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Abstract

In this paper we study the preservation of strong stability of strongly continuous semigroups on Hilbert
spaces. In particular, we study a situation where the generator of the semigroup has a finite number of
spectral points on the imaginary axis and the norm of its resolvent operator is polynomially bounded near
these points. We characterize classes of perturbations preserving the strong stability of the semigroup. In
addition, we improve recent results on preservation of polynomial stability of a semigroup under perturba-
tions of its generator. Theoretic results are illustrated with an example where we consider the preservation
of the strong stability of a multiplication semigroup.
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1. Introduction
The properties of a linear abstract Cauchy problem
z(t) = Az(t), z(0) =20 € X (1)

on a Hilbert space X can be studied using the theory of strongly continuous semigroups [8, 2]. If the operator
A:D(A) C X — X generates a strongly continuous semigroup 7'(¢) on X, then the initial value problem (1)
has a unique solution given by z(t) = T'(t)xo for all ¢ > 0. In particular, the asymptotic behaviour and
different types of stability of the solutions of (1) can be studied by analyzing the stability properties of the
semigroup 7T'(t). The use of semigroups provides a unified approach to developing theory for — for example
— classes of linear differential, partial differential, and integral equations that can be written in the form (1).

In this paper we are interested in robustness of the stability properties of the semigroup T(t) in the
situation where its infinitesimal generator A is perturbed. It is a well-known fact that the exponential
stability of a strongly continuous semigroup is preserved under all bounded perturbations whose operator
norms are sufficiently small. However, in a situation where T'(¢) is not exponentially stable, but merely
strongly stable, i.e.,

lim |T(t)z] =0, Vze€ X,
t—o0

no general conditions for the preservation the stability of 7'(¢) are known. On the contrary, it is acknowledged
that strong stability may be extremely sensitive to even arbitrarily small perturbations of its infinitesimal
generator.

Recently in [13, 14] it was shown that a subclass of strongly stable semigroups, the so-called polynomially
stable semigroups, do indeed possess good robustness properties. The key observation was that in the case of
polynomial stability, the size of the perturbation A+ BC should not be measured using the regular operator
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norms || B|| and ||C||, but instead using graph norms ||(—A)? B|| and ||(—A*)YC*|| for suitable exponents 3 and
~. The polynomially stable semigroups have a characteristic property that their generators have no spectrum
on the imaginary axis iR. Therefore, many of the strongly stable semigroups encountered in applications are
beyond the scope of the perturbation results in [13, 14]. In this paper we study the robustness properties of
semigroups whose generators do have spectrum on the imaginary axis. In particular, we consider a situation
where A has a finite number of spectral points on the imaginary axis, and the norm of the resolvent operator
of A is polynomially bounded near these points. We show that the semigroups of this type have surprising
robustness properties.

The results presented in this paper again demonstrate that for a strongly stable semigroup T'(¢), the
size of the perturbation should not be measured using the regular operator norm, but instead using suitable
graph norms related to the generator A. Our main results reveal large and easily characterizable classes
perturbations that preserve the strong stability of T'(¢). The results can be applied, for example, in the study
of linear partial differential equations, and in robust control of infinite-dimensional linear systems [15].

To the author’s knowledge, robustness properties of strong stability of semigroups with spectrum on the
imaginary axis have not been studied previously in the literature. Some results on preservation of strong
stability of compact semigroups can be found in [7]. However, any strongly stable compact semigroup is
actually exponentially stable [8, Ex. V.1.6(4)].

To illustrate our conditions for the preservation of stability, we begin by stating our main result in
a situation where A has a single imaginary spectral point ¢(A4) N iR = {0} belonging to the continuous
spectrum of A and the perturbing operator is of finite rank. We further assume that there exists « > 1 such
that

sup |w|*||R(iw, A)|| < oo and sup || R(iw, A)|| < occ. (2)
0<Jw|<1 lw|>1

These assumptions are satisfied, for example, if A generates a strongly stable analytic semigroup with
0 € 0.(4), and |A|[|R(A\, A)|| < M outside some sector in C~. Our assumptions on the behaviour of the
resolvent operator R(iw, A) are closely related to the rates of decay of the orbits T'(¢)x of the semigroup.
Indeed, recently in [4] it was shown that the resolvent operator satisfies (2) if and only if there exists a
constant M > 1 such that

IT(8) Az < %(le\l + [l Az])), Ve eD(4) (3)
for all x € D(A) and ¢ > 0 [4, Thm. 7.5].

Since A is injective and R(A) is dense, the operator —A has a densely defined inverse (—A)~". Fur-
thermore, (—A)~! and (—A*)~! are sectorial operators, and thus for 3,7 > 0 the fractional powers
(—A) P R((-A)P) C X — X and (—A*)™7 : R((—A*)Y) C X — X are well-defined (see e.g. [10, 17] for
details). We consider finite rank perturbations of the form A+ BC, where B € L(CP, X), and C € L(X,CP)
satisfy

1

R(B) € R((=4)"),  R(C*) C R((=A")") (4)

for some 3,7 > 0. We choose to measure the size of the perturbation BC using the graph norms ||B| +
|(=A)=PB| and ||C||+]||(=A*)~7C*||. Theorem 1 shows that this is exactly the right choice for the purposes
of studying the preservation of the strong stability of T'(¢).

Theorem 1. Let 5+ v > «. There exists § > 0 such that if B € L(CP, X)) and C € L(X,CP) satisfy (4)
and

1Bl +I(=4)""Bl <4, and [|C]+[(-=A")7"C*| <34,

then the semigroup generated by A + BC' is strongly stable.



In Section 2 we state Theorem 1 in a more general situation where o(A4) N iR = {iw,}_, for some
N € N. In this case, the preservation of stability requires that for all & € {1,..., N} the graph norms
|B|| + ||(iwg — A)"PB| and ||C|| + ||(—iwr — A*)~YC*|| are sufficiently small. Moreover, in our main result
presented in Section 2 the perturbations A4+ BC are such that B € L(Y, X) and C € L(X,Y) for a separable
Hilbert space Y, and B and C* are Hilbert—Schmidt operators.

As was already mentioned, in the case o(A) NiR = {0} the boundedness property (2) of the resolvent
is equivalent to the nonuniform polynomial decay (3) of the semigroup [4, Thm. 7.5]. In Section 5 we use
the results and the theory developed in [5, 6, 4] to connect the behaviour of the resolvent operator on iR
to the asymptotic behaviour of the semigroup in the situation where A has multiple spectral points on the
imaginary axis.

In addition to studying the preservation of strong stability, we also improve the results concerning
robustness of polynomial stability presented in [13, 14]. In these references it was shown that the polynomial
stability of a semigroup generated by A is preserved under a finite rank perturbation A + BC if for some
B,7v > 0 satisfying # + v > « we have

R(B) C D((—A)?), and R(C*) C D((—A*)7), (5)

and if the graph norms ||(—A)?B|| and ||(—A*)YC*|| are small enough. However, in these results one of the
associated exponents 3,y > 0 was required to be an integer, or alternatively, larger than or equal to o. The
techniques used in this paper allow us to remove these restrictions on the exponents. In particular, we show
that for arbitrary exponents 3, > 0 satisfying 5+ > « the polynomial stability of a semigroup generated
by A is preserved provided that the perturbation satisfies (5) and the corresponding graph norms are small
enough. In addition, in this paper the results in [13, 14] are extended from finite rank perturbations to
perturbations A + BC where B and C* are Hilbert—Schmidt operators.

The paper is organized as follows. In Section 2 we state our main results on the preservation of strong and
polynomial stability. The result on robustness of strong stability is proved in parts throughout Sections 3
and 4. In Section 5 we connect the polynomial boundedness of the resolvent operator to the asymptotic
behaviour of the semigroup. Section 6 contains the proof of the result on the preservation of polynomial
stability. In Section 7 we illustrate the theoretic results with an example where we study the robustness
properties of a strongly stable multiplication semigroup. Section 8 contains concluding remarks.

We conclude this section by applying Theorem 1 to study the preservation of the strong stability of a
semigroup generated by a bounded diagonal operator.

Example 2. Let X = (?(C) and define A € £(X) b,

)
A=y

k=1

w\'—

where ey, are the natural basis vectors. The operator generates a strongly stable semigroup T'(¢) and satisfies
a(A)NiR = {0} C 0.(A). Since for w # 0 we have ||R(iw, A)|| = dist(iw,0(A))~! = |w|~!, the assumptions
of Theorem 1 are satisfied for &« = 1. The operator — A has an unbounded self-adjoint inverse, and for 5 > 0
its fractional powers are given by

(—A) Pz = Zkﬁ@,ek)ek, reR((-A)P) = {m eX ’ Zk2ﬁ|<x,ek>|2 < oo}.
k=1

If we consider a rank one perturbation A + (-, ¢)b with b,c € X, then Theorem 1 in particular states that
the semigroup generated by the perturbed operator is strongly stable if ||b|| and ||c|| are small, and for some
B,v > 0 satisfying S+~ = 1 the norms

I(=4) 7> = kal (b, e, and (=4 ¢|* = Zkhl {c;en)l

are finite and small.



If X and Y are Banach spaces and A : X — Y is a linear operator, we denote by D(A), R(A), and N (A)
the domain, the range, and the kernel of A, respectively. The space of bounded linear operators from X to Y
is denoted by £(X,Y). If A: D(A) C X — X, then 0(A), 0,(A), 0.(A) and p(A) denote the spectrum, the
point spectrum, the continuous spectrum and the resolvent set of A, respectively. For A € p(A) the resolvent
operator is given by R()\, A) = (A — A)~!. The inner product on a Hilbert space is denoted by (-,-). If Y’
is a separable Hilbert space with an orthonormal basis (ex)?°,, then B € L(Y, X) is a Hilbert-Schmidt
operator if (Beg)?2, € 2(X).

For a function f : R — R and for a > 0 we use the notation

f(w) = O (|jw|*)

if there exist constants M > 0 and wg > 0 such that |f(w)] < M|w|® for all w € R with |w| > wyp.

2. Main Results

In this section we present our main results. It is well-known that if the semigroup generated by A is
strongly stable, then A has no eigenvalues on the imaginary axis, and therefore operators A —iw are injective
for all w € R. Moreover, since X is a Hilbert space, the Mean Ergodic Theorem [2, Sec. 4.3] applied to
operators A — iw shows that

X =N(A—iw) ®R(A — iw) = R(A — iw).

Therefore, the part of the spectrum of A that is on the imaginary axis belongs to the continuous spectrum.

In the following we formulate our assumptions on the unperturbed operator A as well as on the compo-
nents B and C of the perturbing operator. The main assumption is that the intersection o(A)NiR = {iwg }_,
is finite, and the norm of the resolvent operator is polynomially bounded near the points iwy.

Assumption 3. Assume A: D(A) C X — X generates a strongly stable semigroup T'(¢) on a Hilbert space
X, 0(A) NiR = {iwg }_, for some N € N, and dy = ming|wy — wy| > 0. Moreover, assume that for some
constants « > 1, M4 > 0, and 0 < €4 < max{1,d/3} we have

sup |w — wr]“||R(iw, A)|| < My, (6)

0<|w—wg|<ea

for all k € {1,...,N} and ||R(iw, A)|| < M4 whenever |w — wy| > €4 for all k € {1,...,N}.

We consider perturbations of the form A + BC where B € L(Y,X) and C € L(X,Y) for a separable
Hilbert space Y. We assume that for some exponents 3,7 > 0 the operators B and C satisfy the conditions

R(B) € R((iwy, — A)P) and R(C*) C R((—iwy — A*)7) for all k € {1,...,N} (7)
and for all k € {1,...,N}
B, C*, (iwy—A)PB, and (—iw,— A*)"7C*, are Hilbert-Schmidt operators. (8)

If Y is finite-dimensional, i.e., if the perturbing operator BC is of finite rank, then the condition (8) follows

immediately from (7). Since (iwy — A)~# for k € {1,..., N} are sectorial, we have that (iw, — A)"?B are

closed operators. Since D((iwx, — A)"?B) =Y by (7), the Closed Graph Theorem implies (iw, — A)™?B €

L(Y,X) for every k € {1,..., N}. Similarly, we have that (—iw,—A*)"7C* € L(Y, X ) forallk € {1,...,N}.
Our first main result concerns the preservation of strong stability.

Theorem 4. Let Assumption 3 be satisfied for some a > 1, and let B,~v > 0 be such that 5+~ > «. There
exists § > 0 such that if B € L(Y,X) and C € L(X,Y) satisfy conditions (7) and (8) and

IB]| + ll(iwx — A) "Bl <6, and [|C|| + ||(~iw — A7) 77C*|| < §
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for allk € {1,..., N}, then the semigroup generated by A + BC' is strongly stable.
In particular, the spectrum of A+ BC satisfies 0(A + BC) NiR = 0.(A+ BC) NiR = {iw }_,, for all
ke{l,...,N}

sup lw — w|¥||R(iw, A+ BC)|| < o0,

0<|w—wg|<ea
and sup,, || R(iw, A + BC)|| < 0o for w € R such that |w —wg| > €4 for allk € {1,...,N}.

It should also be noted that if the exponents in Theorem 4 satisfy 8,y > «, then condition (8) becomes
redundant and the strong stability is preserved even if B and C* are not Hilbert—Schmidt operators. See
Remark 20 for details.

The proof of Theorem 4 is divided into two parts. In Section 3 we study the change of the spectrum of
A. In Section 4 we complete the proof of Theorem 4 by showing that the uniform boundedness of T'(¢) is
preserved under the perturbations.

We remark that the polynomial growth condition for the resolvent was assumed to be satisfied for oo > 1.
The following lemma shows that this assumption does not result in any loss of generality.

Lemma 5. If o(A)NiR # @, then o > 1 in the condition (6).

Proof. Let k € {1,...,N}. Since iwy, € o(A), for iw near iw, we have dist(iw,o(A)
all such w satisfying 0 < |w — wg| < €4 the standard estimate ||R(w,A)| > dist(A
IV.1.14]) implies

) < |w — wg|. Thus for
,o(A))™! (see [8, Cor.

1 1 Ma
< < [|R(iw, A)|| < ————
o] = Gst(im, o(A)) = 1B Al = Z—00
which further implies |w — wy|*~! < M4. However, for small |w — wg| this is only possible if o > 1. O

Our second main result concerns the preservation of polynomial stability of a semigroup. The semigroup
T(t) generated by A on the Hilbert space X is called polynomially stable if T'(¢t) is uniformly bounded, if
o(A)NiR = @, and if there exists @ > 0 and M > 1 such that [3, 5, 6]

IT(H)A™Y) < vt > 0.

= tl/a ’
The following theorem gives conditions for the preservation of the polynomial stability under perturbations.
The theorem extends the results in [13, 14] by removing all restrictions on the exponents 8 > 0 and v > 0,
and by allowing perturbations that are not of finite rank.

Theorem 6. Assume T(t) generated by A is polynomially stable with exponent o > 0, and 3,y > 0 are
such that 8+~ > a. There exists § > 0 such that if B € L(Y,X) and C € L(X,Y) satisfy

R(B) c D((—-A)?), and R(C*) C D((—A*)), (9)

if (=A)’B and (—A*)YC* are Hilbert-Schmidt operators and if ||(—A)PB|| < & and ||[(—=A*)YC*|| < §, then
the semigroup generated by A+ BC' is polynomially stable with the same exponent .

3. Perturbation of the Spectrum

In this section we show that under the conditions of Theorem 4 the spectrum of the perturbed operator
satisfies o(A + BC) C CT, and that A + BC does not have eigenvalues on the imaginary axis. On its
own, this result is valid under weaker assumptions than those in Theorem 4. In particular, the results
remains valid if o(A) N iR = {iwk }res, for a countable set I4 of indices if the points wy have a uniform
gap da = infylwr — wi| > 0. Moreover, the perturbation does not need to satisfy condition (8), but
instead for some Banach space Y we can consider any operators B € L(Y, X) and C € L(X,Y) that satisfy
R(B) C R((iwy, — A)P) and R(C*) C R((—iwg — A*)7) for all k € 4.

5



Theorem 7. Let Assumption 3 be satisfied for some o > 1 and let 5,y > 0 be such that 8+ v > «. There
exists 6 > 0 such that if B € L(Y,X) and C € L(X,Y) satisfy R(B) C R((iwy — A)?) and R(C*) C
R((—iwr — A*)Y) and

IB]| + [I(iwx — A) "Bl <6, and [|C] + ||(—iwy, — A")77C*|| < 6,

for all k € {1,...,N}, then Ct \ {iwp}_, C p(A + BC) and iwy, € o(A+ BC)\ 0,(A + BC) for all
ke {l,...,N}. In particular, under the above conditions we have

sup (I = CR(\, A)B)™ | < oo.
AECH\{iws }

We prove the theorem in parts. For the study of the change of the spectrum of A we use the well-known
Sherman—-Morrison-Woodbury formula given in the following lemma.

Lemma 8. Let A€ p(A), Be L(Y,X), C € L(X,Y). If 1 € p(CR(\, A)B), then A € p(A+ BC) and
R(\, A+ BC) = R(\,A) + R(\, A)B(I — CR(\, A)B)'CR(), A).

Throughout the paper we make use of the operators Ay = (iwy — A)(1 +iwy — A)~! for k € {1,...,N}.
The following lemma states some of the most important properties of the operators Ay [4, 10]. Since
A = (—iwg — A%)(1 — iwy — A*)™1, the family of operators (A} ), has the same propeties as (Ay).

Lemma 9. Define Ay = (iwy, — A)(1+iwy, —A)~! fork € {1,...,N}. Then (Ayx)X_, is a uniformly sectorial
family of injective operators.

For every 8 > 0 we have AP = (iwj, — A)P (1 +iwy — A) P with range R(Ag) = R((iwy, — A)?). Moreover,
A;B = (1 +iwy — A)P (iwy, — A)~# with domain ’D(A;B) = R((iwy, — A)P).

Proof. For every A > 0 we have the identity

A A A -

AMA+AL) = o — A
A+2)™ = 3 Y gy ()\+1+Mk )

If M = sup,-o||T(t)|| = supssolle®*'T(¢)|, then the Hille-Yosida Theorem [8, Thm. I1.3.8] implies that

wl|R(p, A —iwy)|| < M for all p >0 and k € {1,..., N}. We have

A —1
jwi, — A
(/\+1+zwk )

Since the bound is independent of k € {1,..., N}, we have from [10, Prop. 2.1.1] that (Aj)X_, is a uniformly
sectorial family of operators. The operators Ay, are injective since iwy, — A and (1 +iwy — A)~! are injective.
Since iw, — A and (iwy — A)~! commute, we have Af = (iwy — A)P(1 + iwy, — A)~#, and R(Ag) =
R((iwy, — A)?) follows from the fact that R((1 + iwy, — A)~P) = D((1 + iwy, — A)?) = D((iwy, — A)?) [10,
Prop. 3.1.9].
Since Af is injective, it has an inverse A;ﬁ with domain D(A;ﬂ) = R(Ag) = R((iwy — A)?). Finally, we
have A, ” = (1 4wy, — A)P(iwy, — A)~F by [10, Prop. 3.1.9]. O

A 1 A
AN+ ALY < + )

)SHM.

The Moment Inequality [10, Prop. 6.6.4] is one of our most important tools in dealing with non-integer
exponents. We use it in the form given in the next lemma for the families (A)R_,, (AF)N_,, ((iwg—A) "N,
((—iwg — A*)™H)N_, | and for the operator (—A)~!.

Lemma 10. Assume (Il;) is a uniformly sectorial family of operators, and let 0 < 6 < 0. There ezists
Mé/e > 1 such that for all k we have

T l] < Mg gllc]| =%/ [T Vo € DAIY)
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IfY is a Banach space and R € L(Y, X) is such that R(R) C D(11%), then
ITIRR] < Mgl RI'/° LR/
for all k.

Proof. For a fixed k the properties follow from [10, Prop. 6.6.4]. However, by [10, Prop. 2.6.11] and the
uniform sectoriality of the operator family (II;)y it is possible to choose Mj; /0 toO be independent of k. [

Lemma 11. Let 8,7 > 0. There exists My > 1 such that for all k € {1,..., N} we have

1A 2l < Ma (2] + [ (ioor — A)~Pa]])

AR ™yl < Ma (Ilyll + l[(—iwr — A%)7yll)

for all x € R((iwy, — A)?) and y € R((—iwg — A*)7).

Proof. Let 8 > 0 and denote Ay, = A — iwy, for k € {1,...,N}. We have from [10, Prop. 3.1.9] that
D((—A)?) = D((1 — Ag)?). The operator (1 — A;)? is a closed operator from the Banach space X, =
(D((—AR)®), I+ | (= Ax)P-||) to X. Since (1— Ay)? is defined on all of X 4, we have from the Closed Graph
Theorem [8, Thm. B.6] that (1 — Az)? € £(X4, X), which implies that there exists M}, > 1 such that

11— A)Pel < My (]l + 1(=4)%2ll), Ve € D((—A)P).

Since the assumptions on all of the operators Ay, for k € {1,..., N} are identical (i.e., the family (—A;)N_,
of operators is uniformly sectorial), we can choose Mj > 1 such that My < My for all k € {1,...,N}. This

immediately implies that for all x € D(A,:ﬁ) = R((—Ax)?) we have
IAG P2l = [1(1 = Ag)® (= Ap) Pl < M ([(=Ar) " all + I1(=AR)* (~Ar) P
= Ma (|lz]| + [[(iwx — 4)%z]]) .
The claim concerning operators —iw, — A* can be shown analogously. O

We begin the proof of Theorem 7 by showing that we can choose 6 > 0 in such a way that ||CR(A, A)B|| <
¢ < 1forall X € |J, Qu, where Q, = {A € C|ReA >0, 0<|X\—iwg| <ea} (see Figure 1).

A

w3 ¢

\/

W1 ¢

)
o D"
%
)

Figure 1: The domains Q.



Lemma 12. If Assumption 3 is satisfied, then there exists My > 1 such that

sup A — ier 7 [ RO\, A)| < Mo
AEQ

for every k € {1,...,N}.
Proof. Let M > 0 be such that | T(¢)|] < M. From Assumption 3 we have

sup  |w — wi| || R(iw, A)|| < Ma.

0<|w—wg|<ea

The Hille-Yosida Theorem implies that Re A||R(), A)|| < M whenever Re A > 0.
Let A = p+ iw € Q. For g = 0 the bound |A — iwg|*||R(A, A)|| = |w — wi|*||R(iw, A)|| < My follows
directly from (6). On the other hand, if w = wy and A = p > 0, then the Hille-Yosida Theorem implies

A —iwk "[RO A = p | RO A < pl RO, A < M

since p® < p due to the fact that « > 1 and 0 < p < e4 < 1. It remains to consider the case A = p+iw € Qy,
with © > 0 and w # wyg. In particular, we then have 0 < |w — wg| < e4 and 0 < p < e4 < 1. Since a > 1
and 0 < pu <1, we have u® < p and

A —iwr]® = (1% 4 (w — wp)?)*? < (2max{p?, (w — wi)? Y% = 292 max{u®, |w — wi|*}
<22 o+ Jw — wie|®) < 277 (o |w — wi|*),
and thus using the resolvent identity R(\, A) = R(iw, A) — pR(\, A)R(iw, A) we get
A —iwi| RO A < 2972 (14 |w — wi|*) | RO A)|
= 22| R(N, A)|| + 2°/%|w — wi|* | R(iw, A) = pR(X, A) R(iw, A)|
< 2% M + 297w — wi|*|| R(iw, A)[|(L + pl RO, A)]))
<292 (M + Ma(1+ M)).

Since in each of the situations the bound for |\ —iwg|*||R(\, A)|| is independent of k € {1,..., N}, the proof
is complete. O

A property similar to the one in the following lemma was first presented in [4, Cor. 7.5], where the
estimate was shown for A with a single spectral point on ‘R. In this paper we need a slightly modified
version of [4, Cor. 7.5] to accomodate for multiple spectral points on iR.

Lemma 13. If Assumption 3 is satisfied, then there exists My > 1 such that

sup || R(A, A)AR[| < My
AEQE

forallk e {l,...,N}.

Proof. Let k€ {1,..., N}, A € Qy, and denote R\ = R(\, A), A, = A —iwy, and A\, = X\ — iwy, for brevity.
We begin by showing that if « = n+ & with n € N and 0 < & < 1, then there exists M > 1 (not
depending on k € {1,..., N}) such that

sup [Ax]"[|(—Ax)*R(A, A)[| < M. (10)
AEQL

By Lemma 12 there exists My > 1 such that |\ — iwi|*||R(A, A)|| < My for all k € {1,...,N}. If @« = n and
a = 0, we have

Al [(—AR)*Rall = [Ak|“[| Rall < Mo.

8



Thus the claim is satisfied with M = M, which is independent of k € {1,...,N}.

If 0 < & < 1, then by Lemma 10 there exists a constant Mj independent of k € {1,..., N} such
that ||(—Ax)%| < Mg|lz||*=%||(—Ag)x||® for all x € D(A). This further implies that [|(—Ax)*Ry| <
Ma||RA|I"=[I(~Ax)Rx||*. Using

(—Ak)R,\ = (lwg, — A)R)\ = (iwk — A+ A—A)R\=-NRr+1T (11)
and the scalar inequality (a + b)* < 2%(a® + b%) we get

Xl [[(=Ar)*Rall < Ma| e | BAI' (= Ar)RAl® < Ma| X" | BAII'(1 + [ Ae||RAIN®
<29 M| MM RAITTE @ A M| F [ RAIY) < 25 Mg [(JA] =5 | RAID ™ + [\ " T RA] -

Since n = |« > 1 we have

n _ nnt+a) n(n + &) nn+a) o
1_d_(1_d)(n+d)_n—a(n—1)_d2Z n =n+a=a.

Since A € Q, we have [\y| < e4 < 1, and thus [A\,| ™5 < |[\g|*, and

A"l (= AR)* Rall < 2% Ma [([Ae =5 [[RAIN' ™ + [k Rall]
< 2%Mg [(IMel*IBAINT + Xl * [ RAIl] < 2% Mg [My~ + M| < 2%%" Mz Mo,

since it was assumed that My > 1. Therefore the claim holds with M = 28+ M5 My, which is independent
of ke {l,...,N}.

We can now turn to showing that there exists M; > 1 such that (10) is satisfied for all £ € {1,...,N}.
First of all, since (—Ay)x is a uniformly sectorial family of operators, by [10, Cor. 3.1.13] there exists K > 0
such that

[(1—-A) "< K, and  [JAf]| £ K,
for all 0 < r < . Using (11) repeatedly, we get for a =n+ &

RO AAZ(1— Ap)™% = RO\, A)(—Ap)™(1 — Ap)™@

= (“A)"ROLA)L = 4 4 30 (M) (A (1 - 4)0

j=0
and thus
RO, AL = [[(—AR)“ RO, A)AR (L — Ag) ™|
n—1
= ([ (AR RO A) (1 = A) ™"+ Y (=)™ (AR (L = Ay
j=0
~ n_l . . ~ .
< e 1= AR RO AL = Ap) ™[+ DIl AL (1 = Ag) )
j=0
<MK+ K2
j=0
Since the bound is indpendent of both A € Q and k € {1,..., N}, this concludes the proof. O



Lemma 14. Let Assumption 3 be satisfied for some a > 1, let B, > 0 be such that 8+ v > «, and let
0 < c < 1. There exists § > 0 such that if B € L(Y,X) and C € L(X,Y) satisfy R(B) C R((iw, — A)?)
and R(C*) C R((—iwr, — A*)7) and

1Bl + (i, — A) "Bl <6, and |[C]| + ||(~iwx — A*)7C*|| <6,

for every k € {1,...,N}, then ||CR(\, A)B|| <c <1 forall X € UkN:1 Q.

Proof. Because (iwy — A) is a uniformly sectorial family of operators and since 8+ v — a > 0, by [10,
Cor. 3.1.13] we can choose K > 0 such that |[APT7™%|| < K, for all k. Let My > 1 and M; > 1 be as in
Lemmas 11 and 13, respectively, and choose

Ve
- VMK M,

Let k be arbitrary, and let =,y € Y be such that ||z| = ||y|| = 1. If B and C satisfy the assumptions in the
lemma, then Bz € D(A,;B) = R((iwy, — A)?) and C*y € D((A})™7) = R((—iwy — A*)7), and for all A € Q

) 0.

[(CR(\, A) Bz, y)| = [(ATRO, A) LA Ba, (A7) 7 C*y)| < | RO AAR(IIAT 1AL Ball|| (A7) 77 Cy|
< M EMEllllyl (11 + (= Ax) 77 BI) (IC1 + (- 45) 77 C*[l) < MiKMR6* = c.

This shows that for all A € 0, we have

ICRO,A)B| = sup  [(CR(\, A)Br,y)| < c < 1.

lzl=llyll=1
Since k was arbitrary, the proof is complete. O
Lemma 15. Let Assumption 3 be satisfied. There exists Mo > 1 such that

sup  [[R(A, A)|| < Mo.
AeCH\ (UrpQk)

Proof. Let A € CT\ (Ug Q) and let A\g be such that 0 < ReAg < Re), ImAg = Im A and Ag lies on the
boundary of C* \ (U, Q). Then either Ao € R, which implies |R(X\o, 4)|| < M4 by Assumption 3, or
otherwise A\g € Q and |A\g — iwy| = €4 for some k € {1,...,N}. By Lemma 12 we have that there exists
My (independent of k) such that in the latter case we have

o M,
o — i RQ0, A < My & [R(0, A)] <
A
Now, if M > 1 is such that ||T'(¢)|| < M, then Re A||R(), A)|| < M by the Hille-Yosida Theorem. Using the
resolvent identity R(\, A) = R(Ag, A) — (A — Xo)R(Xg, A)R(\, A) we get

IR, Al < [[R(Ao, AL+ [A = Xol[|R(A, A)])
< max{Mu, Mo/ }(1 + (Re A — Re Ao)|[R(A, A)])
< max{Ma, My/%}(1 + Re A|R(\, A)||) < max{Ma, Mo/e%H(1 + M) =: M.

O

Lemma 16. Let Assumption 3 be satisfied for some o > 1 and let 5, > 0 be such that 8+ v > «. There
exists & > 0 such that if B € L(Y,X) and C € L(X,Y) satisfy R(B) C R((iwy — A)?) and R(C*) C
R((—iwy, — A*)7) and

1Bl + | (iwr, = A)™?Bl <6, and |[C] + ||(~iwx — A*)77C*|| < &
for allk € {1,...,N}, then iw, € 0(A+ BC)\ o,(A+ BC) for every k.
10



Proof. Choose 0 < 81 < S and 0 < v < v in such a way that 51 +v; = 1. Let k € {1,...,N} be
arbitrary and assume ||(iw, — A)"?*B|| < 1 and ||(—iw, — A*)""C*|| < 1. Since 0 < v; < 1, we have
Riwg — A) C R((iwg, — A)) C X, which implies D((iwy, — A)~7) = X due to the fact that iwy € o.(A).
Because of this, the operator C(iwy — A)~7" has a unique bounded extension C,, € £(X,Y) with norm
1ol = (=i — A%)~2C ] < 1.

Because ||(iwy, — A)"A BC,,, || < |(iwy — A" B|||C,,|| < 1, the operator I — (iw, — A)~P1BC,, is
boundedly invertible, and

(iwg — A — BO)z = (iwy, — AP (I — (iwy, — A" BC,, ) (iwy, — A) "

for all z € D(iwy, — A — BC) = D(A). Since (iw, — A)’* and (iwp — A)"* are injective and at least
one of them is not surjective, the operator iwy — A — BC is injective but not surjective. This implies
iwy € 0(A+ BC)\ 0,(A+ BC).

Finally, Lemma 10 can be used to conclude that there exists § > 0 such that the condition ||(iwg —
A)AB|| < 1 and ||(—iw, — A*)™1C*|| < 1 is satisfied for all k € {1,..., N} whenever ||B| + ||(iwy —
A)=PB| < 6, and ||C|| + ||(—iwx — A*)"YC*|| < 6 for all k € {1,...,N}. O

Proof of Theorem 7. Let 0 < ¢ < 1 and let My > 1 be as in Lemma 15. Choose §; > 0 as in Lemma 14,
and d; > 0 as in Lemma 16. We will show that the claims of the theorem are satisfied with the choice
d = min{dy, da, \/¢/Mz}. To this end, for the rest of the proof, we assume that the operators B and C
satisfy || B|| + ||(iwx — A)™PB|| < 6, and ||C|| + ||(—iwy, — A*)™7C*|| < 6 for all k € {1,...,N}.

Since || B[, |C|| < 6 < \/¢/Ma, for all A € CF \ (U, Q%) we have

Ve e
ViL, VT

Furthermore, since § < 61, we have from Lemma 14 that |CR(X, A)B| < ¢ < 1 also for A € [J,, Q.

Combining these estimates, we can see that [[CR(\, A)B|| < ¢ <1 and 1 € p(CR(\, A)B) for all A € C+\

{iwg}_,. The Sherman-Morrison-Woodbury formula in Lemma 8 therefore implies that CT \ {iwg }2_, C

p(A + B(C). Finally, since § < d2, we have from Lemma 16 that iwy, € (A + BC) \ 0,(A + BC) for all k.
If A € CF\ {iw}x, then [|[CR(\, A)B|| < ¢ < 1 implies

ICR, A)BJ < [CIIIBIIIRA, A)

My =c<1.

I(I = CRX\A)B) Y| =Y (CRAA)B)"| <Y ICRAA)B|" <) " =
k=0 k=0 k=0
which concludes the final claim of the lemma. O

4. Preservation of Strong Stability

In this section we complete the proof of Theorem 4. In particular, this requires showing that under the
stated conditions the perturbed semigroup is uniformly bounded. For this we use the following condition
on the resolvent operators. The proof of Theorem 17 can be found in [9, Thm. 2].

Theorem 17. Let A generate a semigroup T(t) on a Hilbert space X and let o(A) C C—. The semigroup
T(t) is uniformly bounded if and only if for all x,y € X we have

aup ¢ / (IR + in, Ayl + |R(E + in, A)y|]?) dy < oo.
> —00

We begin with two auxiliary lemmata used in proving the uniform boundedness of the perturbed semi-
group, as well as in showing the polynomial boundedness of the perturbed resolvent operator near the points
iwk.

11



Lemma 18. Assume A generates a uniformly bounded semigroup on a Hilbert space X. If Y is a separable
Hilbert space and if B € L(Y, X) is a Hilbert-Schmidt operator, then

o o0
sup ¢ / IR(E +in, AB|Pdy < 0o, and  sup € / |R(E +in, A)*B|2dy < .
£>0 —00 £>0 —00

Proof. By [16, Rem. 3.2] there exists M > 0 such that

o0

sup 5/ IR(E +in, A)z|*dn < M|z, and  sup & [ [|R(E +in, A)z|[*dn < M||z|®
£>0 —0 £>0 —oo
for all z € X. If Y is a Hilbert space with an orthonormal basis (e;)7°, C Y and if (Be;)2, € ¢2(X), then
oo [o’e) ~ o0 B
S sup ¢ [ IR +in ) BelPdy < MY el < .
1=1 &0 J-eo =1

Moreover, for every R € £(X) we have |RB|? < 312, ||[RBe;||>. Together these properties imply

o0

sup € [ |R(€+in, A)B|Pdy <3 sup € / |R(E + in, A)Ber|Pdy < oo.
£>0 —00 =1 £>0 —00

The second claim can be shown analogously. O

The following lemma contains the most important estimates used in the proof of Theorem 4.

Lemma 19. Let 8+ > «, and let 6 > 0 be chosen as in Theorem 7. Assume that B € L(Y,X) and
C € L(X,Y), and for allk € {1,..., N} we have R(B) C R((iwx —A)?) and R(C*) C R((—iwi — A*)7), the
operators B, C*, (iwy, — A) P B, and (—iwy, — A*)~7C* are Hilbert-Schmidt, and || B||+||(iwx — A)~PB|| < 4,
and ||C||+]|(—iwg—A*)"YC*|| < . Then for everyk € {1,..., N} there exists a function fi, : CT\{iw }1¥, —
R* such that

RN, A)BIIICRA Al < fr(A) - VA € Qy,

and fi() has the properties SUPg«|y,—u, |<c 4 |0 — Wi|* fx(iw) < 0o and

oo

sup & fi(€ +in)?dn < oco.
£>0 —0

Proof. Let k € {1,...,N}. We begin by considering the case where 8,7 > 0. Choose 0 < 8; < 3 and
0 <1 < insuchaway that 81 +v1 = a. Since (Ag)x and (A})y are uniformly sectorial, we have from [10,
Cor. 3.1.13] that there exists Ko > 0 such that |AY~"'|| < Ky and ||(A})Y™7|| < Ko for all € {1,..., N}.
Denote Bg, = A,:ﬁlB € L(Y,X) and C,, = (A})™C* € L(Y,X). By Lemma 11 the norms of these

operators satisfy
1B, | = 1AL AL B < ||| - Ma (| B + || (iwy, — A)~PBJ|) < KoMad
1C, | = (AR (A TYC™ | < (AR || - Ma (Ol + [[(—iwr — A*)TYC*|)) < KoMaé.

Moreover, if (e;);°; C Y is an orthonormal basis of Y, then we also have from Lemma 11 that for all I € N

1Bs,eall* = A7~ A7 Bed||* < 2KGME (|| Bea® + || (ieon. — A) " Be||*)
ICy el = (AR (AR) T Crerl* < 2KE MR, (IC™edl|* + || (—iwr, — A")T7Cer?) -

Since B, (iwy — A)~?B, C*, and (—iwy — A*)77C* are Hilbert-Schmidt by assumption, the above estimates
imply that also Bg, and C,, are Hilbert-Schmidt operators. Let M; > 1 be as in Lemma 13, and choose
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constants Mpg, /o > 1 and M., /o, > 1 as in Lemma 10 corresponding to the families (Ax)r and (Af)r of
operators, respectively. For every A € Q and y € Y with |ly|| = 1 we have (denote Ry = R(A, A) for
brevity)

|1 BAByl| = A} RaB,yll < M, ol BaBs,yll' =/ *|A7 RaBg,y| "/
< Mg, jal BB, |~/ AR RAP /| B, P/ < Mg, jo M (Ko MaG)™ /| RABg, ||~/
and
IRAC™yll = (M) BACy, yll < My, jaBAC,yl /2| (AR RACo ™
< My sl R3Co, ' I RAAZ | Coy, [/ < Moy o MY (Ko MaS) ™| RECy |70
Therefore, since 51 + 71 = a, for all A € 0} we have

IRABICRAll < My, jo My, o My KoMaS| RaBg, ||'=7/ | RS C, |17/ = K| Ra B, ||/ | RYCoy ||/

1/

for K = Mp, oM., ;o M1 KoMad. We choose fi(-) such that fi(\) = K| RxBg, ||'~#1/*||R5C,, |17/ for
all A € CF\ {iw;}¥,. It remains to show that fx(-) has the desired properties.
Since 1 — f1/a+1—1/a=1, for all w € R with 0 < |w — wg| < e4 we have from Assumption 3 that

w0 — Wl *fi(iw) = |w — Wi K[ R(iw, A)Bg, |~/ R(iw, A)* Co |17/
< w — wil | Riw, A K Bg, [|'~#4/ Gy |1~/ < MaK KoMyb.

This concludes that supg|y,_u, |<c, lw — wk|* fi(iw) < oo.
If we denote ¢ = 1/(1 — p1/a) > 1, r=1/(1 —y1/a) > 1, then 1/¢+ 1/r = 1 and the Holder inequality
implies

sup ¢ / fel€ + im)2dn
£>0 —00

=K ¢ [ IR(E i 0B PO P R + i, ) G [P

r

(sup §/ R(f—l—in,A)*C’VlHan) < 00
£>0 —0

1
q

< K? <§u10) f/ ||R(€+i77,A)Bﬁ1||2d77>
> —co

by Lemma 18, since Bg, and évl are Hilbert—Schmidt operators.

It remains to show that the claims are true if 8 = 0 or v = 0, or equivalently, whenever either v > «
or B > a. Let My > 1 be as in Lemma 13. If 8 > «, then we have R(B) C R((iwp — A)®*). Choose
Ky > 0 so that HAfﬁD‘H < Ky for all I € {1,...,N} [10, Cor. 3.1.13]. Using Lemma 11 and ||A;BB|| <
My (I|B]| + ||(iwy, — A)=PB||) < Ma8 we have that for all X €

I RABIICRA| < IIRAZNIAE = 1A, BIIRLC™ || < K R5C |,

where K = M;KoMd. We choose fi(+) in such a way that fr(\) = K| R;C*| for all A € CT \ {iw}¥,.
Then |w — wg|® fr(iwg) < Jw — wi|*K||RA|||C]] < KMa||C|| whenever 0 < |w — wg| < €4, and

oo

sup € [ fu(€+in)’dn = K? sup f/ | R(& +in, A)*C*||*dn < oo
> —o0

£>0 —o0

by Lemma 18, because C* is Hilbert—Schmidt. Similarly, if v > «a, then R(C*) C R((—iw, — A*)*), and
we choose Ko > 0 so that [|[A]”%| < Kp for all € {1,...,N} [10, Cor. 3.1.13]. Using Lemma 11 and
(A5)=7C*|| < M (||C]] + [|[(—iwg — A*)=YC*||) < MaS, we have that for all A € Q

IRABIIICRA < I BABIIRAAZIHAL (AR ™7C™[| < K[ RaBIl,
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where K = M;KoMa6. We now choose fi(+) so that fi(\) = K||[R,\B|| for all A € C+ \ {iw;}}¥,. Then we
again have |w — wg|® f(iwg) < |w — wi|*K||RA||||B|l < KM_||B]| whenever 0 < |w — wg| < €4, and

[ee] (oo}
sup € [ fule-+infdn = K2sup ¢ [ IR(E+in A)BIPdn < o0
£>0 —o0 £>0 —o0
by Lemma 18, because B is Hilbert—Schmidt. O

Proof of Theorem 4. Let § > 0 be chosen as in Theorem 7 and assume ||B|| + ||(iwy, — A)~?B|| < §, and
ICN + ||[(—twg — A*)~YC*|| < 6 for all k € {1,...,N}. By Theorem 7 there exists Mp > 1 such that
(I = CR(\,A)B)™Y|| < Mp for all A € C+ \ {iw;}2_,. We begin the proof by showing that the semigroup
generated by A + BC' is uniformly bounded.

Let € X and for brevity denote A = £ 4+ in, Ry = R({ +1in, A) and Dy = I — CR({ +in, A)B. Using
the Sherman—Morrison—Woodbury formula in Lemma 8 and the scalar inequality (a + b)? < 2(a? + b?) for
a,b >0 we get

sup ¢ / IR(E + in, A+ BC)a|*dn = sup ¢ / |Raz + RyBD; C Rya2dy
£>0 —o0 £>0 —o0
o0
<2sup € / (IRl + | RaBI? D5 P CRA |12 1)) dn
£>0 —00
<2sup € / | Race|[2dn + 23 2] ? sup € / | B2 BIP||C Ry .
£>0 —0 £>0 —o0
Similarly, using H(RABD)TlCRA)*H = HRABDXICRAH < Mp||Rx\B||||CRx|| we get
up & [ IR +in A+ BOY iy = sup ¢ / | Ry + (RABD;'CRy) x| dn
> —00 > —00

< 2sup ¢ / RS zl2dn + 203 | sup € / | BB CRy |%dn.
£>0 —o0 £>0 —00

In both cases the first supremums are finite by Theorem 17. Therefore, Theorem 17 implies that the
semigroup generated by A + BC' is uniformly bounded if

aup € / | RABI2|[CR|%dn < oc. (12)
>0 —00

For all £ € {1,...,N} let fi(-) be the functions in Lemma 19. By Lemma 15 we can choose My > 1
such that |R(\, A)|| < M for all A € C+\ (U, Q).
Let € > 0. For each k € {1,..., N} denote by E,i C R the interval such that £ + in € Q if and only if

nE E,E Finally, denote E¢ =R\ (Uk E,ﬁ) Now
o N
€ [ IRBIRICR Py =& [ IRBIFICRyPdn+ "¢ | |RBIFICR Py
- k=1 P
N
<& [ IRBPICI M+ Y € [ e+ 2y
B¢ k1 JE;
o0 N o0
<MFICIPe [ IRaBIPan+ Y€ [ pe o imay
- k=1 Y~
oo N oo
<MF|CPswp € [ IRaBIPdn+ Y sup € [ fule o+ indn < oo
£>0 —00 h—1 £>0 —00
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by Lemmas 18 and 19. Since the bound is independent of £ > 0, this shows that (12) is satisfied, and thus
concludes that the semigroup generated by A + BC' is uniformly bounded.

Since the perturbed semigroup is uniformly bounded and X is a Hilbert space, the Mean Ergodic
Theorem [2, Sec. 4.3] implies that (A + BC) NiR C o,(A + BC) U o.(A + BC). However, by The-
orem 7 we have that o,(A + BC)NiR = @ and iR N o(A + BC) = {iwi}_,. This concludes that
o(A+ BC)NiR = 0.(A+ BC) NiR = {iwg }1_;.

Theorem 7 shows that o(A + BC) N iR = {iw}Y_, is countable and o,(A + BC) NiR = @. The
Arent-Batty—Lyubich-Va Theorem [1, 11] therefore concludes that the semigroup generated by A + BC'is
strongly stable.

It remains to show that for all k € {1,..., N} the resolvent operator R(\, A + BC) satisfies

sup lw — wi|¥||R(iw, A+ BC)|| < cc. (13)

0<|w—w|<ea

To this end, let k € {1,..., N} be arbitary. By Lemma 19 there exists M}, > 1 such that |w — wg|® fx (iw) <
M, whenever 0 < |w — wg| < 4. The Sherman—Morrison—Woodbury formula in Lemma 8 implies that for
all w € R satisfying 0 < |w — wy| < €4 we have

|R(iw, A + BO)|| = || R(iw, A) + R(iw, A)B(I — CR(iw, A)B)"'CR(iw, A)|
< ||R(iw, A)|| + || R(iw, A)B||[|(I = CR(iw, A)B) ||| CR(iw, A)||
< [|R(iw, A)|| + Mp fi(iw),

and thus
lw — wi|“||R(iw, A + BCO)|| < |w — wi|*||R(iw, A)|| + Mp|w — wi| fr(iw) < Mg + MpMj.
This concludes that (13) is satisfied. On the other hand, if |w — wg| > €4 for all k € {1,..., N}, then
|R(iw, A+ BC)|| < [[R(iw, A)|| + [|R(iw, A)BI|[| (I — CR(iw, A)B) ||| CR(iww, A) |
< ||R(iw, A)l| + Mp || B |C[[|R(iw, A)||* < Ma + Mp| BI|[|C[| M3,

and thus ||R(iw, A + BC)|| is uniformly bounded for w € R satisfying |w — wy| > €4 for all k € {1,...,N}.
This concludes the proof. O

Remark 20. If the exponents in Theorem 4 satisfy 5,7 > «, then the strong stability is preserved even
without the assumption that B, C*, (iwy — A)"# B, and (—iwy — A*)~7C* are Hilbert-Schmidt operators
for all k € {1,..., N}. Indeed, in the proof of Theorem 4 this assumption was only required in showing that
perturbed semigroup is uniformly bounded. If 3,7 > «, then the uniform boundedness of the perturbed
semigroup can be verified similarly as in the proof of [13, Thm. 5], due to the fact that we then have

sup ||R(A, A)B|| < o0 and sup [|[CR(\, A)|| < .
AeCH AeCt

5. Polynomial Decay Rates for the Semigroup T'(t)

Our main goal in this section is to study the connection between Assumption 3 and the asymptotic
behaviour of the semigroup T'(¢) using the theory developed in [5, 6, 4]. In this study we use the operators

A (&) = (iwp — A)(E +iwp — A) " =T —£(E +iwp — A)

for 0 < ¢ <1and k € {1,...,N}. The motivation for introducing the parameter ¢ is that if the distance
between the points wy and w; is small, the product operator A; --- Ay will not be sectorial. The parameter
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¢ gives us control over the properties of A1(§)--- Ax(€). Tt is clear that for a fixed 0 < £ <1 the operators
Ar(€) have all of the properties of Ay in Lemma 9. From [10, Cor. 3.1.13] we also have

I86(@)° < sup || (e — A+ ity — 4 < (1 + 1)1
A>0

for M = sup,.|[T(¢)]|

The following theorem outlines the connection between the behaviour of the resolvent operator on ‘R
and the asymptotic behaviour of the semigroup. We will see that the implication from part (i) to part (ii) is
a direct corollary of Theorem 4.7 in [4]. The implication from (iii) to (i) is shown with the technique used in
the proof of Theorem 6.10 in [4] with appropriate modifications to accomodate for multiple spectral points
on iR. The theorem presents a partial generalization of Theorem 7.6 in [4] to the situation where A may
have more than one (but still finitely many) spectral points on the imaginary axis and the norms || R(iw, A)|
are uniformly bounded for large |w|. Theorem 21 in particular shows that in the case of a finite intersection
o(A)NiR = {iwg }_,, the operator Ag = (iwg — A)(1+iwy — A)~! that was used in cancelling the resolvent
growth in [4, Thm. 7.6] should be replaced with a product of operators of the same form, one for each
spectral point iwy € o(A). The generalization is not complete due to the fact that the scaling property
from part (ii) to (iii) requires additional assumptions. The decay of semigroups for which the intersection
o(A) NiR is finite was also recently studied in [12, Sec. 3.2] (in addition, in [12] the norm ||R(iw, A)|| was
allowed to grow polynomially for large |w|). In particular, in [12; Thm. 3.4] it was shown that the growth
rates of the resolvent imply nonuniform decay of the semigroup on a Banach space. Theorem 21 illustrates
that on a Hilbert space, the logarithmic terms of the decay rates in [12, Thm. 3.4] can be removed.

Theorem 21. Assume A generates a uniformly bounded semigroup T(t) on the Hilbert space X and let
a>1and 0 < &< 1. Consider the following conditions.

(i) The operator A satisfies the conditions of Assumption 3, i.e., o(A) NiR C {iwg}_,,

sup  |w — wi|*||R(iw, A)|| < oo, and  sup ||R(iw,A)| < oo.

0<|w—wr|<ea |w| large
(ii) There exists My > 1 such that

ITWALE) Ax(€)" - Aw()] < 2T Vi > 0. (14)

(iii) There exists My > 1 such that

ITEAOAAE) - An(E) < B ¥ >0, (15)

For every fited 0 < & < 1 the condition (i) implies (ii), and (iii) implies (i). Moreover, if & € N and if
0 < & <1 is such that A1(§)--- AN (&) is a sectorial operator, then for this fized £ the conditions (1)—(iii) are
equivalent.

As we will see in the proof of Theorem 21, the additional assumptions for the implication from (ii) to (iii)
are required to first use The Moment Inequality for the operator A;(£)A2(€) - -- An(€), and subsequently to
show that (A1(§)A2(E) - An(£)* = A1()*A2(§)* - - An(§)™. Tt is an important open problem to study
whether the implication from (ii) to (iii) remains valid without the additional conditions, or under less strict
assumptions. Another related open problem is to find sufficient conditions for the sectoriality of the operator
A1(&)---An(§). Later in this section we show that if A is a normal operator, then Aj(§) -+ An(€) will be
sectorial provided that 0 < ¢ < 1 is small enough.

We begin the proof of the theorem by showing the implications from (i) to (ii) and from (iii) to (i)
separately in Lemmas 22 and 23, respectively. The first one of these implications follows from a more
general result first presented in Theorem 4.7 of [4].
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Lemma 22. The implication from (i) to (ii) in Theorem 21 is true for any 0 < & < 1.

Proof. Let 0 < § < 1 be fixed. By slightly modifying the proof of Lemma 13, it is easy to see that there
exists My > 1 such that for all k € {1,..., N} we have

IR ALY < My VA€ Q.
Therefore, for any k € {1,..., N} and X\ € }, we have

(M 4+ 1)1l = npy (M + 1)V =DleT,

::12

[R(A, A)AL(E)* - AN (7] < [R(N, A)Aw(E HIIAz
l;ék

~
il
T

Moreover, for all A € CT\ (Uf\il Ql) we have

IR(N, A) A1 () - An ()] < RO A AL ]|+ AN (€)*]] < Ma(M + )N

by Lemma 15. This concludes that supycc+||[R(A, A)A1(§)*---An(§)?]] < oo. Since A1(§)*---An(£)”
commutes with T'(¢), we have from [4, Thm. 4.7] that there exists My > 1 such that (14) is satisfied. O

The implication from (iii) to (i) can be shown using the technique developed in the proof of [4, Thm.
6.10] (see also [5, Sec. 2]) with modifications to accomodate for the multiple spectral points on the imaginary
axis.

Lemma 23. The implication from (iii) to (i) in Theorem 21 is true for any 0 < £ < 1.
Proof. Let 0 < £ <1 be fixed. Let w € R\ {wk}szl, and denote s, = iw — twy, and A, = A — iw;, for all
ke{l,...,N}. Then s — Ay = iw — A, and for any € D(A) and k € {1,..., N} we have
Sk _ 1 _
=, &4 HE—Ap)a = o (6= A E(sk — Ar)z + (51— €) (= Ag)a]

= 5(5 — Ap)"Miw — Az + E —¢
Sk Sk

Applying this identity for every k from 1 to N yields

x = £(§ — A iw — Az + 5178
S1 S1

A (&)

[i(g Syt S A2>—1A1<§>] (i — Az + =2y 0 ()

S$182 5152
N eypi-1¢.. _ N oo

e I 1HA o~ A+ 20 A
=1 Hj:l Sj Hj:l Sj

If M = sup,5o|T(t)||, then the Hille-Yosida Theorem implies £[[(§ — Ax)~'|| < M and [|Ax(¢)]| =
II — &€ — Ap)7 Y| <1+ M for every k € {1,...,N}. We thus have

N T sy — ¢ T A
[AGEESAGINDS ; €= A)T - TTOM +1)7 | )l (iw — A)z|
=1 H]:1|S]| j=1
N P—
+ WHT@A«@ A (€]
Hj:1|3j|
H 1| q . MT HN:1|SJ'_§|
< M*(M + 1N Ji\l(lw Azl + 7o — x|
lz; Hj 11851 t/e H§V21|sj\
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Since for all ¢ > 0
ey = e“"t/ e T (r)(iw — A)adr + T(t)x
0
we can estimate

twt

¢
et / e T (r) (iw — A)zdr + T(t)x
0

]| = [le™ x| =

< / le= T ()| (iw — A)alldr + | T(t)z]| < tM]|(iw — A)z|| + | T ()|

~ N
M. C sy —
(tM+M2(M+1 )yN- 1271_[3 1135 |> ||(z'w—A)x||—|—t1/Z 71_[]*;' ! EI|\gc||.
=1 HJ 11851 Hj:1|5j|

If w € R\ {wy } is fixed, we can choose t > 0 to be large enough so that 22 e (H;V:1|sj —5|)/(H§V:1\sj|) < 1.
Then the above estimate implies that there exists ¢ > 0 such that

[(iw = A)z|| = cllz]l, = € D(A).

This means that iw ¢ 0,(A) and iw ¢ o.(A). Since the semigroup T'(¢) is uniformly bounded, we have from
the Mean Ergodic Theorem [2, Sec. 4.3] that o(A) NiR C 0,(A) Uo.(A), and thus iw € p(A). Since iw was
arbitrary, we have shown that o(A) NiR C {iwy }5_;.

Fix k € {1,..., N} and consider w € R\ {wg }r such that 0 < |w — wg| < 4. Then there exists K > 1
such that |s; — & < |w —w| + £ < K for every l € {1,...,N}, and 1/]s;)| < 1/e4 for every | # k, due to the
definition of £4. The estimate above implies

N N _
2| < (Mt+M2(M+1 A 1ZW> [(iw — A)z|| + MTMII@"H

1/a N
=1 H] 11851 t/ Hj—1|3j‘
Kl 1 K M 1 K
2 N-1 T
< |Mt+ M*(M +1) (Z = |Z — ) )”CHJ’tl/a\ REe —~= Il
=1 =k A
1 KN-1 My 1 KN
< [+ e r - YN e - el + 7 o Al
A

since 1/[sg| > 1/e4 > 1. Choosing t = (QKN/(EX_HS]CD)Q, we get

MR 1L e
g2V el " Tl A

2°MKN 1 KN-1 _ ) 1
]l < ( (M +1)Y 1) 1w — Az} + 5[

This immediately implies

) 204MK0¢N 3 KN—l 3
|w—wk|a||R(zw,A)|| S <M+|w—wk|@ 1NM2 5]\] <M+1)N 1>
€A A
2aMKaN KN—l
<\ =z +eG 'NMP—— (M + )N
€4 €A

which concludes that supgc i, |<e, |0 — wi|*|| R(iw, A)|| < oc.
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It remains to show that || R(iw, A)|| is uniformly bounded for w € R with large |w|. If w € R is such that
lw—wi| >ea forall ke {1,...,N}, then |si| > ca and |s — &|/|sk| =1 —&/sk| <1+ E/ea < 2/ea.

N
My T8 -
]| < (tM+M2(M+1 NS :711] 115 |> (i — A)z|| + 1/7;711]—;' ik ]|
=1 Hg 115 ¢ H]‘:1|Sj|

2 N 2 : My 2%
< [tM + M (M +1) Z? || (iw )mH"'tl/a N” |-
=1 ~A

~ o ~
If we choose t = (QN‘HMT/EX) , then 2NV My /(t1/%Y) = 1/2, and the above estimate implies

2N+1M “ N 2[—1
o =1 cA
Since the bound is independent of w, this concludes that SUP oy [>e 4 | R(iw, A)|| < oo. -

Proof of Theorem 21. Lemmas 22 and 23 show that (i) implies (ii) and that (iii) implies (i) for any fixed
0 < ¢ < 1. It remains to show that if « € N and 0 < £ < 1 is such that A;(§)--- An (&) is sectorial, then for
this ¢ part (ii) implies part (iii). To this end, let @ € N and fix 0 < £ < 1 in such a way that Aq(§) --- An(§)
is sectorial.

Since o € N and Ag(¢) and A;(€) commute, we have (A1(€) - An(€))” = A1(§)*- An(§)*. Let
M = sup,~o||T(t)||. If (ii) is satisfied, then by the Moment Inequality [10, Prop. 6.6.4] there exists M, > 1
such that for any x € X we have

IT(OAL(E) - An(€)all = [[A1(€) -+ A ()T (B)erl| < M| T()]* = [(AL() -~ An (€)" T(t)a]| M/

Ml/a
< M MUY [V T )A€ - An(€) 2]/ < MM ST
This immediately implies (15) with the choice Mrp = MaMl_l/o‘M%/a. O

We conclude this section by showing that if A is a normal operator (or more generally, similar to a
normal operator), then A;(§)---An(§) is sectorial for all sufficiently small 0 < £ < 1. To show this, we
define a function

N
H wi + 2 (16)

§+zwk—|—z

For all £ > 0 the poles of fe(-) are located at —{ —iwy € C™, and f¢(-) is holomorphic in C™* and bounded
in C*. For an angle ¢ € (0,7) we denote a sector by

e = {2 C\{0} [ |arg(2)| < ¢ }-
Lemma 24. Let ¢ € (3,m). There exists & > 0 such that f¢(CT) C S, U {0} whenever 0 < & < &.

Proof. We can without loss of generality assume that the indexing of the set {iwk}fcvzl is such that w; <
wy < -+ <wy. Let ¢ € (7/2,7), denote d = ming4|wi, — w;| > 0 and let Arg(-) : C — (—m, 7| denote the
principal argument. Let z € Ct+ be such that z = p + iw (with g > 0). Then

iArg< e ) ZArg<““w'ﬁw))(ﬁw—i(www)))

P E+p+i(wp +w) [€ + p 4 i(wp +w)|?

= ZArg ((E+mwp+ (Wi +w)? + i€ (wp +w)) -
k=1
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We will derive upper and lower bounds for the above sum of arguments. We start with the upper bound. If

wr +w < 0forall k€ {l,...,N}, then the arguments in the last sum are all negative and the value of the
sum is less than zero. If this is not the case, let kg € {1,..., N} be the smallest index such that wy, +w > 0,
or equivalently w > —wy,. Then for indices k € {1,..., ko — 1} the arguments in the sum are negative, and

we can estimate (using the fact that arctan is an increasing function)

N N
D> Arg (E+mp+ (wr +w)? +if(wr +w)) < Y Arg (€ + mp+ (wr +w)? +if(wr +w))
k=1 k=ko

N
= Arg ((§ + w4 (wy +w)? + i€(wp, +w)) + H arctan <(§ + /fﬁf(wil w)Q)

k=ko+1
N N

T E(wr +w) T £
< -+ Z arctan <2> = —+4 Z arctan (

2 P (w +w) 2 M wi +w

. N ¢ o Noko ¢
< — t < — t —_
T2 +k_;+1afc " (Wko + d(k — ko) +W) ~ 2 " kz—l e (dk>

—ko _

T N 13
< 3 + ; arctan (dkz) .

An analogous estimate can be used to show that for all z € C+

N

N
ZArg (€ + p)p+ (Wi +w)? +i&(wp +w)) > —g — ;arctan <d§k> .

k=1

Since arctan(-) is a continuous and increasing function with arctan(0) = 0, and since ¢ > /2, it is possible
to choose & > 0 in such a way that Zivzl arctan(%) < —75. Then for all 0 < £ < ¢y and z € C* we have

N . N
st )| = [ ave (T Ty )| = [ A i o s )| 07
T N 13
< 5 + kz::larctan (dk) < . (17b)
This concludes the proof. O

Lemma 25. If A is a normal operator, then there exists &, > 0 such that A1(€)--- An(€) is a sectorial
operator for every 0 < & < &.

Proof. Let ¢ € (n/2,m), choose & > 0 as in Lemma 24, and let 0 < £ < &. Since R(A, A) is normal for
one/all A € p(A), using Ap(§) = I — ER(E + iwk, A) it is easy to see that Ag(§)A1(&)* = A(§)*Ax(§) for
k.l € {1,...,N}. This further implies that A;(§)---An(§) is a normal operator.

We have f¢(CT) C S, U {0} by Lemma 24, and since A;(¢)---An(€) = fe(—A) and o(A) C C—, the
Spectral Mapping Theorem [10, Thm. 2.7.8] implies o(A1(§)---An(§)) C S, U {0}. Since A1(§)--- An(§)
is normal, for all A > 0 we have

A A A
AN+ AL (&) An(E)7Y = sup < sup =T
(RY¢ 1(6) )l peo(n(erAn (@) A 1~ pesoroy A ul  dist(—A, S,)

A 1

- Asin(p)  sin(p)’
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since dist(—A\, S,) = Asin(y). This implies

1
sup |A(A+ A A < = )
sup A+ 4a(€) -+ An ()| <
and thus by [10, Prop. 2.1.1] the operator A;(€)--- Ay (&) is sectorial. O

6. Preservation of Polynomial Stability

In this section we prove Theorem 6, which gives conditions for the preservation of polynomial stability
of a semigroup.
Proof of Theorem 6. Choose § = 1/d; > 0, where §; > 0 is chosen as in [14, Cor. 7]. Assume B € L(Y, X) and
C € L(X,Y) satisfy (9), assume (—A)? B and (—A*)YC* are Hilbert-Schmidt operators, and ||(—A)?B|| < §
and [|(—A*)YC*|| < 8. Since ||(=A)PB||-||(—=A*)YC*|| < &1, we have from [14, Cor. 7] that o(A+BC) C C~,
1 € p(CR()\, A)B) for all A € C*, and if we denote Dy = I — CR()\, A)B, then there exists Mp > 1 such
that

sup ||[Dy < Mp < <.
AeCH

Since A generates a polynomially stable semigroup, Theorem 2.4 and Lemma 2.3 in [6] show that we can
choose Mpr > 1 in such a way that |R(A, A)(—A)~ || < Mg for all A € C+.
We begin by showing that

2?5/ IR(E + in, ABI2|CR(E + in, A)|%dn < oo (18)
> — 00

and
| R(iw, A)B|[|CR(iw, A)|| = O(Jw[). (19)

We start by considering the case where 8,7 > 0. Choose 0 < 1 < f and 0 < 1 < such that 8; + 71 = a.
Let A € C* and denote Ry = R(\, A), Bs, = (A" B, and C,,, = (—A")MC*. If (¢))2, C Y is an
orthonormal basis of Y, then for all [ € N

1Bs,edll < (=) PIN(=A)°Berll  and  [|Cyyerl| < I(=A)" T [I(=A%) Ceul),

where (—A)" 7 € £(X) and (—A*)"™7 € L(X) since f1 — 3 < 0 and 71 —y < 0. Because (—A)”B and
(—A*)YC* are Hilbert—Schmidt by assumption, we have that Bg,, and C,, are Hilbert—-Schmidt operators
as well. The Moment Inequality [10, Prop. 6.6.4] implies that there exist constants Mg, ;o and M,, /o such
that

IRAB|| = [ RA(=A) "1 (=A)" BI| = [|(=A4) " RaBg, | < My, jal| RaBg, [I'™ /%[ (=A) =" RaBg, ||/

< Mg, ol BaBs, |~/ ([(=A) RN, A)|P/2| By, |7/ < Mg, jol| RaBg, |I'=/* Mg || B, |1/
and
ICRAll = [|RC™|| = [|RA(—A*) " (=A") O = [|(=A4") " RiCs, |

< My, ol RAC, |2 [(—AT) = REC,

< My, o | RG22 [(=A) 7RO A) [/ Co [/ < My, ol REChy [0/ MR Gy 1
If we choose M = MBI/QM,“/@MJ(?Bﬁ%)/a||Bgl||61/O‘HC~’71 |7/, then

IRABIIICRAIl < M| RABg, I~/ | RACsy |17/
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Choose ¢ =1/(1 — B1/a) >1and r =1/(1 —y;/a) > 1. Then 1/q+1/r =2 — (81 +1)/a =1, and using
the Holder inequality we get

up € / |R(E + in, A)B?|CR(E + in, A)|%dn
> — 00

< MPsup ¢ / [ B(E + in, A) B, |22 R(E + i, A)*Co |20/
> —o00
oo q (oo} r
< M? (sup 5/ R(§+in,A)B/31||2dn> (sup 5/ ||R(§+i77aA)*Cv1||2d77> <0
£>0 —00 £>0 —00
by Lemma 18. This concludes (18). Moreover, for w € R with large |w| we have
1R (iw, A) B||[|CR(iw, A)|| < M||R(iw, A)Bg, ||~/ || R(iw, A)* C,, ||' -7/
< M|[R(iw, A)||'= /| By, | =5/ | R(iw, A)* |1/ Cop I/
= M||Bg, ||'=P/*(|Coy |17/ | R(iw, A)|| =P ot =m/ = O(Jw|*),

since 1 — f1/a+1—y/a =2— (1 +7)/a =1 and |R(iw, A)|| = O(|w|*) by [6, Thm. 2.4]. This
concludes (19).

It remains to show that (18) and (19) hold if 8 = 0 or v = 0, or equivalently, whenever either § > «
or v > a. If B> a, then |R(\, A)B| < |RO\, A)(—A)~2|||(~A)*B|| < Mgl||(-A)*B| for all A € C¥,
since ||R(A, A)(—A)~%|| < Mg. This implies ||R(iw, A)B||||CR(iw, A)|| < Mg||(—A)*B|||C||||R(iw, A)| =
O(|w|*) by [6, Thm. 2.4], and
sup & [ IR +in, A)BI*||CR(E +1in, A)||*dn < ME||(-A)*B|® sup 5/ IR(E +in, A)*C*|*dn < oo
by Lemma 18, since C* = (—A*)~7(—A*)YC* is a Hilbert—Schmidt operator. On the other hand, if v > a,
we similarly have |CR(X, A)|| < [|[R(A, A)(—A)~*|||(=A*)*C*|| < Mg]||(—=A*)“C*|| for all A € C+. This
again implies || R(iw, A) B|[|CR(iw, A)|| < [[R(iw, A)|[|| B| Mg[|(=A")*C*|| = O(Jw|*), and

[R(& +in, A)BI*|CR(E +in, A)|[*dn < Mz (—A*)*C*||? sup 5/ |R( +in, A)B|*dn < oo
e} > — 00

sup &
£>0

by Lemma 18, since B = (—A)~#(—A)”B is a Hilbert-Schmidt operator. This concludes that (18) and (19)
hold if 8 > a or v > «a.

We can now show that the semigroup generated by A + BC' is uniformly bounded. Let € X and for
brevity denote A = £ +1in, Ry = R({ +in, A) and Dy = I — CR(§ +in, A)B. Using the Sherman—Morrison—
Woodbury formula in Lemma 8 we can estimate (exactly as in the proof of Theorem 4)

sup ¢ / IR(E + in, A+ BC)a|dn = sup ¢ / |Raz + RyBD; CRyz|%dn
£>0 —00 £>0 —00
o0
<2up ¢ / | Rae|2 + || R B2 D5 L2 C R |2 2] 2y
< 2sup € / | Race|[2dn + 23 2] ? sup € / | RaBIP||C Ry | 2dy < o0
£>0 —o0 £>0 —o0
due to Theorem 17 and (18). Analogously, using ||(RyxBDy 'CR,)*|| = |[RABD;'CR,|| we get

sup £ [ |R(€+1in, A+ BC)*z|*dn
£>0 —o0

<2sp ¢ / IRl + 203 o sup € / | BABI2|CRA|2dy < 00
> —00 > —00
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again due to Theorem 17 and (18). Since z € X was arbitrary, Theorem 17 concludes that the semigroup
generated by A + BC'is uniformly bounded.

Finally, the Sherman—-Morrison-Woodbury formula in Lemma 8 together with (19) implies that for w € R
with large |w| we have

|R(iw, A + BO)|| = | R(iw, A) + R(iw, A)B(I — CR(iw, A)B)"'CR(iw, A)|
< ||R(iw, A)|| + || R(iw, A)B||[|(I = CR(iw, A)B) ||| CR(iw, A)||
< |R(iw, A)|| + Mpl|R(iw, A) B||[| C R(iw, A)|| = O(|w[*).

By Theorem 2.4 in [6] this concludes that the semigroup generated by A 4+ BC' is polynomially stable with
exponent «. O
7. Perturbation of a Strongly Stable Multiplication Semigroup

In this section we apply our theoretic results in considering the preservation of strong stability of a
multiplication semigroup [8, Par. 11.2.9]

(Ta(t)f) () = """ £ (1)

on X = L?(Q), where Q = { X\ | [\ + 1] < 1} is a disk centered at —1 and with radius 1 (see Figure 2). The
generator A of the semigroup T4(¢) is a bounded multiplication operator (Af)(u) = pf(p).

A

Figure 2: The domain .
The spectrum of A is given by o(A4) = c.(4) = Q, ¢(A) NiR = {0} C 0.(A), and the semigroup is

uniformly bounded. Due to the Arendt-Batty—Lyubich-Vi Theorem [1] the semigroup T4(t) is strongly
stable. The operator —A has an unbounded inverse (—A)~! with domain

D)) = {£ € @) | [ 18110 P < o0},

We begin by finding a suitable value for @ > 1 in Assumption 3. Due to the geometry, for all w € R with
0 < |w| <1=:¢e4 we have

Wl R, A =~ el el Ve r 14
’ dist(iw, )  dist(iw,—1) —1 w2 +1-1 w4+1-1
(e}
- |w|2 (Vw2 +141)< My < oo
w
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if and only if @ > 2. Thus we can choose a = 2 in Assumption 3.
For 3 > 0 the domains of the operators (—A)~# and (—A*)~” are given by

D((=A)") = D=4 ) = {F e ) | [ " s < o0}

< NB < B and f € D((—A)~P), then the Holder inequality with exponents ¢ = 1/(1 — 3/8) and
1/(5/8) implies

AP = [ G0 = [ PO (el )2

<(/ |f(u)|2du>16/ﬂ (f Iul‘wlf(ﬂ)lzdu)é/ﬁ,

or equivalently [|(—A) 2 || < [|£|*~%/%(|(—A)~# £||?/?. In particular, this shows that if | B||+||(—A)~# B|| <
0, then for all 0 < 8 < 8 we have

I(=A)~"B| < | BI'=*/2||(-A) " BI|*/? < 617175575 = g, (20)

and similarly for ||(—A*)~YC*|| with 0 <7 < 7.

We consider bounded finite rank perturbations A + BC with B € L(CP, X)) and C € L(X,CP) for some
p € N. Since the operator A is bounded, we can approach the preservation of the strong stability of T'4(t)
more directly than in the proof of Theorem 4. Most notably, we can use the operators —A and —A* in place
of the operators (—A)(1 — A)~! and (—A*)(1 — A*)~1, respectively. If 0 < ¢ < 1, then the theory presented
in the earlier sections shows that the strong stability is preserved for all B and C for which

ICR(\, A)B|| < e <1
for all A € C+\ {0}. In particular, if 3,4 > 0 are such that 8+~ = 2 and if R(B) C R((—A4)?) and
R(C*) C R((—A*)7), then
ICR(A A)B|| =  sup [(R(\,A)Bz,C*y)| =  sup  [((=A)’R(\, A)(=A) "B, (=A4")77C™y)|

lell=llyll=1 lel=lyll=1
< (AR Alll(-4) 7 B||[[(-4") ¢ < e <1

if |[(~A)7PB|| < \/¢/M;y and |(—A*)~7C*|| < \/c¢/M; where M; > 1 is such that ||[(—A)2R(\, A)|| < M,
for all A € C+\ {0}. In the following we will search for a suitable constant M; > 1.
If A € C+\ {0} is such that |A| > 2, then for all f € X with ||f|| = 1 we have

e NARIOE )”2 2 ( )
I-ayrou s = ([ S0 < sup g [

- 4 4
= su sup - = <4,
SRl S heR Al T @t Q) |A+1\—1

since A+ 1| —1> |\ —1>2—1=1. On the other hand, if A € C*\ {0} and || < 2, then
(=42 R A)|| = [[(=A) I = AR\, )| < JAI] + M (=A) R, Al
< A+ AL+ PR, A< 2+ 2 + AP dist(A, )7

where
AP PP PPAAR D) PO +2)
dist(A, Q) A+1] -1 A+12-1 — ReA+1)2+(ImA)?2 -
42 R 1P\

~ (ReA)2+Red+ (ImA)2 = (ReA)? + (ImA)?
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Together these estimates imply that if we choose M; = 8, then ||(—A)?R(\, A)|| < M, for all A € CT\ {0}.

In order to guarantee 0 ¢ o,(A+ BC), the choice for ¢ > 0 must satisfy the conditions of Lemma 16. The
proof of the lemma shows that the appropriate condition for B and C'is that || (—A) =" B||-|[(-A*) ™" C*|| < 1
for some 0 < 87 < 8 and 0 < 1 < v satisfying 81 + 1 = 1. Due to the property (20), this is true whenever
§ <1 and the perturbation satisfies || B|| + [|(—=A4) P B|| < § and ||C|| + [|(—=A*)~7C*|| < 6.

Together the above properties conclude that we can choose, for example, c =4/5 < 1 and § = \/c¢/M; =
1/4/10. In particular, the bound is independent of the values of 3 and v, as long as they satisfy 3+~ = 2. As
in Theorem 4 we can now conclude that if B and C are such that for S+~ = 2 we have || B||+||(=A)?B|| < &
and ||C]| + ||(—A*)"7C*|| < 4, then the semigroup generated by A + BC is strongly stable. In particular,
ICR(\, A)B| < 4/5 < 1 for all A € C*+\ {0} and sup|w|gl|w|2||R(iw, A+ BCO)|| < 0.

For rank one perturbations we have C'f = (f,c)r2 for a function ¢ € L*(Q) and B = b € L*(Q). The
perturbed semigroup is strongly stable if ||b]|z2 < 1/(21/10), |lc||z> < 1/(2/10),

1 1
() Pdp < o~ d / "B e(p)Pdp < —
L bl < . and [ e < g5

for some 3, > 0 satisfying 5 + v = 2.

8. Conclusions

In this paper we have studied the preservation of strong stability of a semigroup whose generator has
spectrum on the imaginary axis. We have shown that if the growth of the resolvent operator is polynomial
near the spectral points iwy, then the stability of the semigroup is indeed robust with respect to classes of
bounded perturbations.

The results concerning the change of the spectrum of A are also valid in the case where the operator
A has an infinite number of uniformly separated spectral points on the imaginary axis, and they can also
be applied for more general bounded perturbations. However, the additional standing assumptions were
required to show the preservation of the uniform boundedness of the semigroup. Therefore, generalizing the
conditions on the preservation of uniform boundedness would also immediately improve the results on the
preservation of strong stability.
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