢ and % coincide on iR. Hence they coincide for |Re A\| < € by the identity
theorem. Moreover, 1) is bounded on C_ since A is sectorial with 0 € g(A). On the
other hand ¢ extends to a bounded analytic function on C, since (0,w) € Vp_,
see Theorem 2.6. Therefore ¢ extends to a bounded entire function and is thus
constant by Liouville’s theorem. This implies w = 0.
Similarly for (w,0) € Vo4, t € R and

(- (3

we derive Cx = B*y =0, w = (A —it)x and (A* +it)y = 0; hence

(T — it) ! <%’) _ ((A - gt)_lw) .
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In this case the analytic functions
_ A—-)N)"1
o= @-n7 (5). v = (W)

coincide on iR, ¢ is bounded on C_ since (w,0) € Vo, and v is bounded on C .
Therefore ¢ is again constant and hence w = 0. d

We turn to the question of the boundedness of the operators Xo4, Yp+. To
this end we use the concept of angular subspaces, see [1, §5.1], [23, Lemma 7.1].
Consider again the projections from Lemma 5.4,

I 0 0 0
QO— = <0 0)7 Q(H— = <0 [)7

acting on Vo = H_, X H(js)
Lemma 6.5. Let U be a closed subspace of Vo. Then:
(a) U=R(L) with a closed operator X : D(X) C H_, — H(_*S) if and only if
U NkerQo— = {0}.
U=R(4%) with a bounded operator X € L(H_,, H(_i)) if and only if
Vo=U®@kerQo_. (42)
(b) U=R(Y) with a closed operator Y : D(Y') C H(,*é) — H_, if and only if
U Nker Qoy = {0}.
U=R(Y) withY € L(H™), H_,) if and only if

—s

Vo =U & kerQox+. (43)

Proof. Observe that ker Qo— = {0} x H<_*s) Since U is the graph of some closed
operator X : D(X) C H_, — H(_*S) if and only if (0,y) € U implies y = 0,
the first assertion of (a) follows. By [1, Proposition 5.1], (42) holds if and only if
U={Xz+z|zeR(Qo-)} with X € L(R(Qo-), ker Qo—). Identifying R(Qo_) =
H_, and ker Qo_ = H(jg)7 we obtain the second assertion of (a). The proof of (b)
is analogous; here R(Qo) = HY | ker Qo+ X H_,. O

If (42) holds then U is called angular with respect to Qo— and X is the
angular operator for U. Similarly in case of (43), U is called angular with respect
to Qo+ and angular operator Y.

The next lemma is the key step in proving that Vp. are angular subspaces.
The idea for its proof goes back to [4, Theorem 2.3] where instead of F; and Fb

the operator Qo— P + Qo+ P was used, see also [1, §6.4].

Lemma 6.6. Suppose Vo = U @ U with closed subspaces U, U V. LetNP,ﬁ €
L(Vy) be the associated complementary projections, U = R(P), U = R(P), I =
P+P. Let i =1—-Qo-+Pand Fo=1—-P+Qo_.
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U=R<)I(>, ﬁ:RG) (44)

with some X : D(X) C H_, — H") and Y : D(Y) € HY) = H_,, then Fy
and Fy are injective.
(b) If Fy and Fy are bijective, then (44) holds with bounded operators X €

L(H_.,HY), Y e L(H") H_,).

Proof. (a) By the previous lemma, identity (44) implies that U N ker Qo— =
Unker Qo = {0}. Let Fyv = 0. Then (I—Qo_)v = —Pv € UnNker Qq_, which
implies (I—Qo—)v = Pv = 0. It follows that v € R(Qo—)Nker P = ker Q0+ﬂ[7
and hence v = 0. The injectivity of Fy is analogous.

(b) Let v € U NkerQp—. Then (I — P)v = Qp—v = 0, which yields Fov = 0
and thus v = 0. On the other hand we can write w € Vj as w = Fyv = (I —
Qo—)v+Pv and so w € U+ker Qo_. This shows that Vo = Udker Qo_, i.e., U
is angular with respect to Qo-. Since Fy = I — P—i—Q(H_ and Fp =1— Q0++P
we get by symmetry that U is angular to Qo+. The assertion follows by the
previous lemma. 0

(a) If

Corollary 6.7. Suppose that Py — Qo_ is compact. If

1 Y
%7:R(X0,), ‘/0+:R(3+)7

with some operators Xo_, Yo4, then these operators are in fact bounded, Xo_ €
L(H_,,HY)), Yo € L(H"), H_,).

—s5

Proof. We use the previous lemma with U = V{,_, U= Vot, P = Py, pP= Pos.
Then Fy =1+ (Py— — Qo—) and Fy = I — (Py— — Qo ), and the assertion follows
from Fredholm’s alternative. g

Theorem 6.8. Suppose that A has a compact resolvent. If

M ke B (A" —3)"'={0} onH"), (45)
ACiRNo(A*)
and
ﬂ kerC(A—\)"'={0} on H_,, (46)
AEiRNo(A)

I
then Vo = R (Xo

L(H_,,HY)) and X5} € LH), H_,.).

> where the operators Xo— and Xoy are injective, Xo— €

Proof. If A has a compact resolvent, then the same is true for Sy and Tj, compare
Lemma 4.3. From Theorem 2.6 and Lemma 5.4 we know that
1 00/
Pyv—Pyv=— (To — A\)tvd\, v e D(Tp),
i

—100
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1 !/
Qo+v — Qo_v = —/ (So — )\)_lvd)\ + Kv, wveV,
m 71
where K € L(Vp). Since

Qo+ — Qo — (Poy — Po) =1—-2Qo- — (I —2Py—) =2(Po— — Qo-),
we find

2Py — Oy Yo = i,/ (So— N~ — (Tp — )~ dAw
K 7
o[
- — (T — N)"td v+ Ko
i S,
for v € D(Tp). Note here that because of (28) the first integral converges in the
operator norm topology of L(Vp). In particular, both integrals on the right-hand
side define bounded operators in L(Vp) and hence the above identity holds for all
v € Vp. Since (Ty — A\)~! and (Sp — A)~! are compact, both integrals yield in fact
compact operators. The expression for K in Lemma 5.4 implies that K is compact
too. Consequently Py_ — Qo_ is compact. The assertion is now a consequence of
Proposition 6.3 and Corollary 6.7. g

Theorem 6.9. Suppose that A has a compact resolvent, is sectorial and 0 € g(A).

Then
I Yo
VO,:R(XO_) Vo+:7z(‘}+>

with Xo_ € L(H_,, H")), Yo, € L(H™)  H_,).
Proof. As in the previous theorem we obtain that Py_ — Qo is compact. Hence
Proposition 6.4 and Corollary 6.7 complete the proof. d

Next we investigate the graph properties of the invariant subspaces Vi of T.

We know that Vi = R(Py) where Py are the closed projections on V' given by
P, =TLy with Ly € L(Vv)7

+1 +h+ico 1

(T = N)"tdA,

L. =—"
= om thico A

In particular, L are the restrictions of Lo+ to V. Since Vi = ker L+ and ker L+ =
ker Lo NV it follows that
Vi=VoxNV. (47)

This implies that graph subspace structures of Vy+ are inherited by the spaces Vi:

I
Vor =R
0+ <XO+)

with a closed operator Xoy : D(Xoy) C H_, — H(js), then also

I
e R <X+)

Lemma 6.10. If
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where Xy : D(X;) € H — H 1is closed and is the part of Xoy in H, i.e.,
D(X;) ={x € D(Xo+) N H | Xosz € H}. Similarly, if

_ (Yot
o)

with a closed operator Yoy : D(Yoy) C H(j;) — H_,, then

_n Y+
()
where Yy : D(Yy) C H — H is closed and is the part of Yoy in H. The corre-

sponding statements hold for Vo_ and V_.

Proof. This is immediate from (47) and the fact that Vi are closed subspaces of
V=HxH. O

Remark 6.11. A result analogous to Corollary 6.7 holds for the subspaces Vi of

V in the case that T is strictly dichotomous, i.e., if Py € L(V). In particular, if
P_ — @Q_ is compact where Q_ = (}9) € L(V) and

_ 1 (Y
Cea(d) ven(t)

Theorem 6.12. Suppose that A has a compact resolvent and that max{r, s} < %

then X_,Y, € L(H).

(a) If (45) and (46) hold, then Vo =R (Xli) where X4 are the parts of Xox in
H. The operators X1 are injective and satisfy X,,X;1 € L(H).

(b) If A is sectorial and 0 € p(A), then V_ =R (X{ ), Vi=R (YI*) where X _
and Yy are the parts of Xo— and Yoy in H, respectively, and X_,Y, € L(H).

Proof. The proof is analogous to the ones of Theorem 6.8 and 6.9, where it is shown
that Vo1 are angular subspaces. First note that S and T have a compact resolvent,
see Lemma 4.3. Second, since max{r, s} < % and since iR C o(T') by our general
assumption in this section, Theorem 5.9 in conjunction with Lemma 4.1 implies
that T is strictly dichotomous. Consequently the projections P; are bounded and
satisfy
1 100/
Pov—P.v=— (T —N)"tvd\, ve D).

T ) _ico

On the other hand, for Q4 € L(V) given by Q— = ({9), Q+ = (39) the identity

1 !
Q+U—Q_v:—,/ (S =N "tvd\+ Kv, veYV,
m 71
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holds with some K € L(V), see Lemma 5.4 and Remark 5.8. Consequently,

2P —Q Yv— i_/ (S— N1 = (T—N"'dw
e M
1 [
- — (T —N)"td v+ Kv
e

—ip
for v € V, where we have used that in view of max{r, s} < % and (34) all terms
on the right-hand side yield bounded operators from L(V'). Since the resolvents of
S and T are compact, we conclude that P_ — @Q_ is compact too. The assertion
now follows from Theorems 6.8 and 6.9, Lemma 6.10 and Remark 6.11. g

7. Symmetries of the angular operators

The aim of this section is to derive symmetry properties for the operators Xo+ and
X1. We keep our general assumptions on the Hamiltonian: A is quasi-sectorial,
r+s < 1and iR C o(Tp). Hence Tj is bisectorial, strictly dichotomous and the
invariant subspaces are given by
Vbi = R(P()i) = ker LO:F
where Py+ = T Lo+, Lo+ € L(Vo, Vl) and
[Lopv|w] = —[v|Lo—w], v,w € Vj, (48)

with the extended indefinite inner product defined in (24), see Lemma 6.1.
For a subspace U C Vi, we consider its orthogonal complement UM ¢ V
with respect to the extended inner product:

UM = {w e Vo | [vjw] =0 for all v € V;}.

For U C Vo the orthogonal complement Ul ¢ V1 is defined analogously. Then,
as in the usual Hilbert or Krein space setting, orthogonal complements are closed
and UMM = T. Let Vi4 be the closure of R(Los) in Vi,

Vie = R(Lox) - (49)

Lemma 7.1. The following identities hold:

(a) Vi) = Vo,
(b) Vig = Vox N V1.

Proof. (a) From (48) we get
Vot = ker Loz € R(Los ) = Vl[i]'

If on the other hand w € Vl[i], then [v|Lozw] = —[Loxv|w] = 0 for all v € V.
Since the inner product is non-degenerate, this implies Loxw = 0 and thus
w € Vort.
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(b) By Lemma 2.7 we have R(Lo+) C Vo+. By the continuity of the imbedding
V1 — Vg, the subspace Vo NV is closed in V7, and hence the inclusion from
left to right follows. For the reverse inclusion let v € Vo4 N V. Then

[wjv] =0 for all w € Vi1
by (a). Since Ty is densely defined and strictly dichotomous, Lemma 2.7
implies R(Loi)vo = Vp+. Hence mvo = Vo+ and therefore

[wv] =0 for all w € Vp.

Consequently, v € Vo[f = Vl[i]m

=Vis. O
Let Xy : D(X4) C H) = H, be a densely defined operator. We define
its adjoint with respect to the scales of Hilbert spaces {H,} and {Hg*)} as the

operator Xi : D(X{)C H_, — H") with maximal domain such that

S

(Xazly), _, = (a]X7y)” x € D(Xy), y € D(XT). (50)

s,—s’

Then X7 is uniquely determined and closed.

Lemma 7.2. IfVj_ =R (X£,> with a closed operator

Xo_ : D(Xo_)C H_, — H")

A
then also Vi_ =R (Xi ) with a closed operator
X, :D(X,.)c HY = H,.
In this case:
(a) D(X;_) = {x e D(Xo_) N H ‘Xo_m e H} i.e., X1_ is the part of Xo_

in the space of operators from Hg*) to H,;
(b) X1- and Xo_ are densely defined and Xy_ = Xo_;

(c) the set {1 € D(Xo-)N Hl(i)r Xo_x € Hl,s} is a core for X1_ and Xo_.

Analogous statements hold for the spaces Vo, Vi+ and the operators Xoy, X1+ .

Proof. The inclusion V;_ C V_ implies that if V;_ is a graph, then so is V;_ and
that X _ is a restriction of Xy_. X;_ is closed since V;_ is closed in V] = HS(*) x H,..
(a) is now immediate from Vi = Vo_ N V4.

To show (b), suppose x € H_,., y € H(_*S) are such that

(X17u|:r)n_ = (u|y)i*)_S for all uw € D(X;1-). (51)

r

()1 ()] =0 wepxio,

ie, (y)€ Vl[f] = Vo and thus z € D(X,_), Xo—x = y. This implies that D(X;_)
is dense in H{"). Indeed if y € H") with (uly), , =0 forall u € D(X;_), then

—S

Then
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(51) holds with z = 0 and it follows that ¥ = 0. On the other hand Vl[i'] = Vo

implies
i(u|X°‘x):)—s _i(Xl‘u‘m)ﬂ—T' - {(Xf_u) ’ <X:_x>} =0

for all w € D(X1_), z € D(Xo—) and therefore Xo_ C X;_. Moreover, if z €
D(X;_) and y = X;_x, then z, y satisfy (51) and we obtain & € D(X(_). Conse-
quently Xo_ = X;_. Finally X,_ is densely defined since D(X;_) is dense in H'*
and the imbedding 2 S H_, is continuous and dense.

Finally (c) follows from the equivalence

u

(*)
veDXo_)NH” N Xog_ue H_, <+ (Xg_u

) e Vo ﬂD(To)

in conjunction with R(Lo_) = Vo_ ND(Tp), Vo— = R(Lo_) ", see Lemma 2.7, and
—V;
Vii =R(Lo_) . O

Remark 7.3. The previous lemma implies X4 C Xo4+ = X7, . From this identity
and (50) we obtain

(Xizzly) = (2 X14y), z,y € D(X14).

Consequently, if we consider X34+ as an unbounded operator on H, then it is
densely defined and symmetric and hence closable. The corresponding closure will
be determined in Lemma 7.5.

Now we turn to the symmetry properties of the operators X. To this end,
we look at the subspaces
—V
My =R(Lx+) (52)
of V. By Lemma 2.7, we have M1 C V4 and this inclusion may be strict. The next

lemma shows that M:[t“ coincides with V.. Note here that since My C V, Mj[_f]

is the orthogonal complement with respect to the inner product [-|-] in V, ie.,
M[;'] C V in the usual Krein space sense.

Lemma 7.4. The following identities hold:
(a) Vix C My and Wiv = My;
) MH =v,.
Proof. (a) Since D(Tp) is dense in Vy and Lox € L(Vp, V1), we have

Vie = R(Los) " € Lor(D(T0))" " C Lox (D(T0)). € Los (V) = M.

On the other hand R(L+) C R(Lo+) C V14, which implies My C mv and
thus equality.

(b) Lemma 6.1 implies [Lyv|w] = —[v|L_w] for all v,w € V. Using this and the

definitions of Vi and My, the proof is completely analogous to Lemma 7.1(a).

O
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Lemma 7.5. Suppose Vo_ is a graph subspace Vo_ = R(Xﬁf). Then V_ =

R (XI_ ) and M_ =R (XAIJ_ ) where X_, Xpr— are closed operators on H. More-
over,
(a) Xpm- C X,
(b) X_ is the part of Xo— in H,
(¢) Xpr— is the closure of X1_ when considered as an operator on H,
(d) {z € D(Xo-)N Hfi)r | Xo—w € Hi_ } is a core for X,
(e) Xnm— and X_ are densely defined and X, = X_. In particular Xp— is
symmetric.

Again, analogous statements hold for Voi, V4 and M4 and the respective operators.

Proof. The first assertions up to (c) follow readily from M_ C V_ C Vo, V_ =
Vo NV, V=" = M_ and the closedness of M_ and V_ in V. (d) is a consequence

of (¢) and Lemma 7.2(c), and (e) follows from MY =V inan analogous way to
the proof of Lemma 7.2(b). O

Lemma 7.6. The symmetric operators Xpyr— and X4 are nonnegative and non-
positive, respectively.

Proof. Here we employ the indefinite inner product [- | -]~ defined in (23). Observe
that X,/ is nonnegative, i.e., (XM,x|x) > 0 for all x € D(X ), if and only if
[v]v]~ > 0 for all v € M_. Likewise (Xp4x|z) < 0 for all z € D(Xy4) if and only
if [v|v]~ <0 for all v € M. Consider first v € D(T'). Using (13) and Lemma 4.4,
we calculate
1 oo/
Re[Pyv — P_v|v]. = 7/ Re[(T — it) " tolv]. dt

T J -0

1 oo/
_ 1 / Re[(T — it) = o|(T — it)(T — it) "] dt
T J -0
1 oo/
_ f/ Re[T(T — i)~ 0|(T — it)~ 0] dt < 0.
™ —00
If now v € D(T)NV_ then Pyv—P_v = —v and hence [v|v]. > 0. Since D(T')NV_
is dense in M_ by Lemma 2.7, we conclude that [v|v]. > 0 for v € M_. Similarly
for v € D(T) NV we obtain Prv — P_v = v and thus [v|v]. <0 for all v € M.

g

Corollary 7.7. Ifmax{r, s} < 3, then Xp;+ = X+ The operator X _ is selfadjoint
and nonnegative, X is selfadjoint and nonpositive.

Proof. The assumption implies that T is strictly dichotomous. Then My = Vi by
Lemma 2.7 and hence X4 = X4. O

8. The Riccati equation

We keep the general assumptions of the previous section.



Dichotomous Hamiltonians and Riccati equations 191

Lemma 8.1. Suppose Xy € L(H_T,H(_*S)) is such that its graph subspace U =
R (¥,) is To- and (To — A)~*-invariant. Consider the isomorphism ¢ : H_, — U,
x> (xow). Then

(8) Xo(H{",) C Hiy;

(b) (A—BB*Xg)x = g0*1T0|U<p:L' forallx € Hl(i)r;

(c) A*Xox + XoAz — XoBB*Xox + C*Cx =0 for all z € H™ .

Proof. First note that ¢ is indeed an isomorphism between H_, and U since X
is bounded. The inverse is ¢! = pr, |,, where

pry:Vo=H_, x HY) > H_,

denotes the projection onto the first component. Recall the decomposition T, =
So+ R from (25) and consider the two operators F' = <p_1T0|U<p and Ay = pr;Sop,

both understood as unbounded operators on H_,. Since D(Tp) = D(Sy) = Hf*_)T X
Hi_g, their domains are
D(F) = D(Ag) = {x e ™ ’Xox e HH} .
Moreover,
Apx = Az for z € D(Ap),
i.e., Ap is a restriction of A when A is considered as an operator on H_, with
D(A) = Hfi)r Since ¢ is an isomorphism we get o(F) = o(Tp|,,). Also o(Tp) C
Q(TO|U) by the invariance of U. Therefore iR C o(F'). For ¢t € R we compute
(Ao — F)(F —it)™" = (prySop — ¢ Tow) (¢~ Top — it) ™!
=pry(So — To)pp™ ' (To —it) "o = —pr; R(Tp — it) .
: -1
From (39) in the proof of Lemma 6.1 we know that ”(TO —it) ”L(vo,vl)

t — oo, and we conclude that [|(Ag — F)(F —it)~1|| < 1 for ¢t > 0 sufficiently large.
Now

— 0 as

Ag—it=F —it+ Ag— F = (I+ (Ao — F)(F —it)™") (F —it),

which implies that it € p(Ap). Since also it € g(A) for large ¢ and Ay C A, it
follows that in fact

D(Ay) =D(A) = HP
Consequently, X (Hfi)r) C Hy_;. Since Fx = Ax — BB*Xgx for © € D(F) =
D(Ap), (b) is now clear. To show (c), let z € Hl(*_)r. Then Xox € H;_, and

wx € D(Tp). By the invariance of U, there exists y € HS)T such that Topxr = ¢y,

ie.,
A —BB* z\ _ [y
<—C*C —A* ) <Xoa:) - <Xoy>
and thus

XoAz — XoBB*Xgx = Xo(Ax - BB*X()iE) = Xoy = —C*Cx — A" Xpx. O
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Corollary 8.2. If Vj_ =R (XL ) with a bounded operator Xo_ € L(H_,, H(_*S)),
then Xo,(H{*_)T) C Hy_g, the Riccati equation

A*Xo_x + Xo_ Az — Xo_BB*Xo_x + C*Cz =0, zeH

holds, and A — BB*Xy_ considered as an unbounded operator on H_,. is sectorial
with spectrum (A — BB*Xy_) C C_. In particular, it generates an exponentially
stable analytic semigroup on H_,..

Proof. A— BB*Xy_ is similar to Tp|v,_ via the isomorphism ¢ from the previous
lemma, o(To|y, ) C C_, and Tplv,_ is sectorial by [21, Theorem 5.6]. O
Remark 8.3. If Xy € L(H_,, HS*S)) and hence Xo,(Hfi)r) C Hi_,, Lemmas 7.2
and 7.5 imply that Hl(i)r C D(X;-) € D(X_). Since the operator A — BB*X,_
considered on H_, has domain H f*_)r we find that
A—-BB*Xy,_=A—-BB*X_=A-BB*X,_.

Hence the Riccati equation can be written as

A*X,_z+ Xo_Ax — Xo_BB*X,_x+C*Cx =0, zecH?"
or in weak form, using Xo_ = Xj_, as

(Xl_x|Ay) + (Ax|X1_y) - (B*Xl_x\B*Xl_y)U

T,—Tr —T,T
+ (Cm|Cy)Y =0, z,y€ H1(*—)7

Of course, in both Riccati equations X;_ may be replaced by one of its extensions

Xp_ and X_.

Remark 8.4. For X,_ € L(H,T,I-I(jg))7 Corollary 8.2 yields that A — BB*X_
is sectorial when considered as an operator in H_,. On the other hand, we can
consider the part of A—BB*X_ in H, which we denote by (A—BB*X . Then

(A—BB*X_)|,, is almost sectorial: First note that
o((A-BB*X_)|,) Co(A—BB*X_).
From A — BB*X_ = ¢~ 'Tp|,, ¢ we obtain

N

. _ -1
[(A=BB* X =N Ly S M@l =2 i el
and (35) in conjunction with iR C p(A — BB*X_) implies

<o for A € iR \ {0},

« —1
(A= BB*X_ - ) HL(H,T,H) < [A[Lmax{r.s}

with some constant ¢y > 0. Moreover, since H (TO‘VU_ — )\)_1 HL(VO) is bounded on

Cy, H (T()’VO_ 7)‘>_1HL(V0 D(To) does not grow faster than |\| on C;., where D(Tp)
is equipped with the graph norm. As the imbedding D(Ty) < V is continuous,
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* —1
H(A - BB X_ -} ”L(H_T,H)
Phragmén—Lindel6f theorem then implies that

does not grow faster than |A| on C; too. The

Co

[(A=BB*X_ =Ny < AT maxtra]

for A € Cy \ {0}

and hence (A — BB*X_ )|y is almost sectorial, see [21, §5].
Now suppose in addition that max{r, s} < % and that X_ € L(H), e.g. as a
consequence of Theorem 6.12. Then

(A- BB*X*”H = ‘P|1_{1T‘V_90‘H

where <p|H H - V_,x— (ngx) is an isomorphism. Since T is bisectorial by
Theorem 5.9, T|v_ is sectorial by [21, Theorem 5.6], and hence (A — BB*X _
is sectorial, too.

P
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