Perturbation of Strongly and Polynomially Stable Riesz-Spectral Operators

L. Paunonen

Department of Mathematics, Tampere University of Technology. PO. Box 553, 33101 Tampere, Finland.

Abstract

In this paper we consider bounded and relatively bounded finite rank perturbations of a Riesz-spectral operator generating
a polynomially stable semigroup of linear operators on a Hilbert space. We concentrate on a commonly encountered
situation where the spectrum of the unperturbed operator is contained in the open left half-plane of the complex plane and
approaches the imaginary axis asymptotically. We present conditions on the perturbing operator such that the spectrum
of the perturbed operator is contained in the open left half-plane of the complex plane and additional conditions for the
strong and polynomial stabilities of the perturbed semigroup. We consider two applications of the perturbation results.
In the first example we apply the results to the perturbation of a polynomially stabilized one-dimensional wave equation.
In the second example we consider perturbation of a closed-loop system consisting of a distributed parameter system and
an observer-based feedback controller solving the robust output regulation problem related to an infinite-dimensional

signal generator.
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1. Introduction

It is well-known that the robustness properties of strong
stability of strongly continuous semigroups are very weak
compared to the robustness properties of exponential sta-
bility. Furthermore, this is the case even if the generator of
the Cy-semigroup is a well-behaving operator, for example
a normal operator with a compact resolvent, and the per-
turbations are very simple, such as bounded and of finite
rank. For example, it is well-known that for any exponen-
tially stable Cp-semigroup T'(t) generated by an operator
A there exists a bound ¢ > 0 such that for any bounded
perturbation B with norm ||B|| < ¢ the semigroup gener-
ated by the operator A 4+ B is also exponentially stable.
On the other hand, it is easy to find a strongly stable
Co-semigroup T'(t) generated by an operator A which is
normal and has compact resolvent such that there exists a
bounded rank one perturbation B of arbitrarily small norm
such that the perturbed semigroup generated by A + B is
unstable.

If X is a Hilbert space, then a concrete example of this
kind of situation can be constructed by defining an oper-
ator A: D(A) C X — X such that

Az = Z (—; + zk:) (z, d1) b,

k=1

DA) ={zeX | Kz, ¢)]> <o}
k=1
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where {¢r}r C X is an orthonormal basis of X. The
operator A is normal, has compact resolvent and generates
a strongly stable Cy-semigroup on X. For any ¢ > 0 we can
choose a perturbing operator B, = %(, On)Ppn with n > %
Then in € iR is an eigenvalue of the perturbed operator
A+ B. and thus the perturbed semigroup is unstable, but
on the other hand we clearly have ||B.|| = 1 <e.

Even so, results on the robustness properties of strongly
stable semigroups are in great demand. This is the case
in particular in mathematical control theory and in robust
output regulation. In the treatment of this problem it is
often assumed that the used stability type is exponential
stability and thus the well-known robustness properties
of exponential stability can be used to guarantee the ex-
istence of an easily identifiable class of perturbations pre-
serving the stability of the systems. However, if we want to
consider reference signals generated by a signal generator
having an infinite number of eigenvalues on the imaginary
axis [1, 2] it is possible that exponential stability is un-
achievable [3, Cor 3.58]. In this case the robustness prop-
erties of strong stability are required to determine classes
of perturbations preserving the stability of the systems and
the output regulation property.

In this paper we concentrate on the perturbation of
a strongly stable Cp-semigroup generated by a Riesz-
spectral operator A : D(A) C X — X on a Hilbert space
X. We consider a commonly encountered situation where
the spectrum of the generator is contained in the open left
half-plane of C and approaches the unstable half-plane of
the complex plane asymptotically, as was the case in the
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above example. More precisely, we assume that there ex-
ists a curve which from some point on limits the decay of
the real parts of the eigenvalues as a function of the imag-
inary parts. We also assume that this curve approaches
the imaginary axis at a known polynomial rate. These
assumptions imply that in addition to its strong stability
the semigroup generated by A is also polynomially stable
[4, 5].

These kind of spectra most commonly arise from the sta-
bilization of an operator with an infinite number of eigen-
values on the imaginary axis [6]. Nonetheless, we do not
limit our attention to operators obtained this way but con-
sider general operators whose spectra have this property.
An example of a situation where we need this generality
is the perturbation of a composite operator consisting of
a part stabilized strongly by feedback and parts having
spectrum in the open left half-plane of C.

The perturbations we consider in this paper are bounded
and relatively bounded finite rank operators. In the case
of a bounded perturbation the perturbing operator can be
represented as

m
B=> (,9,)b;, (1)

j=1

where {g;}; C X and {b;}; C X.

We consider two different perturbation problems: The
change of the spectrum of the generator and the preser-
vation of the stability — strong and polynomial — of the
Co-semigroup. We solve the first problem by presenting
conditions under which the spectrum of the perturbed op-
erator is contained in the open left half-plane of C. These
conditions are given as requirements b; € D((—A)”) and
g; € D((—A*)7) for some 3,7 > 0 and as bounds for the
corresponding graph norms. In these conditions the ap-
propriate constants 8 and ~

After we have solved the problem of perturbation of the
spectrum the ABLV Theorem [7, 8, 9] implies that in or-
der to solve the problem concerning the strong stability
it is sufficient to find additional conditions for the uni-
form boundedness of the perturbed Cy-semigroup. Using
this knowledge we present two sets of conditions for the
preservation of the strong stability of the Cp-semigroup.
These conditions are of the same type as the ones pre-
sented for the change of the spectrum. Finally, we present
separate conditions for the preservation of the polynomial
stability of the semigroup. This result uses the result on
the perturbation of the spectrum but is independent of the
result on the preservation of uniform boundedness of the
Cy-semigroup.

We consider the perturbation problems separately since
the results on the perturbation of the spectrum are also
useful by themselves. This is because one is not necessar-
ily interested in the preservation of strong stability of the
semigroup but only the perturbation of the spectrum. It is
also possible that in some cases the uniform boundedness

of the perturbed semigroup can be determined by some
other means.

The robustness properties of strong stability have been
studied earlier by Sklyar and Rezounenko [10] who have
considered the robustness of the strongly stabilizing feed-
back A + (-, h)d when the elements h € X and d € X are
perturbed. Their approach is limited to the case where
the strongly stable semigroup is obtained by stabilizing
a skew-adjoint operator with compact resolvent by rank
one state feedback. Another restriction on the applicabil-
ity of their results is that the spectra of the operators are
assumed to have a uniform gap, i.e.

inf _
IICI;H |)\k )\l| >0

for the set of eigenvalues {A;};. This condition rules out
eigenvalues with multiplicity larger than one, the existence
of continuous spectrum and the types of spectra where the
eigenvalues approach infinity slowly. All of these limita-
tions are restrictive when considering applications.

The robustness properties of strong stability have also
been studied by Caraman [11] who has presented a result
on the preservation of strong stability of compact semi-
groups. The requirement that the Cy-semigroup is com-
pact is a very strict limitation [12, Sec. 2.3] and in par-
ticular it rules out the case where the spectrum of the
generator approaches the imaginary axis asymptotically.
Furthermore, the result by Caraman only concerns pertur-
bations B which commute with the unperturbed operator
A.

To our knowledge the preservation of the polynomial
stability of the semigroup under perturbations of its gen-
erator has not been studied previously in the literature.

The problem of perturbation of a spectrum approaching
the imaginary axis asymptotically also has a connection
to the problem of pole placement of an infinite number of
eigenvalues [6, 13, 14]. In connection to this problem it
is well-known that if {1}, is the Riesz basis of eigen-
vectors of A*, then the rate of [(d,v;)] — 0 as k — oo
determines how much the eigenvalues of A can be moved
asymptotically using a bounded feedback A + (-, h)d.

After presenting the theoretical results we present three
examples of their application. In the first example we con-
sider an undamped wave equation on an interval (0,1) re-
sulting in a system with an infinite number of eigenvalues
on the imaginary axis. We first stabilize this equation
polynomially using pole placement of an infinite spectrum
with state feedback [6]. Subsequently, we consider pertur-
bations of this stabilized equation and compute explicit
bounds for the pertubations such that the spectrum of the
perturbed equation remains in the open left half-plane of
C and such that the perturbed semigroup is strongly and
polynomially stable. These conditions on the perturba-
tions are ultimately given as bounds for easily computable
L?(0,1)-norms of the perturbing functions and their first
derivatives. The presentation of this example requires es-
timation of the bounding constants related to the Riesz



basis of the strongly stabilized wave operator. In partic-
ular this requires estimation of the norm of an inverse of
a certain infinite matrix. We show that this can be done
by finding a uniform lower bound for the singular values
of finite truncations of this infinite matrix. This uniform
lower bound is then obtained using a generalization of the
Gerschgorin Circle Theorem for block diagonally dominant
matrices [15].

In the second example we apply the theory to the per-
turbation of an observer-based feedback controller solving
a robust output regulation problem related to an infinite-
dimensional signal generator [1]. In this case we are in-
terested in the preservation of the strong stability of the
closed-loop system under finite rank perturbations of the
controller. The example also demonstrates how the meth-
ods presented in this paper can be applied to the study
of perturbations of composite systems. Since the unper-
turbed operator considered in this example is not obtained
by stabilizing a skew-adjoint operator with a rank one feed-
back, the results of Sklyar and Rezounenko are not appli-
cable.

As the third example we briefly demonstrate why the
assumption of the eigenvalues of the unperturbed operator
having a uniform gap can be a limitation in applications.
To this end we consider perturbation of coupled systems.

The paper is organized as follows. In Section 2 we in-
troduce the notation and formulate the main problem of
the paper. In Section 3 we present the main results on the
perturbation of the spectrum. These results are proved in
Section 3.3. The results on the preservation of strong and
polynomial stabilities are presented in Section 4. The ex-
amples on the perturbation of the polynomially stabilized
wave equation, the perturbation of the robust controller
and the perturbation of coupled systems are presented in
Sections 5, 6 and 7, respectively. Section 8 contains con-
cluding remarks.

2. Main Problem

Throughout this paper we denote by X a Hilbert space
with an inner product (-, -). The open and closed left half-
planes of C are denoted by C~ and C—, respectively, and
similarly the open and closed right half-planes of C are de-
noted by C* and C+, respectively. The space of bounded
linear operators on X is denoted by £(X). The domain
of a linear operator A is denoted by D(A). The spectrum
and the resolvent set of a linear operator A are denoted
by o(A) and p(A), respectively.

Let X be a Hilbert space and consider an operator A :
D(A) C X — X defined by

Az =" Nela, i) o, (2a)
kEZ
={zeX | IMllmn)> <00}  (2b)
kEZ

where {¢} is a Riesz basis of X and {4} is the corre-
sponding biorthonormal sequence. Throughout this paper

we denote by m, and M, the positive constants such that
forall z € X

me Y (@, v ? < afl* < Mo > |, v 2

keZ kez
*Z| z,on)|* < |z < *Z| x, 1) |
7 kez 7 kez

We assume that the set {\;}1 is contained in C~ and that
it has no accumulation points on iR. As in [16, Sec 2.3] it
can be shown that A generates a uniformly bounded Cpy-
semigroup T'(t) on X. Due to the ABLV Theorem [7, 8,
9] the assumptions on the eigenvalues { A} of A further
imply that this semigroup is strongly stable.

We make the following assumption on the asymptotic
behaviour of the eigenvalues {Ag}x of the operator A.

Assumption 1 (Geometric assumption on o(A)). The set
{Ak}tr is contained in C~, it has no accumulation points
on iR and there exist constants o, c, > 0 and y, > 0 such
that

Rep < — if |Im)\}c‘2yg.

Co
|III1 AL |°‘

Because A is similar to a normal operator Assumption
1 also implies that the semigroup generated by A is poly-
nomially stable. More precisely, if A satisfies Assumption
1 for some a > 0, there exists a constant C, > 0 such that

Co

1
<52

1T (t)A™
for all ¢ > 0 [4, Prop. 4.1]. In general it is possible that a
polynomially stable semigroup is not uniformly bounded,
and because of this, not strongly stable. However, in the
case of semigroups generated by operators of form (2) a
polynomially stable semigroup is also always strongly sta-
ble.

Since {Ax}r € C~ and it has no finite accumulation
points on ¢R the operator —A is an invertible sectorial
operator in the sense of [17]. We can therefore make the
following definitions using the fractional domains of the
operators —A and —A*. For 8 > 0 define

Dy =D ={ze X | M’z ) < o0}
kEZ

Dj =D((— ={ze X | > M/l x, ¢x)* < o0 }.
kezZ

The spaces (D, [|[|3) and (D, ||-[|«s
with norms defined by

5= Il ) ylZs = DIy, on)l

(&gl
kEZ keZ

) are Hilbert spaces

for every x € Dy and y € Dj. It is also straight-forward
to verify that under our assumptions for any v > 5 > 0 we



have D, C Dg and Di; C DE and that there exist constants
cgy >0 and ¢ > 0 such that

lzlls < cpqllzlly  and

1Yll+.s < 51yl

for all z € D, and y € DJ.
The main problems of this paper are the following.

Problem 1. Let A satisfy the geometric assumption on
o(A) for some a > 0. Find conditions on the operator
B :D(B) C X — X with D(B) D D(A) such that for the
perturbed operator A + B with domain D(A + B) = D(A)

(a) o(A+B) C C;
(b) A+ B generates a strongly stable Cy-semigroup on X.

(¢) A+ B generates a polynomially stable Cy-semigroup
on X.

In this paper we consider perturbations B which are
relatively bounded with respect to the operator A (or
A-bounded) and of finite rank, ie. R(B) is finite-
dimensional. In this case BA™! € £(X) and there exist
linearly independent sets {b;}72; C X and {g;}7L; C X
such that

m

BAT =% ()b (3)

Jj=1

If B is a bounded operator we can also write

B=> ()b, (4)

j=1

where the sets {b; }ity € X and {g;}7L
independent.

The conditions for the perturbation of the spectrum and
the preservation of the strong stability of the Cy-semigroup
presented in this paper are given in terms of the elements
{b;}, of the perturbation B belonging to a space Dg for
some > 0 and the norms ||b;||s being less than a certain
bound ¢ > 0. Similar conditions are also imposed on the
elements {g;}; or alternatively — in the case of a bounded
perturbation B — on the elements {b;}; and {g;},.

L, C X are linearly

3. Results on The Perturbation of The Spectrum

In this Section we consider the perturbation of the spec-
trum of the operator A. Since our main concern in this
paper are the conditions for the preservation of strong
stability of the semigroup, we are only interested in the
property that the spectrum of the perturbed operator is
contained in the open left half-plane of C. The following
Theorem is the main result concerning the perturbation of
the spectrum.

Theorem 1. Let o(A) satisfy the geomelric assumption
for some a > 0. For every m € N and qyqr > a+ 1 there
exists a constant 6 > 0 such that if 5,y > 0 are such that

a+1< B+ < amgs and if B is A-bounded and of rank
m with {b;}; C Dg and {g;}; C D%, then

c(A+ B)cC™
whenever ||bjls - |gkll«y < 9 for all j,k e {1,...,m}.

Our second result on the perturbation of the spectrum
concerns the case where B is a bounded operator. It makes
use of the alternative representation (4).

Theorem 2. Let o(A) satisfy the geometric assumption
for some a > 0. For every m € N and qqp > « there
exists a constant 6 > 0 such that if 8,7 > 0 are such that
a < B+ < Qmaz and if B € L(X) is of rank m with
{bj}j C Dg and {g}j}j - D,’:, then

oc(A+ B)cCC™

whenever ||b;|lg - |Gkll« < 0 for all j,k € {1,...,m}.

Before proving these results we make a quick remark
concerning the bounds for the norms in the previous The-
orems. If 5, > 0, then due to the properties of the Riesz
basis we have that for any x € Dg and y € D

1 = >kl I e, )P = Y (=4 e, )
kEZ kEZ
1
< —||(=A)Pz|?
< -4yl
11125 = DIl 1y, 6P = D H(=A")y, é)?
kEZ kez
< Mo ||(=A) %

This implies that bounds in Theorems 1 and 2 can
alternatively be given for the norms |(—A)z|x and
|(=A*)"y||x. This is particularly useful when the con-
stants 8 and v can be chosen to be natural numbers. We
make use of this fact in the example presented in Section
5.

8.1. The Weinstein-Aronszajn Determinant

In order to prove Theorems 1 and 2 we recall the defi-
nition of the Weinstein-Aronszajn determinant [18]. This
is a complex-valued function describing the change of the
spectrum of an operator under finite rank perturbations.

If B is A-bounded and of finite rank, then BA™! € £(X)
is of form (3) and for all A € p(A) and € X we have

BR(\, A)x = BAT'AR(\, A)z =Y (AR(X, A)z, g;)b;
j=1

Zm: (AR(\, A))*g;)b;.

Jj=1

Now Z = R(BR(A, A)) = span{b;}7L, is a finite-dimen-
sional invariant subspace of the operator BR(A, A). The



Weinstein-Aronszajn determinant of the first kind [18, Sec
IV.6] is given by

w(A; A, B) =det(Iz — BR(A A)|z)
= det (6jk - <bj7 (AR()H A))*gk>)jk
= det (5Jk — <AR()\, A)bj’gk>)jk .

The following Lemma, which is based on the First
Weinstein-Aronszajn Formula [18, Thm IV.6.2], is essen-
tial in the proof of Theorems 1 and 2. The First Weinstein-
Aronszajn Formula states that the Weinstein-Aronszajn
determinant can be used to determine the change of the
spectrum of a closed operator under a relatively bounded
finite rank perturbation. The following less general formu-
lation of the formula is sufficient for our purposes.

Lemma 3. Let B be A-bounded and of finite rank and let
w(A; A, B) be the associated Weinstein-Aronszajn determi-
nant of the first kind. If A C p(A) is a domain of C, then
forallx e A
A€eo(A+ B) = w(NA,B)=0.
Proof. This is a direct consequence of [18, Thm IV.6.2].
O

We will use Lemma 3 to prove Theorems 1 and 2. To this
end we will construct a domain A C C such that it contains
the closed right half-plane of C and the distance of the
spectrum of A from the domain A satisfies certain bounds.
This is done in Section 3.2. The results of this geometrical
consideration are then used together with Lemma 3 to
prove Theorems 1 and 2 in Section 3.3.

3.2. Construction of The Domain A

In this Section we construct a domain A of C satisfying
C+ C A C p(A) such that there exists a constant a, > 0
for which dist(Ag, A) > ay|Ag| ™ for all k € Z. The main
result of the Section is presented in Theorem 6.

Choose 0, > 0 such that Re A\, < —6, for all k € Z for
which |[Im A\g| < y,. This is possible since the set {\;} has
no accumulation points on ¢R. For 0 < k < 1 denote by C
and C, the paths

C={AeC|Rer=—c,(ImA)~% ImA>0},
Cr={A€C|ReX=—rce(ImA)~* ImA>0}.

Also, denote by C* and C}; their mirror images with respect
to the real axis. Define the domain A C C and closed sets
Q; for i = 1,2,3 as shown in Figure 1. The boundary of
the domain A consists of the curves Cy, C; and the line
segment { A € C | ReA = —kd,, [ImA| < 62c;* }.

Denote 2 = O UQ,UQN3. Our aim is to show that there
exists a constant a, > 0 such that

dist(A, A) > aq|A|7¢, YA € Q.

Figure 1: The domain A and the closed sets ;.

Since clearly {A\r}rez C Q, we then obtain the desired
bound for the distance of the eigenvalues of A from the
domain A.

We first present the following Lemma concerning the
distance of the points of the curve C from the curve C,.

Lemma 4. For all yo > 0 there exists a constant ag > 0
such that for all points (x,y) € C with y > yo we have
dist((z,y),Cx) > agy™*.

Denote by

Proof. Let (x,y) € C with y > yo > 0.
= (kx,y) the points on

(xlayl) = (I’,Réy) and (I27y2)
the curve C, (see Figure 2).

(z2,y2)

Figure 2: The distance between the curves C and Cy.

Since the tangent of curve C, has positive slope for all
x < 0, the minimal distance from C, to (x,y) must be
from a point between (z1,y1) and (x2,y2) on C,. Because
of this, the distance of (z,y) from C,, must be larger than
the distance of (x,y) from the line between (x1,y1) and
(z2,92)-

Choose a constant b > 0 such that

c2(1—k)?

b= .
(1 = /)2yt

Since y > o, we then have

b > 2(1—k)?
= (1 _ Hl/a)2y2(o¢+1)

= b1 —rY)22 > (1 - k)22y~ 2

For the distance |r| of the line between (z1,y;) and (22, y2)



we now have
| = (w2 —21) (11 —y) — (21 — =) (y2 — 1)
V(e —21)? + (y2 — y1)?
(1—r)eoy - (1 —kYy
V= Py (L= w02y
(L —r)eo(1 =)y y @
- \/b(l — k)22 4 (1 — gl/)2y2

700(17@
Vits !

—Q

Thus if we choose ag = C”\/(%:) we have for all (z,y) € C

with y > yo that dist((z,y),Cx) > |r| > agy™ . O

The next Lemma shows that we have an estimate of the
desired type for the sets 2; and Q.

Lemma 5. Let the constant ag > 0 be as in Lemma 4

with yg = cgéé;é. Then for all A € Q1 U Qs we have

dist(X, A) > ao|A| .

Proof. Assume that A € €; and define points pu; =
(Re A, (—7=ReA) ™M), py = (—kce(ImA)~*,Im A) and

Wy = (—60,0,;%6;%). Let po be the point on the curve
C,. with the minimum distance from the point A and let A\
be the intersection of the line between A and pg and the
curve C (see Figure 3).

Figure 3: Points A, A\g and po.

Since the tangent of the curve C, has positive slope for
all x < 0, the point g must be between points pq and po
on C,. Because of this, we have Im pp < Im Mg < Im A.

Clearly the distance of Ag from A is greater or equal
to the distance of )y from the curve C;. Using Lemma
4 we see that for our choice of the constant ay we have
dist(Ag, Cx) > ap(Im Ag) ™%, since Im Ag > Im py,.

Combining the previous estimates we see that

dist(A, A) > dist(Ag, A) > dist (Ao, Cr) > ag(Im Ag) ™
Z ao(Im)\)f‘)‘ > ao|A‘7O‘.
From symmetry we see that the same bound also holds

for A € Qg and thus we have dist(A, A) > ag|A|~¢ for all
A E QL UDs. O

Theorem 6 finally concludes that we have the desired
estimate for the distance of the eigenvalues {A;}x of A
from the domain A.

Theorem 6. There exists a constant a, > 0 such that
dist(Ag, A) > ag| M|~ for all k € Z.

Proof. For any A\ € Q3 we have dist(A, A) > (1 — k), and
[A|7® < 5 since |A| > d,. Using these estimates we have

dist(\, A) > (1 — k)5, = (1 — k)dL+eg
> (1— R)SLOIN .

Since { A trez C Q, combining this estimate with Lemma
5 completes the proof. O

8.8. The Proofs of Theorems 1 and 2

Proof of Theorem 1. Lemma 3 implies that it is sufficient
to show that for any m € N and aax > @+ 1 we can find
0 > 0 such that |w(\; A, B)| > 0 for all A € A whenever
a+1< B+ < amax and B is A-bounded and of rank
m with {b;}; C Dg and {g;}; C Dj such that we have
1615 - [lgk]l«,~ < 0 for all j, ke {1,...,m}.

Let m € N and apmax > a4+ 1. For A € A C p(A) the
Weinstein-Aronszajn determinant w(A; A, B) is given by

w(X; A, B) = det (06 — (AR(X, A)bj, gk)) ;5 = 1+ h(N),

where h(X) is a linear combination of products of terms
(AR(X, A)bj, gi). Because of this and because

sup|h(N)| < 1 = sup |w(\ A, B)| >0,
AEA AEA

it is sufficient to show that for all j,k € {1,...,m}
and for any ¢ > 0 we can find &' > 0 such that
Sup)\EA|<AR()‘7A)bj7gk>| <egifa+1c< 6 + v < Qmax,
bj € Dg, gr € D3 and [|blls - lgrll«.y < 0"

Let € > 0 be arbitrary. Choose 0 < r, < 1 such that
[Ak| > 7, for all k € Z and

£ Gy

I
6 T atl—amax > 07
o

r

where a, > 0 is as in Theorem 6.

Let 8,v > 0 be such that a4+ 1 < 4+ v < amax and let
b € Dg and g € D} be such that [[bls - [|gll«, < ¢’. For
brevity denote b* = (b,4;) and ¢g* = (¢, g) for k € Z.
Now since for any A € C with || > r,

|A[ett = |)\‘a+1fﬂ*’7|)\|ﬁ+7 < Tgﬂfﬁfvp\‘ﬁwv

< T?"Fl_amax |)\|B+'Y7



we have using Theorem 6 that

[Xel[b*]19*]

sup [(AR(X, A)b, g)| < sup A — Akl

DYSVAN keZ A€A

[ Ael6"lg"| 1 Lk ok
= SRR AT <N e
it &) = 2 g Al 109"
keZ kEZ
a+l—amax

r
UTZMH/BMWHQH
7 ke

rg Tl e 2 k2% 2y k|2
A N A N ORI

g kEZ keZ

IA

Nl

IN

ng—&-l—amax
—— s - llg

o

xy <€

This concludes the proof of the Theorem. O

The proof of Theorem 2 is similar to the proof of Theo-
rem 1. The main difference is that since the perturbation
B is a bounded operator the Weinstein-Aronszajn deter-
minant can be given using the representation (4).

Proof of Theorem 2. If B is bounded and of rank m, for
any A € A C p(A) the Weinstein-Aronszajn determinant
is given by [18, Sec IV.6]

WX A, B) = det (35 — (RO )by, 65))

and similarly as in the proof of Theorem 1 we have
w(A; A, B) = 1+ h(\), where h()) is a linear combina-
tion of products of terms (R(\, A)bj, gx). Using Lemma 3
and following the reasoning of the proof of Theorem 1 we
see that it suffices to show that for all j,k € {1,...,m}
and for any ¢ > 0 we can find 6’ > 0 such that
supyea (RN, A)bj, gr)| < e if a < B+ < tmax, bj € Dg,
gr € DY and [[bjl[g - l|grl«y <"

Let € > 0 be arbitrary. Again choose 0 < r, < 1 such
that |Agx| > r, for all k € Z, let a, > 0 be as in Theorem
6 and choose

§ =% 5.

QX —Q&max
To

Let 8,7 > 0 be such that o < S+ < amax and let be Dg
and g € D; be such that [[b|s - [|g[l«, < ¢’. For brevity
denote b* = (b, ¢;,) and ¢* = (¢, §) for k € Z. Since for
any A € C with |A| > r,

IA|® = |/\|a—6—'y|)\|ﬁ+w < T?—B—'y|/\|/3+fy < r?—amax‘)\|ﬁ+v,
similarly as in the proof of Theorem 1 we have using The-
orem 6 that

sup (RO A5 < 3 Lol
AeA T T S dist(M, A)
1. PO Cmas
< 3 LIl < T S8
kez o kEZ
,,,a*a
<

e ol - gl <

g

This concludes the proof of the Theorem. O

Remark 7. If 0(A) consists only of isolated eigenvalues
with finite multiplicities, the proof of Theorem 1 can be
greatly simplified. In this case the construction of the do-
main A is unnecessary. This follows from a more general
form of the first Weinstein-Aronszajn formula [18, Thm
IV.6.2], which under these assumptions holds in the whole
of C. As in the previous proof we could in this case de-
termine bounds for ||b;||s and ||gkl|/« such that for some
constant ¢ > 0 we have w(\; A, B) > cfor all A € C*. The
First Weinstein-Aronszajn Formula would then imply that
C* C p(A+ B) and further, since the Weinstein-Aronszajn
determinant is continuous on p(A), that iR C p(A + B).
This would conclude that o(A+ B) C C.

Remark 8. From the proofs of Theorems 1 and 2 it is
easy to see that if [A\g| > 1 for all k¥ € Z we can then
choose 7, = 1 and the bound § > 0 is independent of the
value of apax.

4. Results on The Perturbation of Strong and
Polynomial Stability

In this Section we present conditions for the preserva-
tion of the strong and polynomial stabilities of the Cjy-
semigroup. The following Theorem concerning the preser-
vation of the strong stability under a bounded finite rank
perturbation B is the first main result of this Section. The
proof of this result uses a result by Casarino and Piazzera
[19] concerning the preservation of uniform boundedness
of a Cy-semigroup.

Theorem 9. Let o(A) satisfy the geometric assumption
for some a > 0. The following hold.

(a) For every m € N there exists & > 0 such that if
B € L(X) is of rank m with {b;}; C D, such that
16ille - Gkllx < & for all 5,k € {1,...,m}, then the
semiagroup generated by A + B is strongly stable;

(b) For every m € N there exists § > 0 such that if
B € L(X) is of rank m with {g;}; C D}, such that
15;11x - |1Gkllwa < O for all §,k € {1,...,m}, then the
semigroup generated by A + B is strongly stable.

The proof of the Theorem is based on the following
Lemma.

Lemma 10. Let o(A) satisfy the geometric assumption
for some a > 0. For every m € N there exists § > 0
such that if B € L(X) is of rank m with {g;}; C D}, such
that ||b;llx - |Gjll«a < & for all j € {1,...,m}, then the
Co-semigroup generated by A+ B is uniformly bounded.

Proof. Let m € N and choose § = 222 where a, > 0

2m

is as in Theorem 6. Assume B € £(X) is of rank m with



{b;}; € X and {g;}; C D such that ||b;]|x - ||Gj]lxa <0
for all j € {1,...,m}. We will show that
o 1
/ |BT()elds < Slell, Vo€ X.
0

We then have from [19, Cor. 2.2] that the Cp-semigroup
generated by A + B is uniformly bounded. Let z € X

and for brevity denote z* = (x,14,) and g;? = (¢x, g;) for
k € Z. Now
| o< [ it
0 keZ
= [ et
keZ

For all k € Z we have |[ReAg| > dist(Ak, A) > ax| M|
and thus

* Rexitg, €M1 | Ak|®
e dt = = < .
0 ReAk

Since

o0
1
3 / RNttt |gp] < — S Inel* ¥ g}

kez 0 7 kez

1 N :
-z ) ()
o \kez kez

1 "
= 2 - 1195115

Ur/Meo

we can conclude using the Dominated Convergence Theo-
rem that

o
| iroa s [ Zemﬂwkng at
0

kEZ

= > / Mt dt]ak]g¥| < - [
VIENeH
keZ oy Mo

IN

Using this we get

/0 |BT(t x||dt</
—an || /

o~ b, || Hg I*a 1
Z ] [l < 5l

91 lIbsldt

t)x, g;)ldt

This concludes the proof of the Lemma. O

Proof of Theorem 9. The ABLV Theorem [7] states that if
o(A+B) C C~ and if A+ B generates a uniformly bounded
Cy-semigroup, then this Cy-semigroup in strongly stable.
Because of this the part (b) of Theorem 9 follows from
Theorem 2 and Lemma 10.

If B € L(X) is of form (4), then its adjoint is given by

Clearly the operator A* satisfies the geometric assump-
tion for some o« > 0 whenever A does. Because of this
and because an operator on a Hilbert space generates a
uniformly bounded Cy-semigroup if and only if its adjoint
does, the sufficiency of the part (a) of Theorem 9 follows
from Theorem 2 and Lemma 10 applied to the operators
A* and B*. O

The second main result of the Section concerns the
preservation of the polynomial stability of the semigroup.
It is given in the following Theorem.

Theorem 11. Assume that the conditions of Theorem 1
or Theorem 2 are satisfied and that there exists an isomor-
phism T € L(X) such that
Ae
Ay,

where A, generates an exponentially stable semigroup and
A, is a normal operator. The perturbed semigroup S(t) is
then polynomially stable and there exists a constant C, > 0
such that

T(A+B)T ™' =

Co
tl/a

IS®)(A+B)7 <

for allt > 0.

Proof. Denote by T.(t) and T,(t) the semigroups gener-
ated by A. and A,,, respectively. The proofs of Theorems
1 and 2 guarantee that o(A4,) C o(A+ B) C C\ A. The
construction of A then implies that the spectrum of A,
satisfies Assumption 1 for the same o« > 0 as the unper-
turbed operator and for some constants c,,y, > 0. We
thus have from [4, Prop. 4.1] that T, (¢) is polynomially
stable and that there exists a constant C,, > 0 such that
forallt >0

Cy

-1
fin ” f; %172;'

1T (2)
Using this we can see that there exists a constant C, > 0
such that for all t > 0

-1

IS(E)(A+B) || = HT [Te(t)Ae

ra| T

_ Co
< |IT|I-|IT 1||~ma><{||Te(t)|| IAZHI, tm} < fia

O

Remark 12. The conclusion of Theorem 11 of course also
holds if T(A+B)T~! = A, i.e. if the eigenvectors of A+ B
form a Riesz basis of X.



5. Perturbation of a Polynomially Stabilized Wave
Equation

In this Section we consider an example of application
of the perturbation results presented earlier. To this end
we consider a one-dimensional wave equation on the in-
terval (0,1). We first use one-dimensional state feedback
to stabilize this equation polynomially in such a way that
the system operator of the stabilized equation is a Riesz-
spectral operator whose spectrum satisfies the geometric
assumption. We then consider perturbations of this stabi-
lized equation. We will complete the stabilization part of
the example in such a way that it is ultimately possible to
compute concrete bounds § > 0 for the perturbations such
that the spectrum of the perturbed equation remains in
the open left half-plane of C and such that the perturbed
equation is strongly and polynomially stable.

Consider the following one-dimensional wave equation

n (0,1).

0w 0w

T =2 enm) ()
w(0,t) =w(1,t) =0 (5b)
w(z,0) = wp, D(=,0) = w, (50)

where by(z) = V/3(1 — 2). It is well-known that this equa-
tion can be written as a first order linear system on a
Hilbert space in the following way. Define the operator
Ag D(Ao) C L2(0, 1) — L2(O,1) to be Ag =

domain

2 .
—dd? with

D(Ap) = {x € L*(0,1) | z,2’ abs. cont.
L?*(0,1), z(0) ==z(1) =0} .

The operator Ay has a positive self-adjoint square root
Aé/Q and the space X = D(Aé/z) x L2(0,1) equipped with
an inner product (z,y)x = <Aé/2x1, Aé/2y1>L2+<x2,y2>L2
is a Hilbert space. Choosing

v = [%] A= [_210 ﬂ | D(A) = D(4o) x D(4Y/?),

=0 _ |wo
Bubu[bo] U, xo{wl}

the wave equation (5) can be written as

& = Az + Bu, x(0) = xo. (6)
The eigenvalues of A are Ay = ikw for k € Z \ {0} and

. . _ 1 | sin(kmz)
the corresponding eigenvectors ¢y (2) = x- [ A sin(lmrz)}

form an orthonormal basis of X.

The next Theorem gives us a stabilizing feedback law
u = Kz = (x,h) for the system (6) and establishes the
fact that the stabilized system operator A+ BK is a Riesz
spectral operator. Then, since the spectrum of A + BK

satisfies Assumption 1, the stabilized semigroup is poly-
nomially stable. In addition the Theorem gives us the
constants m, > 0 and M, > 0 related to the Riesz basis
of eigenvectors of A+ BK. These constants are essential in
computing explicit perturbation bounds later in the Sec-
tion.

The Theorem incorporates a parameter 0 < v < 1,
which allows us to control how much we shift the spec-
trum of A from the imaginary axis. We will show later in
the Section that this parameter can be used to control the
size of the norm ||K|| of the feedback. This is required in
our approach of using perturbation theory of normal oper-
ators to study the strong and polynomial stabilities of the
perturbed semigroup.

Theorem 13. Choose K = (-, h) € L(X,C) with
Z h IT (1+ip—
- Pho where ap = ZZQ(Z—k)
k;ﬁO 10,k

and 0 < v < 1. Then A+ BK is a strongly stable Riesz-
spectral operator with o(A + BK) = {—viz + ikm}irzo.
For v = 1—10 the Riesz basis {dw}r20 of eigenfunctions of
the operator A+ BK satisfies

—D (@, 0> < |2k < —Z| (@, o0)>  (7)

7 k#0 7 k#0
: _ 3 _5
with my = £ and M, = 3

Proof. Let 0 < v < 1 and denote p =
k # 0. Using

—vgz + tkm for

<b, ng>X = <b0,SiIl(k7T-)>L2 = ]%f

we see that for any A € C with dist(\,0(A4)) >
any [ #£ 0

3 1
Z 2 = 2 9; 2 1.2
=z |/\ /\k| w2 dist(A, 0(4)) Prrd k
18 72 9
S (8a)
3 1 3 72 1
< — = — — = — 8b
Zp\k,)\”z = ﬂzzkzﬂz 13 2 (8b)
k#0 k#0
k#l k#l
2
Z\Mk—AkF:ZVQ%_VwL 1
|<b7 ka>‘2 232 3 k?
k#0 k#0 72k k#0
4 2 6
27T ™ 27'['
=2 =2 8
v 33 v 3 (8c)

We thus have from [6, Thm. 1] that there exists a feedback
K = (-,h) € L(X,C) such that 6(A+BK) = {p } 0 and



that h € X is given by

Mk — Ao —Viz__ ayg
h = akgokzz kz—fzfﬁpky
k0 {0, b) k0 ;T\/E V3 k20 k
_ )\k—,ul_ i(k*l)Jrl%
a’“_HAr Z_H ik —1)
140,k 10,k
14

It remains to prove that the eigenfunctions of A+ BK form
a Riesz basis of X. It is fairly easy to verify that for every
k # 0 we have (R(ug, A)b, h) = 1 since py, is an eigenvalue
of A+ (-,h)b and that R(ur, A)b is an eigenfunction of
A+ (-, h)b corresponding to ui. We will show that the set
{¢x} k20 of eigenfunctions of the operator A + BK forms
a Riesz basis of X when

HE — Ak T — % (b, 1)
d)k R(,ukaA)b:
b* V3 ; Hi — A
1
v T vk
=—= PR Or=) e P
kg~ il —F) : gul—m%(ls—m :

Define a mapping 7' : X — X so that ¢ = Ty for all
k # 0. Tt is well-known (see for example [16, Exer 2.21])
that the set {¢}rzo is a Riesz basis if T' is a bounded
isomorphism on X. Furthermore, in this case (7) is sat-
isfied for any m, and M, such that ||T]|?> < m%, and

|T—1||*> < M,. If we denote

— vk
=

vl —ik2l(k — 1)’

then since cxp, = 1 for k # 0 we have that for any x € X

T =) (,en)Teorll = 1D (o, on) (o + > crgn)ll

k#0 k#0 170,k
< el + > Ko - 1D el
k#0 170,k
1
=l + 1210 > lewl?)z.
k70 170,k
Because
V2 k2
|ckl‘2 = 272 472 PR
V212 + kA2(k =)
we have |c_g, ;| = |cxi| and a straight-forward estimation
gives
oo
3 Sl = 3 ( 3 bl S+ 3
k70 170,k k#0 \i=—oo l=k+1
oo o
1 1 w2 7t 76
< 62 L g T _T 2
= ;kﬂ;%— "6 90 90"

10

This concludes that T' € £(X) and | T <1+ —1/2 For
2

75 we have ||T||? < (1 + m) <

choose m, =

It remains to find a bound for ||7'~*||. This is equivalent

to finding v > 0 such that |Tz| > || for all z € X.

Since T' € L(X), this is satisfied for all x € X if it is

satisfied for every x in a dense subset of X. To this end
define

v = 5. Thus we can

3
5 L
I

Xp={x€X|3N eN: (z,¢) =0 whenever [k| > N }.

This subset is dense in X. Let z € X and let N € N be
such that (x, k) = 0 whenever |k| > N. We then have

IT)® = 11z, o Toull® = 1) (e, 0u) D cmenll®

k0 k0 140
=D D (@ el =) | Z (@ ox) el
10 k0 1£0 k=—N
k0
Z | Z (@, on)erl® = || Tn (2, 1) kll5n
l7é0 k;so
> (o) (= ou))kl3n = (0% - [l])?

where ||-||2x is the Euclidean norm in C2¥, T denotes a
2N x 2N matrix Tn = (cg1)i where k,l € {—N,...,N}\
{0} and o2 denotes the smallest singular Value of Tn.
This estimate implies that if we choose v > 0 such that

. N
< inf o
Py_NeNS’

then || Tz||?> > +?||z||? for all z € X and hence also for all
reX.

For N € N let Hy i1(Iy + T%) be the Hermi-
tian part of Ty. We now have from [20, Cor 3.1.5] that
oN > Muin(Hy), where Apin(Hy) denotes the smallest
eigenvalue of Hy. Thus it suffices to find a uniform lower
bound v > 0 for the eigenvalues of matrices H .

In order to find this uniform lower bound we will use a
generalization of the Gerschgorin Circle Theorem for block
matrices [15] Fix N € Nand let n € {1,...,N}. Recall
that hy, = (ckk +Crr) = 1 for k # 0. We can partition
the matrix HN into

1 o+ hon-—n H_-Nno h-nnm h_n,N
hon-1,-N 1 H_ 1o hon_1,n
Ho,-n Hp 1 Ho Ho1 Hon
hnt1,—-N Hio 1 nt1,n

| NN hn,—n-1  Hno hANni1 - 1

Since the center block H@, € C**2" is Hermitian and
invertible, we have from [15, Thm. 2] that each eigenvalue




A of Hp satisfies

dist(A, o (Hg))

< 3 [Hosls (9a)

k=—N
k#0
or
A =1 < [[Hioll2 + Z I (9b)
n<|k|<N
]
for at least one j € {—N,...,—n—1}U{n+1,...,N}.

A direct computation yields that for all k # [ we have

2 v2(E* + 2K21% +1%) + k414 (K — 1)2

4 (R Rk — D)2 (2R + k2 (k —
— 1)2

V2 2 (kY 4 2K202 1) 4 4R4A (k
4 K42 (k — 12142 (1 — k)2
V2 (12 4+1)

K22(k — )2

h 2
| kll 1)2)

<

<

Using this we can estimate and the Holder’s inequality for
p=10and g = p%l 10

5 we have
N n
1
I Hoklz < D0 (O hal)?

k=—N |k|>n l=—n
k0 1#0
1
< WITRE Y |k| Z - _l )3
|k|>n
< 2uV/1+ 12 Z k Z %
k=n-+1 l=—n
10
a1 9
2 1 2 [ee) 1 l(J oo 1 10
o 2T v\/gﬂ( 3 w) <Zk> — Ry,
k=n+1 k=1 ’
On the other hand, ifl € {—N, ..., —n—1}U{n+1,..., N},

we have ||Hjoll2 = maxg<|gj<n|hix| and thus

[Hiollz+ > bkl < > [l

n<|k|<N k50,1
k£l

vyv1 412 Z |k|

k50,1

vv1+ 2 1.1 1
;(Z ﬁ)z(zm

Y k0,1

vV1+v2 7 R
_ =: Ry.

IA

Ikl

IN

<

n 3

The conditions (9) now imply that for any n < N the
spectrum of Hy belongs to a Gerschgorin set

U BRY)

nea(Hg,

G.=B(1,R}) U

11

where R} and RY are decreasing functions of n. The sets
G,, are independent of the value of N. This implies that
for any n € N the union of the spectra of the matrices
{HN}nNen is contained in the set

St =Gn U |J o

N<n

Thus we can choose the required lower bound to be any
7> 0 such that 7 < inf{ Re A | Aexp, } for somen €N
for which the infimum is positive. It is also clear that this
bound can be computed explicitly. Figure 4 shows the
set X, for v = {5 and n = 50. In this case we have
RY ~ 0.06558 and R} =~ 0.006613. The light and dark
grey areas denote the two parts of the Gerschgorin set G,
and the black dots denote the spectra of the matrices H
for N <n.

0‘.8 i
Figure 4: The set X', for n = 50.
This computation shows that if we choose 2 = g, we
then have ||Tx||? > v2||x||? for all x € X. This concludes

that 771 € £(X), [|[T7!* < 5 and finally that we can
choose M, = 2. O

It is now clear that the spectrum of the stabilized oper-
ator A+ BK satisfies the geometric assumption for values
a =2, ¢, =vr® and y, = 7 and we can choose §, = vm
(Section 3.2) and r, = 1 (proof of Theorem 1 in Section
3.3). We can now use the perturbation results presented
earlier to study the perturbation of the polynomially sta-
bilized wave equation. The perturbations we consider are
of form

0%w

A?w
2 (2,t) =

O (et) + bofeutt)
o) (w0, + (G ). 0002

where dy, g2 € D(Ap) and g1 € L?(0,1). If we denote

0 A191:|
[ g [ 9

il

then the perturbed equation can be written as

&= (A+ BK)z + (z,9)xd, z(0) = o,



with d,g € D(Ag) x D(Ag) C D(Ag) x D(AF?) = D(A)
and A+ BK is a Riesz-spectral operator. Since A is skew-
adjoint and since D(A + BK) = D(A), Theorem 2 implies
that there exists a constant é > 0 such that the spectrum
of the operator (A + BK) + (-, g) xd belongs to the open
left half-plane of C whenever

ldll, < V&

As in Section 3 we can see that

w1 < \/g

and

1
s < =l (A -+ BE)dlx

l9ll«1 < VMo|l(A+ BK) gl x.

Using this we can conclude that if we choose § > 0 as
above, then the spectrum of the perturbed system operator
(A+ BK) + (-, 9) xd remains C~ whenever

0
I(A+ BE)dlx < Vimod, Il(A+BE)gllx < /5

From the proof of Thereom 2 we see that we can choose
any 0 > 0 such that § < a, and from the construction of
the domain A in Section 3.2 we obtain

a, = min )G Ké)ca;ﬂ (L= K)o
V= kE)26E 4o (1 x)2
= min )] G \/E)Z:%W% (1 — k)3
V@ = VRpvmd 4 d (1 - w)?
= (1 —)7® - min 'V\/;F% ,1
Vrrd + 1+ VR

%(1 — /1)71'%
\/mr% + (1+ k)2

and where 0 < v < 1 and x € (0,1). Clearly a, is a
decreasing function of x and if we choose k = we get
for v = 2

L
100

10
099 (L)2 7% 5
Ay = 10 >§
%7‘(‘%4—1.21

Thus we can choose § = g Computing v/m,0 = 1 and

/0/M, = 1 we see that the condition for the perturbation
of the spectrum becomes

(A4 BK)d| <1,
We clearly have | B = Hb||X = ||bo||z2 = 1 and

I(A+ BK) gl x <1.

274 o |2
1K = 0]k = Z Lok = 5>
k;ﬁO k#0
2.6
SV; - supovg[?
k#0

12

since the set {¢y} is orthonormal. For k # 0
2
H|1+z II <1+l4(l—k)2

10,k 10,k
Since log(1 + x) < x for any « > 0, we have

|a|® =

).

k;)'

st = 3% oz (1 1757557 < 32 e
1£0,k 1#0,k
1 1
2 il ’ il 2: 2vm?
I3 1t 9v1050°

This allows us to conclude that the bound for the norm
||| of the feedback depends continuously on v and can
be made arbitrarily small. For v = % we have

s

3

3 2.5
|K | < S-esvitm <

We have Aal/z =Y ro i (-, sin(km)) 2 sin(kn-) and thus
140" = 3.

. Using this we have for the norms of the
elements d, g, Ad and A*g that ||d||x = ||do||zz and

1
1/2 ,—
lgll% = 146" A g1 l172 + llg27= < —llgilzz + lloall7:

iaai =[5, o] [o]] -
/
/Oldg( ) - dy(2)dz = || g7

£ 2 _ > _[[[ 0 I[Ad e
sl = lasti = || %, |

L) - W

= ||92||L2 + H91||L2

(AYdo, AY2do) 1

= <A0d0, d0>L2 —dg(z) . d()(Z)dZ

2

X

A(1)/2927 A(l)/292>L2 +(—g1,—91)

and we can estimate

(A + BE)d|[x <[|Ad|x + | BII[lK[d]

™
< |ldp|z> + ngOHL2
and

I(A+ BEK)"gllx < [|A%glx + [IK*(H1B"[llgllx

™ 1
SVERR

Combining these estimates we see that if do, g2 € D(Ap)
and g; € L*(0,1) are such that the L?-norms of dg, dj,
g1, g2 and g} are small enough, then the spectrum of the
operator A + BK + (-, g)d is contained in the open left

lgullZ + llg211Z



half-plane of C. For example for functions
do(z) = ¢ sin(mz) cos(2mz),

91(2) = c2(X[0,.25(2) + ix[0,.5)(2)),

g2(2) = cze” tan(rz+5)”
this is true whenever ¢y, co, c3 < %

To use Theorem 9 to study the preservation of the strong
stability of the Cy-semigroup we would now need that
either d € D(A + BK)? or g € D((A+ BK)*)?. How-
ever, this is a difficult requirement to satisfy because
R(B) ¢ D(A). In order to overcome this difficulty we
could choose B in such a way that R(B) C D(A). This
can be done by simply choosing a smoother function by,
more precisely any by € D(A(l)/ 2). However, if we do this,
then in order to satisfy the conditions (8) for the existence
of the bounded feedback completing the pole placement we
would need to choose the target set {uy}r of eigenvalues
in such a way that its members approach the imaginary
axis faster. This, in turn, would lead to larger « in the
geometric assumption and consequently to a requirement
that d € D(A+ BK)* or g € D((A+ BK)*)* for a > 2.
Because of this, the conditions for the preservation of the
strong stability presented in Section 4 are not very useful
in this example.

We can, however, use Theorem 11 to determine condi-
tions for the uniform boundedness and the stability of the
semigroup generated by the perturbed operator. The next
Theorem concludes that if the L?-norms of the functions
do, g1 and go are small enough, then the semigroup gener-
ated by A+ BK + (-, g) xd is polynomially stable.

Theorem 14. If in addition to the bounds presented above
the norms of the functions dy, g1 and g2 satisfy

4
s

o7 - (lgallZe +72llgall72) < 3¢

the perturbed operator A + BK + (-,g)xd generates a

strongly and polynomially stable Cy-semigroup.

Proof. Writing
A+ (BK + (-, 9)xd)

we can consider the perturbed operator as a perturbation
of the operator A. The operator A is normal, has compact
resolvent, its eigenvalues A\ = ¢k7 lie on the imaginary
axis and have a uniform gap

]161;2 |)\k*>\l| =7 >0.

Theorem 6.2 and Remark 6.3 in [21] state that the gen-
eralized eigenvectors of A + BK + (-, g)xd form a Riesz
basis of X and all but a finite number of its eigenvalues
are simple provided that

T
|BK + (-, 9)xd| < 3

13

This is satisfied, since we have using our assumption that

IBK + (., g9)xd|| < [IBI[[IK| + llgll x Il x

™ m s
4=

< .
3 6 2

T 1
ol | lln 2 + ol <

Since 0(A + BK + (-,g9)xd) C C~ the fact that the gen-
eralized eigenvectors A + BK + (-, g) xd form a Riesz ba-
sis of X and the infinite part of the spectrum consists of
simple eigenvalues concludes that it generates a uniformly
bounded semigroup. This in turn concludes that the semi-
group generated by A+ BK + (-, g) xd is strongly stable.

The above conclusion also means that the perturbed op-
erator is of the form of Theorem 11. Thus the perturbed
semigroup S(t) is polynomially stable and there exists a
constant C, > 0 such that for all ¢ > 0

Co
tl/a’

[S(t)(A+ BK + (-, g)xd)~"| <

6. Perturbation of a Robust Controller

In this Section we consider an example related to the ro-
bust output regulation of distributed parameter systems
with infinite-dimensional exosystems [1, 2]. The results
in [1, 2] state that under certain conditions the robust
controller achieves output regulation regardless of the per-
turbations to the systems parameters provided that the
closed-loop remains strongly stable. We consider a closed-
loop system consiting of a plant and a robust observer-
based controller and study the preservation of its strong
stability under finite rank perturbations of the infinite-
dimensional internal model in the controller. Although the
results on robustness of output regulation in [1, 2] are not
directly applicable to perturbations of the internal model,
the preservation of the stability of the closed-loop system
is still an interesting problem. Also, these types of per-
turbations can be considered in the context of practical
output regulation [22], where the aim is to regulate the
reference signal with a given finite accuracy. Even more
importantly, this example illustrates how the perturbation
of composite systems can be handled with the techniques
presented in this paper.

Since in this case the unperturbed operator is not ob-
tained by feedback stabilization of a skew-adjoint opera-
tor, the methods presented in [10] cannot be applied to
this example.

For simplicity we consider a stable single input, single
output system and rank one perturbations of the internal
model.

The aim of this example is to demonstrate the appli-
cation of the perturbation results to problems of control
theory and robust output regulation. Because of this, we
do not compute the bounds for the perturbations explic-
itly, as was done in the previous example. Instead, we



simplify things by choosing the parameters in such a way
that we can reuse the computations carried out in Section
5.

Consider a linear time-invariant distributed parameter
system

= Ax + Bu,
y=Cx+ Du

z(0) € X

on a Hilbert space X, where x is the state of the system,
u the control, y the output. The operator A generates an
exponentially stable analytic semigroup and B € £(C, X),
C e L(X,C)and D € C\{0}. For s € p(A) we denote by
P(s) = CR(s, A)B + D the transfer function of the plant.

We consider signals generated by an infinite-dimensional
exosystem

0 = Sv, v(0) € W,

Yref = Fv

on a separable Hilbert space W = spani{py }rxo. The sys-
tem operator S of the exosystem is chosen to be

Sv = Zikﬂr(u,(pk}g@k,
k40
veDS)={veW| Zk2\<v,gpk>|2 <00 }.
k=0

We denote by Ts(t) the group generated by S and choose
F =3 07% (%K) An example of a reference signal gen-
erated by this exosystem can be given by choosing the
initial state v(0) € W of the exosystem to be

1 (eikﬂT _

27 prrd k

12
)Sﬁk~

v(0)

The corresponding reference signal is then given by

Yref (t) = Fo(t) = FTs(t)v(0) = > _ ™™ (v(0), px) Fipy,
k0
L (T2
2 k2 e

k0

This is precisely the Fourier series representation of the
sawtooth signal depicted in Figure 5.

Figure 5: Example of a signal generated by the exosystem.

The robust output regulation problem consists of finding
a feedback controller such that for all inital states of the
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original system, the signal generator and the controller the
output of the plant satisfies
lim |y<t) - yref(t)‘ =0

t—o0

and such that this property is robust with respect to a
class of perturbations preserving the strong stability of
the closed-loop system.

The system operator of the closed-loop system consist-
ing of the plant and the robust observer-based controller
solving the robust output regulation problem is given by
[1, Thm. 13]

A BKH BK
A, = |-LC A+BKH+LC BK
G>C GoDKH S + GoDK

where L € £(X,C) is such that A + LC' is exponentially
stable, G3 = go € W, and the operator H € L(X, W) is
such that H(D(A)) € D(S) and it is the unique solution
of the Sylvester equation SH = HA+ G2C. We have from
[1, Lem. 19] that such an operator always exists and that

<H$7 9016> = <927 ng>CR(’ka7 A).’L'

for all z € X and k # 0. In the controller the copy of the
system operator S of the exosystem is called the internal
model of the exosystem. In this example we consider the
perturbations of this particular operator in A..

We will first show how to choose Gy € L(C,W) and
K € £L(W,C) in such a way that the closed-loop system is
strongly stable. For this we will use the method presented
in [1]. To do this we will need the standard assumption
that the transfer function of the plant satisfies

(10)

sup |P(ikm)| < oo, inf |P(ikm)| > 0.
k#£0 k#0

6.1. Stabilization of The Closed-Loop System
Choose

I 00 I 00
T.=10 0 I|, T-'=1|1 0 I
-1 1 0 0 I 0

and define A, = T,A,T*. We then have

i A+ BKH BK BKH
A, = |Go(C+ DKH) S+ GyDK G,DKH
0 0 A+ LC

and since A + LC is exponentially stable, A, is strongly
stable if

A+ BKH

Aer = {GQ(C +DKH) S+ G3DK

BK }

is strongly stable [1, Lem. 20]. Choose T,; € L(X x W)
such that

H I

T = [_I 0} .



Now T.;;' = T.; and using the properties stated above we
obtain

~ A —BK

_ -1 _
Ael - TelAelTel - |:O S+BlK:|
where By = HB + GoD € L(U,W). Since A is exponen-
tially stable, A.q is strongly stable if S + B K is strongly

stable [1, Lem. 20]. Using (10) we can see that for v € C

(Biu, pr) = (HBu, o) + (G2 Du, ¢y,)

(
<927 Q0k>CR(7/W]C7 A)BU + <927 @)Du
= (g2, ) P(iwp)u,

where P(s) is the transfer function of the plant. To sim-
plify things, we choose go € W in such a way that we

can use the stabilizing feedback given in Theorem 13 to
also stabilize S + B K. Our assumptions imply that if we

choose (g2, pr) = then go € W and

V3 V3
ke P iy ) kr

V3
kmP(iwy)’

(B1,0r) = P(iwy) =

With this choice we can use Theorem 13 to choose a feed-
back operator K = (-,h) € L(W,C) in such a way that
S+ B1K is a Riesz spectral operator with eigenvalues

{urtezo ={—% +ikm}, ie.
(S+ BlK)v = Zﬂk<v>wk>¢ka
k#0
veDS+BIK)={veW | Y |||, ¢x)]* < o0}
k#£0

The above reasoning now concludes that the closed-loop
system is strongly stable.

6.2. Perturbation of The Internal Model

We can now consider the preservation of the strong sta-
bility of the closed-loop system under bounded rank one
perturbations Ag of the internal model S in the system op-
erator A, of closed-loop system. This means that we want
to consider the strong stability of the operator A, + A,
given by

A BKH BK
—-LC A+ BKH+LC BK
GoC GoDKH S+ As+ GoDK

This is equivalent to considering the strong stability of the

operator A, + A, = T, (A, + A, )T given by
A+ BKH BK BKH
Go(C+DKH) S+ Ag+ GyDK G3DKH| ,
0 0 A+ LC
which is strongly stable whenever
A+ A, — A+ BKH BK
b T2l TGy (C+ DKH) S+ As 4+ GaDK
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is strongly stable. Finally, this operator is strongly stable
if and only if the operator

Ael + Ael - Tel(Ael + A61)1—‘6711

A —BK
AsH S+ As+ BiK

is strongly stable. Since A.; is not in general a Riesz-
spectral operator we cannot apply Theorems 2 and 9 di-
rectly to determine the preservation of its strong stability.
Instead, we can exploit the block operator structure of
Aep and use similar geometric methods as before to deter-
mine bounds for the perturbations such that the spectrum
of Ac1 + Aep is contained in the open left half-plane of
C. Subsequently we can again determine additional con-
ditions for the preservation of the strong stability as was
done in Section 5.

Let Ag = (-,n5)ds where dg,ns € W. The perturbation
A. is a bounded rank one operator given by

53(17?',77$> 6S<'(,)77$>:| - [505] <" [H;:S} >

Since A generates an exponentially stable analytic semi-
group, there exist constants w < 0 and M > 1 such that
for every A € C with Re A > w we have

Ael

M

Al < ——.
1RO A < 7

(11)
The operator S + By K satisfies Assumption 1 for o = 2
and for some ¢,,y, > 0. We can thus construct the corre-
sponding domain A such that Ct € A C p(S+ B1K) and
such that the conclusion of Theorem 6 holds. Choosing
0y < |w| we also have that A C p(A). This concludes that
A C p(A)Np(S+ B1K) C p(Ae1) and the estimate (11)
holds for all A € A.

The Weinstein-Aronszajn determinant for the perturbed
operator A.; + Agp is now given by [18, Sec IV.6]

—H*Us} >
Uk '

In order to obtain bounds for the Weinstein-Aronszajn
determinant we need two estimates. First of all, we have
from Theorem 6 that there exists a, > 0 such that

(X A, A) = 1 - <R()\,A61) L;OJ , [

A — k| > ao|pe| >

for all A € A. We will also need to show that there exists
another constant a, > 0 such that

(12)

for all A € A. Due to the symmetry it is sufficient to show
this for & > 1.

Let k > 1. Denote by A\g(k) € A the point at which
A= |[A—w|- |\ — pg| achieves its minimum in the closed
set A. It can be shown that there exists N, € N such

A= wl - A = ] > a ||



that for kK > N, we have that £k — 1 < Im A\g(k) < k. For
k> N,

A —wl - [A = x| > [Ao(k) —wl - [Ao(k) — px]
Uy k—1 ay

> ImMy(k) —— 1
> Tmdok) - (8 2 Tom e 18 2 sl

since for all £ > 2 we have

k—l_((k—1)2>§> Lok—1_ 1
ml - \Z7w2) 2w T

On the other hand, for 1 < k < N, there exists ¢ > 0 such
that
A —wl| A=l = | Jnin ([Xo(k) — w| - [Ao(k) — pxl)

=c>0

and thus

|| N
A —w|- A= u|>0| |_ CKkg}Vlukl w7

This concludes that there exists a constant a, > 0 such
that the condition (12) holds for all A € A and k # 0.

Lemma 3 again implies that it is sufficient to find bounds
for ||0s||s and ||ns||«,y such that [w(A; Ae1, Aer)| > 0 for
all A € A. For A € A we have

~ [R(\,A) —R(\ A)BKR(), S+ B K)
R(/\,Ael) - |: 0 R()\7S + BlK)

and thus the inner product in the Weinstein-Aronszajn
determinant is given by

<R()\,Ae1) [52] , {Hngsb

([P mBKROS s BK)ss] (i 0]

= (~R(\ A)BKR(\, S + B,K)ds, Hns)
+ <R(/\7 S+ BlK)§S7nS>‘

The second term can be estimated as in the proof of The-
orem 2 by

[(R(N, S + BiK)ds, ns)| <Y (65, k)| - |{Pnsns)|
k0 A — bl
1
Zw |85, 9] - (B, )| < — 181 - Ims s

7 k0

For the first term we can use the estimate (12) to obtain

< [[RONA)| - 1B - [KR(A, S + B1K)éds| - [[H ns|
M <¢k7h><657¢k>
< GBI o) |2 2
|¢k7 ||<§vak>‘
< M|B h 7

k0

*IIBII Rl lims =Y~ Lwl |y B[O )|

k+£0
MM,
< LB - s |- s

o

IN

These estimates show that if we have dg € D1 = D(S) and
ns € Df = D(S), i.e.

Zk2|<5s,<pk>|2<oo, Zk2|<7737§0k:>‘2<00;
k0 k20

and if the norms ||ds]|1, ||[7s]| and ||ns]|«,1 are small enough
we have that infyealw(; Ae1, Ae1)| > 0. Lemma 3 then
concludes that o(A4e; + A1) CC\A CC.

Under suitable assumptions the uniform boundedness
of the semigroup generated by A.; + A.1 can again be
shown using the results in [21] as was done in Theorem 14
of Section 5. In particular this is possible if A is similar
to a normal operator with compact resolvent and if its
spectrum has a uniform gap and lies on a finite number
of rays starting from the origin. An important case of an
infinite-dimensional system satisfying these conditions is
the heat equation. In this case we can write

A0 0 —-BK 0 0
A61+A61 - |:0 S:| + |:0 B1K1| + |:ASH AS:| .

The results of [21] can now be applied to the first block di-
agonal operator. This way we can see that if the norms of
the two other operators are small enough, we have that the
generalized eigenvectors of A.1 + A, form a Riesz basis
and all but a finite number of the corresponding eigen-
values are simple. Also — since the norm || K| can be
made arbitrarily small by a proper choice of the parame-
ter 0 < v < 1 — this can always be achieved if v, ||ds]|
and ||ng|| are small enough. As in the proof of Theorem 14
we can then again conclude that the perturbed semigroup
is uniformly bounded and thus strongly stable. This fi-
nally concludes that under these conditions the perturbed
closed-loop system remains strongly stable.

7. Coupled Systems

As a third example we will show that when applying the
theory to coupled systems, the requirement of the uniform
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spectral gap can often be a limitation. This can be seen,
for example, by consider the interconnected systems

&= Ax+ Cy
y = By,

on Hilbert spaces X and Y. Let A and B be Riesz-spectral
operators such that A : D(A) € X — X is exponentially
stable and B : D(B) CY — Y generates a strongly stable
Co-group satisfying Assumption 1. The composite system

operator
A C
B

then generates a strongly stable semigroup [1, Lem. 20].
Since A is exponentially stable and B generates a Cp-
group, we have that if the growth bound wy(A) < 0 of
A is small enough, there exists an operator H € L(Y, X)
such that H(D(B)) C D(A) and H is the unique solution
of the Sylvester equation

A,

AH=HB+C

on D(B) [23]. If we choose

I H
[0
then T=! =T and
A C| 1 A
A
The operator on the right-hand side is clearly a Riesz-
spectral operator, and the same is thus also true for A..
It is clear that if the spectrum of A does not have a uni-
form gap, the same applies to the spectrum of A.. Exam-
ples of these kinds of operators encountered in applications
are all operators and matrices A having eigenvalues of mul-
tiplicity larger than one and operators whose spectra have

a finite accumulation point. The latter can happen for
example if A = K — al, where K is an integral operator

1
(Kx)(t):/o k(t,s)x(s)ds

onY = L?(0,1) with k(-,-) € L*((0,1) x (0,1)) such that
k(t,s) = k(s,t). The operator K is self-adjoint and com-
pact and thus has a representation

K = Z )‘k<7 @k%pk
k=1

where {pr}?2, is orthonormal set and the eigenvalues
{Ax} C R are such that [A\;| > --- > |A,] > 0asn — 0
[24, Ch. 6]. For a large enough a > 0 the operator A gen-
erates an exponentially stable semigroup and its spectrum
has a finite accumulation point in C~.
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We can now consider the preservation of the strong sta-
bility of the interconnected systems when a coupling in
the other direction is added to the system. For example
we can consider the case where the state of the first equa-
tion is inserted into the second equation through a rank
one operator A = (-, g)b. The systems then become

&=Az+Cy
1y = Az + By.

Expressed using composite operators, we need to study the
strong stability of the operator

ara=l3 g

A B
It is possible to study this kind of perturbation in the same

way as in Section 6, but our results can also be applied
directly to the perturbed operator

L [A HA HAH
T(Ac+A)T —[ sl TIZA _An

oG 5]

As was stated above, the unperturbed operator is now a
Riesz-spectral operator clearly satisfying Assumption 1,
but since the spectrum of A does not have a uniform gap,
neither does the spectrum of A..

8. Conclusions

In this paper we considered finite rank perturbations of
Riesz-spectral operators generating strongly and polyno-
mially stable Cp-semigroups. We presented conditions un-
der which the spectrum of the perturbed operator remains
in the open left half-plane of C, conditions for the preser-
vation of the uniform boundedness of the semigroup and
conditions for the polynomial stability of the perturbed
semigroup.

As the first example we considered perturbation of a
polynomially stabilized wave equation. It was observed in
the example that the results on the perturbation of the
spectrum were applicable to the case but the results on
the preservation of the uniform boundedness of the Cjy-
semigroup were not. This illustrates a fundamental differ-
ence between results of otherwise similar type. This dif-
ference is the fact that in the results on the perturbation
of the spectrum the requirements of b € Dg and g € D
can be distributed between the elements b and g whereas
in the results concerning the preservation of the uniform
boundedness of the Cy-semigroup all of the requirements
are imposed on only one of these elements.
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