ON GROWTH AND INSTABILITY FOR SEMILINEAR
EVOLUTION EQUATIONS: AN ABSTRACT APPROACH
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ABSTRACT. We propose a new approach to the study of (nonlinear)
growth and instability for semilinear abstract evolution equations with
compact nonlinearities. We show, in particular, that compact nonlinear
perturbations of linear evolution equations can be treated as linear ones
as far as the growth of their solutions is concerned. We obtain expo-
nential lower bounds of solutions for initial values from a dense set in
resolvent or spectral terms. The abstract results are applied, in particu-
lar, to the study of energy growth for semilinear backward damped wave
equations.

1. INTRODUCTION

The paper is devoted to the study of instability of solutions to semilinear
evolution equations

(1.1) 2 (t) = Ax(t) + K(t,z(t)), t>0, z(0) = 29 € X,

on a Banach space X, where A generates a Cy-semigroup on X and K is a
nonlinear map on X subject to appropriate conditions ensuring the existence
of global mild solutions to (1.1). While the problem of finding instability
conditions for (1.1) in terms of A and K is of fundamental importance, very
few results in this direction were obtained so far even when K is stationary,
ie., K(t,z) = K(z) for t > 0.

One of the basic and commonly used instability criteria is due to Shatah
and Strauss, [64]. It says that the zero solution of the system governed
by (1.1) is unstable if the spectral bound of A is greater than zero and K
is small enough in a metric sense (that is, K(z) = O(||z[|'*%) with 6 > 0
as ||z|| — 0) and continuous. The notion of smallness can be refined by
replacing a polynomial bound for K with a bound of more general type, but
the scheme of proof remains the same all the time. For bounded A such
criteria go back to [22]. This linearized instability principle appeared to be
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very useful in a great number of applications. Other versions of such results
are investigated in [33], [34], and [35].

Recently, the problem of keeping control over asymptotic behavior of tra-
jectories of linear infinite-dimensional systems under “small” nonlinear per-
turbations was revived in [29], [30], and [57]. There the opposite problem
of stabilization by the nonlinearity was emphasized. Note that these papers
treated the situation of discrete time, where a number of difficulties (e.g.
failure of the spectral mapping theorem) is missing.

In this paper, we address the situation when K is a compact nonlinear
map, i.e., K is small in a topological sense, but otherwise it can be large
metrically. This type of perturbations allows for global instability results,
instead of just local ones. Recall that the map K : X — X is called
compact if it is continuous (this assumption varies) and maps bounded sets
to precompact sets. Assuming that K is a compact Cl-map, the paper
[71] considered the case that either the (Browder) essential spectrum of A
intersects the open right half-plane C, or that there are infinitely many
eigenvalues of A in € + C4 for some € > 0. Then for a residual set of initial
values zo the mild solutions {x(t,z¢) : 0 < t < T} of (1.1) are unbounded
on their maximal existence interval [0,T), where 0 < T' < oo. The proof
relied on a discrete version of this result: If A is a bounded linear operator
on X with the essential spectral radius 7.(A) > 1 and T'= A + K, then the
trajectory |J, ey T (B) of the unit ball B C X is unbounded in X.

We substantially improve these results and, for the continuous time ver-
sion (1.1), replace the spectral terms used in [71] by much weaker assump-
tions on resolvent bounds. While the results in [71] yield merely unbounded-
ness (and then instability), we derive an optimal exponential lower bound.
To the best of our knowledge, such results were absent in the literature. In
fact, our approach goes much further and allows one to treat K depending
on time. Moreover, the obtained results cannot be improved even for sta-
tionary linear compact perturbations, see Remark 7.12. To this aim we use
techniques for the study of orbits of linear operators from [49] that, with
certain modifications, work in the context of nonlinear maps as well. This
approach is used for the treatment of nonlinear equations for the first time,
and we hope it will be useful in a number of instances.

The following statement is an important partial case of our main results.
See Theorem 7.6 combined with Theorem 2.2. (A linear version of this result
is given in Corollary 7.10.)

Theorem 1.1. Let A generate a Cy-semigroup (T'(t))i>0 on a Banach space
X, with o := limsup,_,q || T(t)]|, and let K : [0,00) x X — X be jointly
continuous and map bounded sets in precompact ones. Let B C X be a
bounded set. Assume that for every xg € B there exist a global mild solution
x(t, o), t € [0,00), of (1.1) such that the set S(to, B) = {z(t,z0): 0 <t <
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to, xo € B} is bounded for each ty > 0. Let a : [0,00) — [0,00) be non-
increasing with limy o0 a(t) = 0, and let v > 0, y € B and tg =to(r) > 0 be
such that a(to) < 5. and B(y,r) C B.

(i) Assume that the resolvent (w + ib — A)~1 is well-defined and un-
bounded for b € R and some w € R. Then there exist g € B(y,r)
and a mild solution xz(t,xo) of (1.1) such that

llz(t, zo)|| > a(t)e, t > to.

(ii) In any case, there exist xg € B(y,r) and a mild solution x(t,zo) of
(1.1) such that

|z (t, z0)|| > a(t)e=, t > to,

where se(A) is the supremum of the real parts of X from the essential spec-
trum of A.

In the above theorem one can replace the assumption on existence of
global mild solutions z(t,z) with bounded sets S(tp, B) by the (linear)
growth assumption ||K(¢,z)|| < (1 + ¢(t))||z| for some ¢ € L] _([0,00)) and
all t > 0 and x € X. See Proposition 6.3 and Corollary 6.6. In the case of
backward damped wave equations considered in Section 8, the condition of
linear growth of K will be generalised by requiring that K satisfies a sign
condition and possesses some extra regularity.

To the best of our knowledge, the result is genuinely new in three respects:

(a) it is the first lower bound for global growth of solutions to a general
class of nonlinear evolution equations in the literature (and in fact,
it is new even in the setting of linear equations);

(b) the result is formulated in explicit (a priori) spectral terms;

(c) the results is sharp, even in a linear context (see Remark 7.12).

To provide a necessary insight and because of independent interest, we
first develop a similar theory for the discrete counterpart of (1.1)

(1.2) Tpy1 = Axy + Ky (xy), o=z € X, n >0,

where now A is a bounded linear operator on a Banach space X, and K,
are compact maps on X. In particular, we obtain an analogue of Theorem
1.1 for (1.2) only assuming compactness of each map K,, where the lower
bounds depend on the essential spectral radius of the operator coefficient.

Theorem 1.2. Let A be a bounded linear operator on a Banach space X,
(Kp)2, be a sequence of compact maps on X, and (z,(x0))5>, be given by
(1.2). Take a non-increasing sequence (a,)5>; C Ry satisfying lim, o an =
0. Fizye X, r>0, and ng € N with a,, < 5. Then there exists xo €
B(y,r) such that

Hmn(xo)n > anre(A)n, n > ng,

where r.(A) is the essential spectral radius of A.
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This result is proved in Theorem 4.6. If r.(A) > 1, then the orbits
xn(xo) grow exponentially for a dense set of initial values zp. Thus, if the
nonlinear part K is small in a topological sense rather than in the sense of
norm, Theorem 1.2 provides a global generalization of the classical (discrete)
principle of linearized instability, as discussed e.g. in [38, Theorem 5.1.5] or
[29, Sections 1.2 and 4]. Note that the proofs of a number of statements
on instability for continuous time are reduced to similar considerations in
the discrete setting (as e.g. in [38]). Also our discrete results are essentially
optimal, cf. [48, Sections V.37 and V.39] for the case K = 0.

Using measures of non-compactness, we further obtain similar results pro-
ducing residual sets of solutions to (1.1) and (1.2) with exponentially growing
orbits. See Theorems 7.4 and 4.4, respectively.

To explain the general effects, we note that as remarked already in [71],
roughly speaking, the linear semigroup (7'(t)):>0 is expanding along infin-
itely many independent directions and the non-linear perturbation K (being
relatively compact) is not able to compensate this expansion, except per-
haps in a finite number of directions. Our results say that up to a small
multiplicative correction the expansion takes place as if the nonlinear part
in (1.1) is absent.

The next toy example illustrates the specifics of the infinite-dimensional
setting very well. Let X be a separable Hilbert space. In the Banach space
B(X) of bounded linear operators on X, consider the difference equation

Y1 =AY, + KY?  YyeB(X), necN.

If X is finite-dimensional, then even if dim X = 1 the asymptotic behavior of
{Y,,} could be extremely complicated (see e.g. [13]), and any bounds for ||Y,,||
can hardly put under control for individual Yy. However, if dim X = oo, and
K € B(X) is compact, then the quadratic part Y — KY?2, being compact
in B(X), becomes “small” with respect to the linear part ¥ — AY. Hence,
by our Theorem 4.6 below, the (exponential) growth of trajectories {Y,,} for
a residual set of initial values is determined by the essential spectral radius
of the linear part L4 : Y — AY (i.e., by the essential spectral radius of A if
one notes that o.(L4) = o(A) by e.g. [27, Theorem 3.1]).

Aiming at generalizations of local instability results as in e.g. [22], [38],
[64] and [29], it is natural to consider also nonlinear perturbations K + G
with a compact operator K and a metrically small map G : B(0,7) — X
satisfying G(z) = O(||z||'*?) as ||z|| — 0. However, at least in the time
discrete case given by (1.2) we show in Section 5 that a local instability
result analogous to Theorem 1.2 cannot hold for such perturbations K + G.

As an illustration of our abstract results, we apply them to certain “ex-
cited” and backward damped wave equations in Examples 8.4, 8.5, 8.6, and
8.7. Here we allow for nonlinear forcing terms f(¢,z,u) in which the scalar
function f may grow superlinearly (if it has the right sign) and is only contin-
uous in the last argument. In general, the study of damped wave equations
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is an extremely vast and challenging area of research with many open prob-
lems stemming from mathematical physics and control theory. One may
consult, e.g., the books [45, Chapter 6] and [46, Chapters 10, 11] the survey
[19], and the papers [1], [5], [15], [20], [25], [40], [41], [42], [54]. [56], [60], [61],
[65] for some of its developments in the linear setting, relevant for the non-
linear studies in the present paper. However, we are not aware of any results
similar to Theorem 1.1 in the context of nonlinear damped wave equations.

We believe there are many other frameworks, where our instability criteria
could be useful, e.g., in the context of reaction-diffusion systems as in [71].
However, they would require a separate treatment.

In Sections 2, 3, and 9 we provide tools for our analysis and discuss the
background. The main results are proved in Section 4 and 7 for discrete
and continuous time, respectively. Section 5 contains counterexamples to
local results in discrete time. The necessary information on nonlinear evo-
lution equations is collected in Section 6 and then used in Section 8 for our
examples.

Finally, we fix some notation used throughout the paper. All of the Ba-
nach (and Hilbert) spaces considered in this paper will be complex. To avoid
trivialities, we will always assume that these spaces are infinite-dimensional.
For a densely defined closed operator A on a Banach space we denote by
p(A) its resolvent set, by o(A) its spectrum, and by o,(A) its point spec-
trum. We let D(A) stand for the domain of A, Ker (A) for the kernel of A,
Im(A) for its range, and R(\, A) = (A — A)~! for the resolvent of A. The
space of bounded linear operators on a Banach space X will be denoted by
B(X) and that of compact linear operators by K (X). For a subspace M of
a Banach space, dim M is the dimension of M, and codim M its codimen-
sion. For a subset S of a topological space, 0.5 designates its boundary, and
card S the cardinality of an arbitrary set S.

2. PRELIMINARIES: A TOOLKIT FOR GETTING (NONLINEAR) INSTABILITY

In this section, we review several tools and techniques used for deriv-
ing instability. Some of them appear in the context of nonlinear evolution
equations for the first time.

2.1. Fine spectral theory. We start with a short reminder of fine spectral
theory. Recall that for a closed, densely defined linear operator A on a
Banach space X its essential spectrum o¢(A) is defined as

0c(A) ={A € C: X — Ais not Fredholm}.

Clearly, 0.(A) C 0(A). Moreover, by [59, Theorem 7.25], 0.(A) is closed (but
can be empty). There are many other “essential spectra” in the literature,
e.g. Browder’s essential spectrum used in [71]. A crucial property of o.(A)

is that it is invariant is invariant under relatively compact perturbations if
p(A) # 0, see e.g. [23, Theorem 11.2.6]. Moreover, by [23, Theorem 11.2.2],
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if there exists p € p(A), then

(2.1) oe(R(u AN\ {0} = {(n—=N)": A€ a(A)).

The property is a consequence of a more general spectral mapping theorem
for essential spectrum ([31]), and it allows one to reduce many statements
on essential spectrum for unbounded operators to their counterparts for
bounded ones.

If A is bounded, then o.(A) is a non-empty compact subset of C. In
this case, if r.(A) denotes the essential spectral radius of A, then one has
re(A™) = r.(A)" for all n € N, as a consequence of the spectral mapping
theorem for the essential spectrum. Note that o(A) \ {\: |A| < r(A4)} con-
sists of at most countably many isolated eigenvalues (of finite multiplicity),
see e.g. [48, Theorem I11.19.4].

Some generalizations of Fredholm operators will also play a role. Recall
that a closed, densely defined operator A on X is called upper-Fredholm if
dimKer (A) < oo and Im (A) is closed. If o.(A) is large and p(A) # 0, then
the set of A € C such that A — A is not upper Fredholm is large as well, since
it contains the topological boundary do.(A). More precisely, if A\ € do.(A),
then for every £ > 0 and every closed subspace M C X of finite codimension
there exists a unit vector u € M N D(A) such that ||[(A — Nu|| < . See
Lemma 9.2.

The following useful proposition can be found in e.g. [59, Theorem 9.43].
As several arguments below hold “up to compact perturbations”, the propo-
sition allows one to deal with point spectrum rather than generic essential
spectrum, and that is technically more convenient.

Proposition 2.1. Let A € B(X). The operator A has closed range
and finite-dimensional kernel (i.e., A is upper Fredholm) if and only if
dim Ker (A + K) < oo for all compact operators K on X.

While there is a version of Proposition 2.1 for unbounded A, the version
above will be sufficient for our purposes.

2.2. Measures of non-compactness. As far the essential spectrum is in-
volved, measures of non-compactness naturally come into play, although
their role in our studies will rather be supplementary in contrast to [71].
For A € B(X) let

|All, = inf{[|A [ || : M C X is a closed subspace, codim M < co}.

The mapping A — || A||, is called y-measure of non-compactness on B(X).
It defines a semi-norm on B(X), where ||A||, = 0 if and only if A is compact.
Moreover, we have ||AB||, < ||Al|, - ||B||, for all A, B € B(X).

For A € B(X), we introduce the essential norm of A by

[A]le :== nf{[|A - K| : K € K(X)};
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i.e., ||Alle is the norm of the image of A in the Calkin algebra B(X)/K(X)
under the corresponding quotient map. If X is a Hilbert space, then accord-
ing to [78] (see also [75]) we have

[l = TAle-

In general, ||Al|, and [|All are equivalent norms on B(X)/K(X) if and
only if X has a so-called compact approximation property, see [6]. While
substantial classes of Banach spaces possess this property, there are reflexive
Banach spaces failing to satisfy it. However, by the well-known Nussbaum
formula

re(A) = lim [[A™[}/" = lim [lA" /",

valid for all definitions of the essential spectrum, the quantities || - ||, and
||-||e are asymptotically equivalent in a sense. Moreover, the limits above can
be replaced with the infimums. Hence, [|A[[}; > re(A)" and [[A[|f > 7e(A)"
for all n € N.

2.3. Spectral theory for operator semigroups and resolvent bounds.
The spectral theory for Cy-semigroups is rather involved due to the unbound-
edness of their generators, and one has to invoke the size of resolvents to
partially remedy the situation.

First recall that if (T'(¢)):>0 a Cp-semigroup on a Banach space X, with
generator A, then

(2.2) 7<) c o (T(t))  forall t>0,

see e.g. [50] for even finer versions of the above inclusion. This inclusion
is strict in general. One can replace in (2.2) the essential spectrum by the
spectrum, where again the inclusion can be strict.

The failure of the spectral mapping theorems for semigroups leads to a
number of major difficulties in the semigroup theory. To discuss some of
them define the exponential growth bound of (T'(t));>0 by

o(T) it PITO

t—o00

the spectral bound of its generator A by
s(A) :=sup{ReA: X € g(4)},
and the pseudo-spectral bound of A (or abscissa of uniform boundedness of
the resolvent of A) by
s0(A) :=inf{w > s(A) : R(\, A) is uniformly bounded for Re A > w}.
The first two bounds possess “essential analogues” given by

we(T) := lim %

t—o00
Note that the first limit exists, and r.(T(t)) = () for t > 0, see e.g. [74].

It is also crucial to observe that from [26, Corollary IV.2.11] it follows that
wo(T) = max{s(A),we(T)}, and moreover {\ € d(A) : ReXA > s.(A4)} is

and Se(A) :==sup{ReA: X € g.(A4)}.
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an at most countable set consisting of isolated eigenvalues of A (with finite
multiplicity). Clearly,

Se(A) < s(A) < sp(A) < wo(T) and Se(A) < we(T) < w(T).

There are various examples of Cy-semigroups making all or some of the above
inequalities strict, see e.g. [4, Chapter 5.1]. So that, in general, neither the
spectrum nor the resolvent of A determine the exponential norm bounds for
(T'(t))¢>0. Semigroups with s(A) < wo(T) also arise from concrete partial
differential equations, such as damped wave equations, cf. Section 8.

On the other hand, if X is a Hilbert space, then the well-known Gearhart-
Herbst-Priiss theorem guarantees that

(2.3) wo(T) = so(A),

and the exponential decay of (T'()):>0 is equivalent to sg(A) < 0. For an ex-
haustive discussion of relations between these two and other related bounds
see e.g. [4, Chapters 5.1-5.3] or [53, Chapters 1-4].

To be able to obtain sharp lower bounds for the trajectories of (1.1) we
need to introduce the new resolvent bound sg(A) as the infimum of the set
Sr of a > s.(A) satisfying
(2.4)  card(op(A)N(a+iR)) <oo and limsup |R(a + b, A)|| < oo.

|b|]—o0
This bound will play a crucial role in the sequel. Note that every vertical line
a+ iR with a > s.(A) contains at most countablly many eigenvalues. Using
the discreteness of the set {\ € o(A) : ReA > s.(A)} and the Neumann

series expansion for the resolvent, one shows that the set Sgi is open. Thus
the infimum is not attained, and we have

sr(A) = s.(4) or card (op(A) N (sp(A) +iR)) = o0

or card (op(A) N (sp(A) +iR)) < oo and limsup |R(sr(A) + ib, A)|| = oo.
[b]—00

Moreover, as the set {\ € o(A) : ReX > s.(A)} is discrete, one may also

define sp(A) as the infimum of the set of a > s.(A) such that

38=4a) > 0: a+i(R\(~5,8)) C p(A) and sup |[R(a+i8, 4)]| < .
[b]>8

To explain the relevance of sp(A) and to relate it to the spectral properties
of (T'(t))¢>0, we introduce the notion of admissibility. We say that w € R
is admissible if for every ty > 0, every € > 0 and every subspace M C X of
the form M =, Kery; with y; € D(A") for j € {1,...n}, there exist
x € M with ||z|| =1 and p € C with Re 4 = w such that

(2.5) T ()2 — ez < e, 0<t<tp.

Note that codim M < oo. Observe also that z and p depend on tg, € and M,
and so z is not an approximate eigenvalue of T'(t), 0 < t < ¢y, in general.
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However, the notion of admissibility will help us to“emulate” the approxi-
mate eigenvalues of T'(t) to an extent that sufficices for the construction of
growing solutions to nonlinear evolution equations.

Using Lemma 9.2 it is easy to show that s.(A) is admissible. In this
case, there exists p with Re pu = s.(A) such that for any €,y > 0 and any
closed subspace of finite codimension M, one can find a unit vector x € M
satisfying (2.5). However, Theorem 2.2 provides a more general statement
showing that in fact sgp(A) is admissible. Thus the next result is one of the
basic tools in this paper.

Theorem 2.2. Let (T(t)):>0 be a Cy-semigroup on a Banach space X with
generator A, and let sp(A) be defined by (2.4). Then sg(A) is admissible.

The proof of the theorem is given in the appendix. It is similar to the
proof [49, Proposition 4.4], though it is technically more demanding.

3. WARM-UP: INITIAL OBSERVATIONS AND COMMENTS

3.1. Spectrum does not suffice. It is well-known that the spectral radius
is not continuous on B(X). This leads to the fact that, in general, the
instability of (1.1) is not preserved under small Lipschitz perturbations.

For a fixed a > 0 let X = L?(0,2a) and consider the selfadjoint operator
(Af)(s) = sf(s) on X. Clearly, 0(A —a) = [—a,a] and thus there are initial
values xg € X for which the solutions of

(3.1) 2'(t) = (A —a)x(t), t>0, z(0)= o,

grow exponentially in the sense that ||e(A=txg|| > Cy,e®/? for t > 0 with
a constant Cy, > 0.

By a classical result due to Herrero [39] (see [37] for a simple proof), if
the spectrum of a bounded normal operator on X is connected and contains
zero, then the operator is a limit of a sequence (or net) of bounded nilpotent
operators on X in the uniform operator topology. Hence there exists a family
of nilpotent operators (A:).>o on X such that A. — A in L(X) as ¢ — 0.
Consider the perturbed sysem

(3.2) 2'(t) = (A—a)x(t) + (Ac — A)z(t) = (A: — a)z(t), t>0.
Note that for any § > 0 there exists €9 > 0 such that
o(Ac —a) ={—a} and |A: — Al < 0, e € (0,¢0).

So, all solutions of (3.2) tend exponentially to 0 though (3.2) only differs by
an arbitrarily small Lipschitz perturbation from the problem (3.1) possessing
exponentially growing orbits. This general phenomena was observed in [67]
and rediscovered recently in [57]. However, [57] went much further, see
Subsection 3.3 below. We add that in [68] a Lipschitz perturbation K is
constructed which destroys instability of a linear system 2/(¢t) = Ax(¢) and
satisfies the strictly sublinear growth assumption || K (z)||/||z] — 0 as ||| —
0. Our examples in Section 5 differ from these treatments.
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3.2. Unstable orbits may co-exist with very stable ones. On the
Hilbert space X = L2((0,00),e2dt) let the operator Af = f’ be defined
on its maximal domain in X. Then A generates the Cy-semigroup (7(t))¢>0
of left shifts on X, and o(A) = {A € C : ReX < 2}. While (T'(¢))t>0
is hypercyclic, i.e., its trajectories are dense in X for a dense set of initial
values (see e.g. [24]), the trajectories vanish eventually for every initial value
with compact support. Thus, we have a dense set of initial values xg for the
abstract Cauchy problem

'(t) = Ax(t), w0 = o,

yielding “superstable” mild solutions and, at the same time, a dense set of
initial values xg whose trajectories have a totally unstable behavior. For
more information on hypercyclic semigroups, we refer to e.g. [24].

3.3. Sublinear perturbations. Rodriguez and Sold-Morales proved in [57]
that in an infinite-dimensional separable real Hilbert space X there exists a
C! map T : X — X of the form T = A + K, where A is a bounded linear
operator on X with the spectral radius larger than one and the nonlinearity
K satisfies | K (x)||/||z|| = 0 as x — 0 and K(0) = 0. Nevertheless the fixed
point x = 0 of T is (exponentially) stable. Moreover, given c; > ¢; > 0
there exists T as above such that

< 1 )CZ [ K| < 1 )Cl
< <4| ———F——7—
—log ||| ] —log({=[])

for x with ||z|| small enough.

3.4. Rank-one perturbations. The instability properties for (1.2) be-
come rather arbitrary if the essential spectrum of A is merely contained
in the closed unit disc. A good illustration for that phenomena is provided
by the fact that there exist a unitary operator A on a Hilbert space X and
rank-one operator K on X such that the operator A + K is hypercyclic,
see e.g. [32], [9]. Clearly, re(A + K) = r.(A) = 1. On the other hand, it is
well-known that there exist a unitary operator A; and a rank-one operator
K such that A; + K is strongly stable, that is, (A; + K7)"z — 0 asn — oo
for every z € X. Indeed, if S is a unilateral shift on the Hardy space H?(D),
where D is the open unit disc, then [17] shows that certain unitary operators
on H%(D) arise as rank-one perturbations of compressions of S to the closed
invariant subspaces of S*. Moreover, clearly S** — 0 as n — oo, strongly.
A more general set-up for such a construction can be found in [51].

Apparently, a similar example can be constructed in a continuous frame-
work. Recall that for any selfadjoint operator A on a Hilbert space X
the semigroup (e*4);>¢ is unitary. It is plausible that there exist bounded
selfadjoint operators A and A; on X and rank-one perturbation K and
K such that semigroup (e/(A+5)),5q is hypercyclic, while the semigroup
(el +KUt), 4 is strongly stable. Although, no results have been published
in this context.
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4. GROWTH AND INSTABILITY FOR DISCRETE TIME

In this section, we assume that X is a Banach space, A € B(X), and
we let (K,,)>2, be a sequence of compact maps K, : X — X (in general,
non-linear). For z € X and n € N let

(4.1) fo(z) = (A+ Kp) - (A+ Ki)x,

and set fo(x) = x. In other words, (fn(2))5%, is a solution of the difference
equation

(4.2) Tyl = (A+ Ky)xn, Ty = .

The next simple lemma replaces the difference equation (4.2) by a “dif-
ference inclusion”. In this way, arguing up to compact sets, we will able to
reduce the study of asymptotic properties of (f,)52; to the study of such

properties for linear iterations (A™)5° ;.

Lemma 4.1. Let (f,)>2, be given by (4.1), n € N be fized, and Xo C X be
a bounded set. Then there exists a compact set C C X such that

fi(z) € Az +C
forallx € Xy and j € {1,...,n}.

Proof. 1t is easy to see by induction on j that
j—1
f]($) = Az + Z A]_S_1K5+1fs($)
s=0

for each z € X and each j € {1,...,n}. Using induction again, we infer that
for every s € {1,...,n} the set fs(Xo) is bounded, and thus K fs(Xo) is
precompact. Therefore, the set

1=

n j—1
US4 Ko f(X)
1 s=0

is precompact, and we let C' be its closure. Then f;(z) € Az + C for all
x € Xpand j€{1,...,n}. O

Now we are able to give a lower bound for a finite piece of the trajectory in
terms of the deviation of its linear part from a finite-dimensional subspace.
The next simple lemma provides an intuition behind the crucial Lemma 4.3.

Lemma 4.2. Let (f,)02, be given by (4.1). Let n € N be fized and let
Xo C X be a bounded set. Then for every € > 0 there exists a finite-
dimensional subspace FF C X such that

[fn(2)|| = dist {A"z, F'} — e
for all x € Xy.
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Proof. Let C' be the compact set constructed in Lemma 4.1. Since C
is compact, there exists a finite-dimensional subspace F' C X such that
dist {¢, F'} < € for every ¢ € C. For each x € Xy we have f,(z) € A"z + C
implying

| fn(z)]| > dist {A"z,C} > dist { A"z, F'} —e. O

Having obtained the estimate for a finite piece of trajectory, we can spread
it out to a finite-dimensional subspace of X, as the next lemma shows.

Lemma 4.3. Let A € B(X), n € N, ¢ > 0, and let F C X be a finite-
dimensional subspace. Then the following assertions hold.
(i) There exists a unit vector u € X such that dist {A"u, F} >
L= A7), | |
(ii) There ezists a unit vector u € X such that dist {Afu, F} > 55 (A)
forallj=1,...,n.

Proof. To prove (i), note that by Lemma 9.1 in the appendix there exists a
closed subspace M C X of a finite codimension such that

If +mll = (1 —e/2) max{|[ ], [lml]/2}

forall f € FFand m € M. Since L := A7"™(M) is a closed subspace of a finite
codimension, there exists a unit vector v € L with ||A"u| > (1 —-¢/2)|| A",
Then

1—¢/2 1
2 A >

dist {A"u, F} = inf{|A"u+ f| : f€ F} > |A™

—€
2 H.l“
which gives (i).

Let p € 0.(A) with |u| = re(A). Then u € doe(A), and by Lemma 9.2
there exists a unit vector u € L with ||[(A — p)u|| <. Foreach j =1,...,n

we have

j—1
1A = wyull = | 32 A1k (A = oy | < GlAlo.
k=0
We now choose M as in the proof of (i) and set L = ﬂ?zl A7JM. Then there
is a unit vector u € L such that ||(A — p)u| is so small that ||(47 — p/)ul| <
re(A7)e/2 for all j = 1,...,n. Thus ||A7ul| > (1 —&/2)r.(A47), and as above
we deduce that dist {A7u, F} > 1557, (A7) for all j =1,...,n. O

The above lemmas allow us to obtain exponential lower bounds for the
norms of trajectories || f,(z)|| for residual set of initial values x along some
subsequences {ny}. Apart from a usual Baire’s category theorem, the geo-
metrical Lemma 4.3 is indispensable here.

Theorem 4.4. Let A € B(X) and K, : X — X be compact for n € N.
Take a sequence (an)22 in Ry such that lim, o a, = 0, and let L C N be
infinite. For x € X define fn(z) by (4.1). Then the set

{z € X : there are infinitely many n € L with || fo(2)|| > anl|A™ |4}
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1s residual in X.

Proof. The statement is clear if ||A™||,, = 0 for an infinite number of n € L.
Thus, without loss of generality, we may assume that ||A"|, > 0 for all
n € L. For k € N let

My ={x € X : there exists n € L with n>Fk and ||fu(x)]| > an|A"| .}
Clearly Mj, is an open set. We show that it is dense in X. Let y € X and
fix € > 0. Choose n € L with n > k and a,, < /4. By Lemma 4.1, there
exists a compact set C' C X such that
faly+v) € A%y +0)+C
for all v € X with |jv]] < e. Since C is compact, there exists a finite-
dimensional subspace F' C X such that dist {c, F'} < % for all ¢ € C.
Lemma 4.3 (i) then yields a unit vector v € X with dist {A"u, F'} > %.
Note that
2

dist {A"(y + eu), F'} + dist {A"(y — eu), F'} > 2edist {A"u, F'} > gHA”Hu.

Indeed, passing to the quotient space X/F, the former inequality follows
from
2e
Im(A"y) + em(A"u)|lx/r + (|7 (A"y) = em(A™u) | x/p = (A )| x/p

via the triangle inequality, where 7 denotes the corresponding quotient map-
ping. So x :=y + eu or x := y — eu satisfy

|z —y||<e and dist {A"z, F} > %HA”HH.
We conclude

An A"
a2 dist (A7, 7y — D S gy,
Hence x € M}, and M, is dense since the choice of y and ¢ was arbitrary. By
the Baire category theorem, (72, M}, is a dense G5 set and thus residual. O

Corollary 4.5. Let A € B(X) satisfy sup{||A"||, : n € N} = oco. If (fn)o2,
1s as in Theorem 4.4, then the set

{2 € X s suppen || fa(2)]| = oo}
is residual. In particular, this is true if re(A) > 1.

If we concentrate on merely dense sets of initial values rather than residual
ones, then we can construct orbits (f,(x))s2; with exponential growing
norm lower bounds for all large n.

Theorem 4.6. Let A € B(X), (K,)22, be a sequence of compact maps on
X, and (fn)5e; be given by (4.1). Take a non-increasing sequence (ap)o>, C
T

R satisfying lim, oo an = 0. Fizy € X, 7> 0, and ng € N with a, < 5.
Then there exists x € B(y,r) such that

an(x)H > anTe(A)n, n > ng.
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Proof. Denote 1. := r.(A) for shorthand. The statement is clear if r. = 0.
Let ro > 0. We start with several convenient reductions. Without loss of
generality we may assume that r. = 1. If not, then consider the operator
r-'A and the compact mappings 7, "K,(r"~1.) for n > 1. Replacing A
with AA for some [A\| = 1 and K,, with \"K,,(A\~""1.) if necessary, we may
assume that 1 € o0.(A). The operator A — I is not upper Fredholm since
1 € Jo.(A), see Lemma 9.2.

Proposition 2.1 thus gives a compact linear operator K on X with
dimKer (A—1— K ) = co. Thus, passing to A — K and K,, + K if necessary,
we may assume that dim Ker (A — I) = oc.

Take some ¢; € (2an,,r). Fix integers ng < m; < mg < --- such that
an, <272 (r —¢p). Set

e =2"F N —¢p), k> 2.

Choose positive numbers ¢j, such that €541 < e and

1-— €k 2
uck‘ - 6]{ 2 ank,1
2
for all kK € N.
Set z9 = y, Fo = {0} and My = X. Inductively, we construct finite-
dimensional subspaces Fy C F» C -- -, finite-codimensional closed subspaces

My D My D -+, and unit vectors z; € My NKer (A—1I) for k > 1 such that
(4.3) below is true.

Let ¥ > 1 and suppose that the vectors zg,...,rp_1 and spaces
Fo, ..., Fr_1 and My, ..., M;_1 have already been constructed. Lemma 4.1
provides a compact set Cy, C X such that

Falu) € A+ O,

for all n < ny and u € X with ||u]] < |ly|| + . Using the compactness of Cj,
we find a finite-dimensional subspace Fj, D Fj,_1 such that

(43) {y7Ay7'"7Ankyaxla"'vxk‘—l} C Fk‘ and dist {d, Fk} Sgk

for all d € C,. Lemma 9.1 yields a closed subspace M) C Mj_q of finite
codimension such that

[l
1 +mll = (1= e max{ || 5 }
for all f € Fy, and m € M. Since Ker (A — I) has infinite dimension, there

exists a unit vector z; € My NKer (A —1I).
For the elements x, k € N, constructed above, set

o
r=y+ chxj.
j=1
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We show that x satisfies the assertions First note that
T —C .
ool <Zc]—c1+z =,

so that z € B(y,r). Let k > 1 and ng_1 < n < ng. We estimate
| fr(x)]| > dist {A"x, Cy} > dist {A"z, Fy,} — e,

o0
= dist {Z CjTj, Fk} — &k,

i=k

employing that

[e.o]
Az = Ay + Zijj and A"y, x1,...,1_1 € F}.
j=1
For j > k, the vector x; belongs to M; C M}, and so

()l = —5* Hzcm\)—ek

Since xy, € Fj41 and x5 € M; C My for j > k+1, we obtain

()] > L)L = erin)

5 llekanll — ek
1—ep)?
> (Zk)'ck_gkzank_l > Ay,
Hence
[fn(@)] = an
for all n > ng, and the statement follows. O

Remark 4.7. If X is a Hilbert space, then in the proof of Theorem 4.6 one
can take My = Fkl in each step. It is then possible to obtain a slightly
better estimate: Let y € X, ng > 0, and a,, < r. Then there exists x € X
with ||z — y|| < 7 and || fr(2)]] > anre(A)™ for all n > ny.

Corollary 4.8. Under the assumptions of Theorem 4.6, let (a,)5%; C Ry
be a non-increasing sequence satisfying limy,_,o a, = 0. Then

(i) there exists v € X such that || fn(x)| > anre(A)" for all n € N;
(ii) there exists a dense subset of vectors x € X such that || fn(x)| >
anre(A)" for all n sufficiently large.

Proof. To prove (i), it suffices to set y = 0 and to choose a big enough radius
r in Theorem 4.6.

Let now y € X and € > 0 be fixed. Let ng be such that a,, < % By
Theorem 4.6, there exists © € X such that ||z — y|| < € and || fu(z)] >
anre(A)" for all n > ng, and assertion (ii) follows.

O

Remark 4.9. If one is interested in merely local instability properties of (4.2
assuming 7.(A) > 1, then results close in spirit can be found in [69].

~—
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5. LOCAL INSTABILITY FOR DISCRETE TIME: COUNTEREXAMPLE

As we mentioned in the introduction, it is natural to try to combine “met-
ric” instability results, such as e.g. in [22], [38], [64], [29], and “topological”
instability conditions as above, in order to obtain a local result showing
instability for the zero solution to the difference equation

(5.1) Tyl = (A+ K+ G)zy, neN, xzy=ux,

in a Banach space X. Here A is a linear operator on X with r.(A) > 1, K is
a compact operator on X with K(0) = 0, and G is a continuous map defined
on a ball B(0,7) C X such that |G(z)|| = O(]|z||**°) as ||z|| — 0 for some
0 > 0. Unfortunately, this is not possible, in general, even if X is a Hilbert
space, as Example 5.3 shows. Recall that the zero solution of (5.1) is called
stable if for every € > 0 there is ¢ > 0 such for all zy with ||zg| < d one has
sup,, ||zn|| < e.
We first note a simple lemma.

Lemma 5.1. Let ¢ € (0,277). Then there exist continuous functions f :
[0,00) — [0,e/2] and g : [0,00) X [0,00) — [0,2] such that

i) f(s)=0, 0<s<e® or s>¢g
(i) f(s)=¢/2, 4®<s<3;
and
(il) g(s,t)=0, 0<s<e® or s>et>0;
(iv) g(s,5) =2,  4e3<s<16e3;

(v) glst) <s+5

= s>0,t>0.
Proof. The existence of f is obvious.

Let g : [0,00) x [0,00) — [0, 2] be any continuous function satisfying (iii)
and (iv). Set g(s,t) = min{g(s,t), s+§} for s >0andt > 0, and g(0,¢t) =0
for t > 0. Clearly, g fulfills (iii) and (v). If 4¢3 < s < 16¢® and t = §, then

L o LESP
s+—2>2—2>2——=— = g(s,t).
s = s T 4-1683  6de AN

So g satisfies (iv). O

Next we provide a counterexample for local instability of (5.1), where the
nonlinear part is given by the sum of two nonlinear parts, each guaranteeing
local instability when considered separately. To this aim, we will need an
auxiliary example showing that there are a Hilbert space H and operators
A, K and G on H as above such that the zero solution to (5.1) is stable for
fixed € > 0.

Example 5.2. Let Hy be an infinite-dimensional Hilbert space, and set H =
Hy & C with the Hilbert space norm. Let ¢, f and g be given as above.
Consider the mappings A € B(H), K : H — H, and G : H — H defined by

A(y,a) :== (2y,0), (y,a) € H;
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( ) O, f(lyll),  (y,a) € H;
= (—9(llyl;1aDy,0),  (y,a) € H.
It is clear that A € B(H), re(A) =2, K is compact, and G satisfies

16wl = gl lal) - ol < (1l + ) o)

1yl
= [lyl* + laf* = lI(y, a) >

Moreover,

(A+ K +G)(y,a) = (2= g(llyll lal))w, SUly])).

Let 29 = (yo0,a0) € H be such that [jyo| < €* and |ag| < &3, and let
(xn)52, be given by (5.1). For n > 1 denote z,, := (yn, a,). First observe
that |a,| < § for all n > 1, by the definition of f. We prove that

(5.2) lynll <€/2,  neN.

Observe that ||y,|| < 2||yn—1]|, n € N. We distinguish two cases.
A) There exists n such that ||y, > 4 and ||y, 1|| > 4. Let ng be the
smallest integer with this property. We then obain

Ym0l < 2[|Yyng—1] < 83,
and so

anger = Flynol) = 5 and 42% < [lgagsa]l < 2lyng|l < 1625

€
2
Hence, g(|Yno+1ll, |@no+1]) = 2 and yno12 = 0. Thus y = 0 for all k > ng+2.
Moreover, min{||ym |, [|ym+1]|} < 43 for all m < ng — 1. It follows

either  |lymy1ll 4% or  [|ympll < 2[|yml| < 87

We have shown supy, ||yx|| < 16¢? in this case.
B) Let min{||yall, [|yn+1} < 4¢3 for all n. We again have

cither  [lynsal <4e®  or  lynsal < 2yl < 8%

which yields sup,, ||y.|| < 8¢3.
In both cases we have shown sup,, ||y, || < 16 < £, and so sup,, [|z,|| < e.

Now we refine the construction in Example 5.2 and make it work for all
€ > 0 thus obtaining the desired counterexample.

Ezxample 5.3. Let (5j)]°'i1 be a fast decreasing sequence of positive numbers

3
such that £; < 277 and gjy1 < % for all j > 1. As above, let H = Hy @ (2
where dim Hy = oco. Take functions f; and g; as defined in Lemma 5.1 for
€ = ¢;. Define mappings A, K, and G : H — H by

(5:3) Ay, (a;)721) = (29, (0)),
(5-4) K (y, (a;)721) = (0, (f5(llyID)521),
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(5.5) G(y.(a)3) = (- yzgj Iyl la;1).0)

for all (y, (a;)32 1) € H. Note that for every (y, (a;j)32,) € H there is at most

one j such that g; (y, ]a]]) # 0. So G is well-defined. Similarly, there is at
most one j with f;(||ly||) # 0.
Clearly, A € B(H), r.(A) = 2 and K is compact since

K(H) € {0, (a))320) : lagl < 3.

Furthermore,

1G(y; (az)7Z)I <llyll - Zgg I1yll; la;1) = [yl - maXQJ(HyII |a;1)
7j=1

Smj&X(Hsz +la;?) < Iy, (@521

We have
(At K +0)(y. (a)5%) (2—2% Il b, (o) )-

Now with A, G and K defined by (5.3)-(5.5), we consider equation (5.1),
and prove that its zero solution is stable. Let xo € H and k£ € N be such

3
that ||lzo| < . and let (z,,)2%,; be given by (5.1).
Write z,, = (yn, (an,j)52 1) for all n > 0. We show first that [|y,|| < 5 for
all n. Suppose the contrary. Let ng be the smallest integer W1th ||yn0 I > =,

Let n; be the largest integer with 0 < n; < ng and ||y, || < 2. Note that

0< Zgj(llyH, laj]) <2

j=1
for all (y, (aj)]o-il) € H, and hence

yn+1ll < 2[[ynll

for all n. We infer that
et &l
Yna Il > R and so 1 < lymll < 5

for all m = ny,...,ng — 1, implying
Filllymll) = 0 = g;(lymll, la;])
for all j # k and m = nq,...,n9g — 1. We further obtain

ym1ll < 20yl <&k and  anirak = fillyn ) = 0.
Consider the orthogonal projection P : H — H onto Hy & C defined by

P(yv (aj);x:)I) = (y)ak)‘
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By the above observations, Pz, +1 = (Yn,+1,0) satisfies
| P2y 41| < €}

and Pz, 11, PTn,+2,...,Pzy, are the iterations described in the previous
example for ¢ = ;. Using the estimate (5.2), we infer that [|y,,|| < %, a
contradiction. We have shown that

< K

€k
sup Jyall < and  sup f(lonl) < 2,
n

]7”
so that sup,, ||zn| < er. Now to prove the stability of the zero solution to
(5.1), given € > 0, it suffices to consider ¢ € (0,€), and to choose § = €; /4.

We are short of a similar construction for continuous time. However, we
suspect that an example similar to the above for (1.1) may not exist.

6. WELL-POSEDNESS FOR CONTINUOUS TIME AND GLOBAL EXISTENCE

We are primarily interested in nonlinear evolution equations of the form
(6.1) 7' (t) = Az(t) + K(t, x(t)), z(0) =z, te]0,T),

where T' € (0, 00|, A generates a Cp-semigroup (7'(t)):>0 on a Banach space
X, and K :[0,00) x X — X is a function such that x — K (¢, x) is compact
for fixed ¢t and that satisfies some additional regularity assumptions. One
can study classical solutions of (6.1), that is, maps * € C([0,T),X) N
C([0,T),D(A)) solving (6.1). However, it is often convenient to deal with
the integrated version of (6.1), namely

(6.2) z(t) = T(t)xo + /Ot T(t—s)K(s,x(s))ds, t>0.

Recall that a continuous function z : [0,7) — X is called a mild solution of
(6.1) if it satisfies (6.2). Each classical solution of (6.1) is a mild solution,
but not conversely. A mild solution is a classical one if zy € D(A) and, for
instance, K € C1([0,T) x X, X). In the sequel we only treat mild solutions,
which we will call solutions from now on, for simplicity.

If X has nice geometric properties, e.g., if it is reflexive, then mild so-
lutions can be identified with so-called weak solutions of (6.1), that is,
r € LY([0,T), X) satisfying (6.1) in a weak sense. This notion will not
be used in this paper, however.

Let the solution z(t) = x(t,x¢) of (6.2) exist for all ¢ > 0, i.e., one has
T = oo. It is called (nonlinearly) stable if for every € > 0 there is radius
d > 0 such for all yy € B(xg,d) all solutions y with y(0) = yo are defined on
[0, 00) and satisfy ||y(t) — z(t)|| < € for all t > 0. Without loss of generality,
one may assume here that xg = 0. If the solution z is not stable, then it is
said to be unstable.

Instability is a local and rather weak property. It is often of interest to
show global properties of x which are stronger than mere instability. Such
properties are the main topic of this paper. To not overshadow the study of
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asymptotics of the solutions to (6.2) with assumptions on its well-posedness,
we will just postulate the existence and minimal regularity properties of
solutions that we need in the sequel. They can be satisfied in many situations
of interest as we will make clear below. Aiming at the long-term behavior,
it is natural to consider a set-up when the solutions of (6.2) exist globally,
i.e., on the whole of [0, 00). However, we do not need uniqueness of solutions
in our main Theorem 7.6. Below we will mention several statements which
could be used as additional assumptions to our asymptotic results, so that
the results could be formulated in a priori terms.

The next local existence result is well-known, see [62, p. 343-345, p. 350]
or e.g. [16, Section 4], [55, Section 6].

Theorem 6.1. Let A generate the Co-semigroup (T'(t))i>0 on a Banach
space X and let K : [0,00) x X — X be continuous and Lipschitz in x on
bounded sets: for every T' > 0 and every r > 0 there is Ct, > 0 such that

Kt z) = K(t,y)||l < Crplle -y

for t € [0,T] and x,y € B(0,r). Then for every xy € X there exists a
mazximal existence time T = T (xq) € (0,00] such that the following holds.
(i) There is a unique solution x = x(-, o) of (6.1).
(ii) If T < oo, then limy_,p ||z (¢, x0)|| = 0.
(iii) For any T* € (0,T) there exists a radius 6 > 0 such that T =
T(yo) > T* for all yo € B(xp,0). Moreover, the map B(zg,d) —
C([0,7%], X), yo — z(-,y0), is continuous.

Gronwall’s inequality and the above blow-up condition (ii) imply the fol-
lowing global existence result.

Corollary 6.2. Besides the conditions of Theorem 6.1, assume that there
exists ¢ € Li ([0,00)) such that

loc

(6.3) | K (t, )] <)+ ||z]) forallz e X, t>0.
Then for every xo € X there is a unique solution x(-,xo) of (6.1) on [0,00).

See e.g. [55, Corollary 6.2.3], where the compactness of (T'(t)):>0 is irrel-
evant under our assumptions.

In a similar way, the linear growth condition of the above corollary leads
to bounds on the solution without assuming Lipschitz continuity of K(¢,-).

Proposition 6.3. Let A generate the Cy-semigroup (T'(t))e>0 on a Banach
space X with ||T(t)|| < Me*t for t > 0 and some w > 0, and let K :
[0,00) x X — X be continuous separately in both variables.

a) Assume that K satisfies (6.3). Let x : [0,T) — X be a solution of (6.1)
and to € (0,T). Then ||z(t)|| < C(1+ ||zol|) fort € [0,t] and a constant C
depending only on ty, M, w and c(-).

Let now (6.1) have a global solution x = x(t,xg) for all o € Xo and some
subset Xg C X.
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b) If (6.3) holds, then for every bounded set B C Xq the set {x(t,xq) :
0 <t <ty xo € B} is bounded for each ty > 0.

c) Assume that K is bounded on bounded sets and that there exist
ro > 1 and a non-increasing function ¢ : [rg,00) — [0,00) such that
|K(t,z)|| < c(|z]D)|x| for all t > 0 and x € X with ||| > ro. If
v > w and lim,_,o ¢(r) = 0, then there exists a constant M., 5, such that
|z(t, z0)|| < My 4,e? fort >0 and o € Xo .

Assertion a) is a direct consequence of Gronwall’s inequality (as in Corol-
lary 6.2), and part b) follows immediately from a). For the refinement in
part c), we refer to [75]. So, if K is sublinear as ||z|| — oo, under the above
assumptions the solutions of (6.2) have the same growth bound as those for
its linear part.

If the mapping = — K (t,z) is compact on X, then one may drop (local)
Lipschitz type assumptions on K at the price of losing the uniqueness of mild
solutions to (6.2). (Roughly, one replaces Banach’s fixed point theorem,
guaranteeing the uniquneess of a fixed point, with Schauder’s fixed point
theorem, where the uniquenesss is hardly available.) However, as we have
already remarked above, for our purposes mere existence suffices. The next
result from [58] is an example of existence theorems based on compactness
properties of the nonlinearity. We note that in this and related papers (such
as [14] mentioned below) typically the concept of an integral solution is
used. However, in our setting integral and mild solutions coincide, see the
Corollary to Proposition 3 in [58].

Theorem 6.4. Let A be the generator of a Cy-semigroup on a Banach space
X, and K : [0,00) x X — X be jointly continuous and map bounded sets in
[0,00) x X to relatively compact sets in X. Then for every xzo € X there
exists a maximal existence time T = T (xy) such that (6.1) admits a solution
x on[0,T). If T < oo, then x is unbounded and {K (t,x(t,z¢)) : 0 <t < T}
is not relatively compact. Thus, in particular, if the range of K is relatively
compact, then T must be infinite.

Remark 6.5. The statement is formulated in [58, Theorem 2] for a semigroup
of contractions. However, one can rescale the operators T'(t) and K (t,-) as in
the proof of Theorem 7.6, thus reducing to a bounded semigroup (7'(t))¢>o0-
Passing to the equivalent norm ||z, := sup;s ||7(¢)z||, the semigroup then
becomes contractive, and we can apply [58, Theorem 2].

Combined with Proposition 6.3, the above theorem yields the following
result which we already used after Theorem 1.1. For real Banach spaces, it
was proved in [14] in a more general framework of differential inclusions and
with weaker compactness and regularity assumptions on K.

Corollary 6.6. Assume the conditions of Theorem 6.4 and (6.3) hold. Then
all solutions of (6.1) exist on the whole of [0, 00).

Finally, we will need a result yielding the existence of a unique propagator
to (6.1) in the linear setting, see e.g. [26, Corollary VI1.9.20].
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Proposition 6.7. Let A be the generator of a Cy-semigroup (T'(t))t>0 on
Banach space X, and let K : [0,00) — B(X) be strongly continuous. Then
there exists a unique evolution family (U(t,T))i>r>0 C B(X) such that

(64) Ut,n)e=Tt—71)r+ /t T(t—s)K(s)U(s, 1)z ds, t>r.

7. GROWTH AND INSTABILITY FOR CONTINUOUS TIME

Following a similar strategy as in Section 4, we now obtain lower bounds
for solutions of semilinear abstract differential equations with a linear part
being a generator of a Cp-semigroup. In view of the failure of the spectral
mapping theorem for Cy-semigroups, this task is more demanding than the
one treated in Section 4. However, the ideas remain the same as for the
systems with discrete time.

We start with proving auxiliary (and probably known) results on com-
pactness. Below we will assume that the mapping K : [0,00) x X — X is
separately continuous and collectively compact, i.e., the set K([O, to] x B) is
precompact in X for each bounded set B C X and each ¢ty > 0. For this
notion in the linear case one may consult e.g. [3].

A simple condition for collective compactness is provided by assuming
continuity in ¢ uniformly for x in bounded subsets.

Lemma 7.1. Let K : [0,00) X X — X be separately continuous such that
K(s,"): X — X is compact for all s > 0. Suppose that for each tg,e > 0
and each bounded set B C X there exists a 6. > 0 such that

K (s,2) — K(t, z)[ <€

for all s,;t € [0,tg] with |s —t| < 6. and v € B. Then K is collectively
compact.

Proof. Let tg > 0 and B C X be a bounded set. Take e > 0. Let {t1,...,t,}
be a finite d, o-net in the interval [0, ¢o]. For each j =1,...,n the set K(t;)B
is precompact and so is the set C' = {K(t;,b) : j € {1,...,n},b € B}. Let
r1,..., Ty be a finite 5-net for C.

Let 0 < s <tgand u € B. There exist j € {1,...,n} with |s — ;| < J. /9
and i € {1,...,m} with ||K(¢;,u) — x;|| < €/2. Using also the assumption,
we obtain

1K (s,w) = il < 1K (s,w) = Ky, )| + | K (t,0) = il < 5 4+ 5 =
So {z1,...,%m} is a finite e-net for the set K ([0,to] x B). Since € > 0 was
arbitrary, the set K ([O, to] % B) is precompact. O

Before stating a second compactness criterion, we collect our standing
assumptions for semilinear evolution equations.
(A0) Assume that K : [0,00]xX — X is collectively compact and continu-
ous separately in both variables, and let (T'(t))¢>0 be a Cp-semigroup
on a Banach space X with generator A.
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(A1) Let (AO0) hold, Xo C X and assume that for every zp € Xy there
exists a unique global solution z(-,zg) € C(]0,00), X) of

(7.1) x(t,xo) =T (t)zo + /OtT(t — 8)K(s,z(s,x0)) ds, t>0.

So the map x : [0,00) x Xo — X is well-defined, and we assume that
it is continuous separately in both variables.

(A2) Let (A0) hold, and B C X be a bounded set. Assume that for every
xo € B there exist a solution x = x(+,zg) of (7.1) such that the set
{z(t,z0) : 0 <t <ty, xo € B} is bounded for each ¢y > 0.

If (A0O) holds and the solutions of (7.1) are unique, then (Al) is satisfied
for all B C X provided that the map z : [0,00) x Xy — X maps bounded
into bounded sets.

In condition (A2), the map (¢,z9) — z(t,z9) can be defined for each
bounded subset of Xy, though it depends on this subset and the choice of
corresponding solutions. Note that Corollary 6.6 provides an example of
K satisfying (A2) for X = Xy and all bounded sets B C Xy. One can
treat the non-unique case in a more systematic manner, for instance using
“generalized semi-flows”. See e.g. [8], where also nonlinear damped wave
equations are treated. In this paper, we preferred however to avoid such
concepts.

Proposition 7.2. Let assumption (A2) hold, and let tg > 0 be fized. Let C
be the set whose elements are of the form

/0 T(t—s)K(s,z(s,x0))ds

for all xzg € B and t € [0,to], where x(-,x0) and B are given by (A2). Then
C is precompact in X.

Proof. Set k = sup{||T(t)|| : t € [0,t0]} < oo and k¥ = sup{|jz(¢)| : t €
[0,t0], o € B} < 00. Fix e > 0.

By assumption, the set Co = Uy i, {K(5,9) 1y € X, [lyll < K} is
precompact. Let E be a finite g--net in Cy. Since the set (J,, T'(s)(E)
is precompact, Mazur’s theorem yields the compactness of

M := [0, t] - conv ( U T(s)(E)),

where conv stands for the closed convex hull. Choose a finite %—net E' in
M. Let 0 <t <ty xo € B, and € > 0. Then there exist N € N, a partition
0=ty <t <..ty=tof[0,t], and s; € [tj,tj41] for 0 < j < N —1 such
that

H /OtT(t — 8)K(s,z(s,x0)) ds — SH < %'
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where

N

S = T(t—s;)K(sj,2(s5,20))(t; — tj-1).
j=1
By the choice of E, for j =1,..., N there are e; € E such that
€
16 s, 2(s7.20)) = 5] < g

Hence,

N
£
HS - ;T(f —s5)(tj — tjﬂ)ejH <3
Since Z;\le T(t—s;)(tj —tj—1)e; belongs to M, we find €’ € E' with

<&
3

N
HZ T(t—sj)(t; —tj—1)e; — ¢
j=1
It follows that
<e,

H/(:T(t — $)K (s, x(s,x0)) ds — €

i.e., E' is a finite e-net for the set C. Since ¢ > 0 was arbitrary, C is
precompact. ([l

The next immediate corollary of (7.1) and Proposition 7.2 will play the
role of Lemma 4.1 in the continuous setting.

Corollary 7.3. Under the assumptions of Proposition 7.2, there exists a
compact set Cy = Cy(tg, B) C X such that

x(t, o) € T(t)xo + Co
for all xo € B and t € [0, ).

The next statement is a counterpart of Theorem 4.4 providing an exponen-
tial growth bound on a residual set at the expense of stronger assumptions
on K and a much smaller set where the bound holds.

Theorem 7.4. Assume that (A1) holds with Xo = X, and (A2) is satisfied
for any bounded subset of X. Let a : [0,00) — R4 be a non-increasing
function with lim;_,~ a(t) =0 and L C Ry be unbounded. Then the set

{y € X : there are infinitely many t, € L with ||x(tn, y)|| = a(tn)|T(tn) |4}
is residual.

Proof. The proof follows that of Theorem 4.4, though we do not reduce it to
this result. Without loss of generality we assume that ||T'(Zg)],, # 0 for all
to > 0 (since otherwise ||T°(t)||, < |T(to)||x - [|T(t —to)]|x = 0 for all t > ¢.)
For k € N set

My, ={y € X : there exists t € L with ¢t >k, |[z(¢,y)| > a(®)||T(t)| .}
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Note that M, is open since x is continuous in y. We show that M, is dense.
Let y € X and fix ¢ > 0. Choose t € L with t > k and a(t) < €/4. By
Corollary 7.3 there is a compact set C' C X such that

a(t,y') € T(t)y +C

for all 4/ € X with ||y — y|| < e. Since C is compact, there exists a finite-
dimensional subspace F' C X such that dist {c, F'} < % for all c € C.
Lemma 4.3 provides a unit vector u € X with dist {T'(t)u, F'} > % We
compute

dist{T'(t)(y+eu), F}+dist{T(t)(y—eu), F} > 2edist{T(t)u, F} > Z||T(t)]|,.-
So xg :=y + eu or xg :=y — cu satisfy

. €
|lzo —y|| <e and dist {T(t)zo, F'} > gHT(t)Hu

It follows

ellT(2)
12

Hence xy € My, and M}, is dense since y € X and € > 0 were arbitrary.

The Baire category theorem shows that (72, M}, is a dense Gy set, and thus

residual. O

elT()

et w0)] > dist (T ¢y, £y — D WOLe s 4y 7p),

Corollary 7.5. Assume that all of the conditions of Theorem 7.4 hold. Let
a: [0,00) — R4 be a non-increasing function satisfying limy_, a(t) = 0.
Then there is a residual set M C X such that for every xg € M there exist
an unbounded sequence (t,)2° | with

2 (tn, 20)|| > alty)eeMin, n € N.

We next prove a continuous analogue of Theorem 4.6 which is one of the
main results of this paper. It provides global and sharp exponential lower
bounds for solutions of semilinear differential equations with unbounded
linear part. Recall here the notion of admissibility introduced in Section 2.

Theorem 7.6. Let (A2) hold for B = B(y,r) C Xo. Setting o =
lim sup,_,o |T(¢)||, let a : [0,00) — R4 be a non-increasing function sat-
isfying limy o0 a(t) = 0, to > 0 with a(ty) < 5. Assume that w € R is
admissible. Then there exists z € B(y,r) and a solution x(-,z) to (7.1) with
To = 2 such that

lz(t, 2)| = a(t)e’,  t>to.
Proof. Without loss of generality we may assume that w = 0. If not,
then consider the semigroup (e “!T'(t));>¢o and compact perturbations
e K (e*®). Define a new norm || - ||; on X by

[z]ls = sup{|(z,z%)| : =" € D(AY), ||lz*| = 1}.
By (9.2), the norm || - || is equivalent to || - || with

[zl < flzll < ezl
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for all x € X. Let a Banach space X; be X equipped with || - ;.
Fix ¢; such that 2a(ty) < ¢ < rand r — ¢ < % Pick an increasing
sequence (t)p with a(ty) < 2535 for all k € NU {0}. Set
r—=cC

C —
For each k € N choose ¢ > 0 such that €11 < g and

2
(125{)% — 2¢1, > altgp-1)
for all kK > 1.

The required element z will be constructed as the sum of a series of
appropriate approximate eigenvectors zy for (T'(t));>0 and e#*'. We set
Fy = {0}, My = X, and zp = y. Inductively we construct unit vectors
()32, C Xy, finite-dimensional subspaces Fy C F» C ---, and closed
finite-codimensional subspaces My D My D -+ with xp € My N Fj1q1 of X3
which satisfy (7.2)—(7.5) below.

Let £ > 1 and suppose that the vectors xg,...,xr_1 and subspaces
Fo, ..., Fr_1 and Mg,..., My_1 have already been constructed. Consider
the family of solutions {z(¢t,u) : w € B,t > 0} to (7.1) given by (A2), and
fix the notation z(t,-) for this family. If B; is the image of B under the
identity embedding of X into X7, then Corollary 7.3 yields a compact set
Ck C X such that x(t,u) € T(t)u+ Cf for all t < ¢, and u € By. There thus
exists a finite-dimensional subspace Fj, D Fj_1 such that x,_1 € F if k > 1
and

k—1 -
. -1
(7.2) dist {T(t)(y—i—jz::la cjx]),Fk} < 5
for all t < t;, and
(73) dist {d, Fk} < Ek/2

for all d € Cj, where dist stands for the distance in the new norm | - |;.
Lemma 9.1 yields a closed subspace My C Mj_1 of finite codimension such
that

(7.4 15+l > (1 o) max{ 71y, 17200}

for all f € Fy, and m € M}, where
My, = m Ker y;
1<j<k

for some y; € D(A”) for 1 < j < k. Since 0 is admissible, we can choose
xp € My with ||zg|l1 =1 and pi € C with Re pug = 0 such that

(7.5) IT(t)x, — e gl < ex
for all t < ty,.
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Suppose that the vectors zj, £ € N, have been constructed as above. Set
o
z=19y+ Z Oc_lcj.l‘j.
j=1

We show that 2z meets the requirements in the initial Banach space (X, [|-||).
First, z belongs to B(y,r) since

(o) o0
r—=C
lz—yl <allz—ylh <Y =+ g =r
j=1 j=2

Let z(-,z) be a solution of (7.1) given by (A2). Fix k > 1 and consider
t € [tg—1,tx|. Properties (7.3) and (7.2) yield

|lz(t, 2)||1 > dist {T'(t)z,Cy} > dist {T(t)z, F.} — ex/2
> dist {Z o leT(t)zy, Fk} — &k
j=k
By means of (7.5) we estimate

oo oo
lz(t, z)||1 > dist {Z o tejetity;, Fk} - Z a e — ey,
=k j=k

o0
> dist {Z a_lcje“jta:j, Fk} — 2¢p.
j=k

Taking into account (7.4) and that z; € M; C My, for all j > k, we infer

1-— Ek ad _ .
lat, 2)lh = — HZa 1cjewxjH1 2%
j=k

Since xy, € Fjy1 and xj € Mj C My4q for j > k+1, (7.4) also implies

(1 —ex)d —ep41) la~!

2z (t, )|l > > cke a1 — 26,
1— 2
> (;k) calep — 2 > a(tg—1) > a(t).
Hence
|z(t, 2)|| = [|2(t, 2)[[1 = a(t)
for all ¢ > tg, as required. O

Corollary 7.7. (i) Let the assumptions of Theorem 7.6 hold with r >
2a(0)a. Then there exists y € Xo with ||x(t,y)|| > a(t)e" for all t > 0.

(ii) Assume that assumption (A2) is satisfied for all bounded subsets B of
Xo. Then there exists a set S C Int Xy dense in Int Xo such that ||z(t,y)|| >
a(t)e“t for all y € S and t sufficiently large.
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Proof. To deduce (i) from Theorem 7.6, it suffices to set tyo = 0, and to let
y be the center of the ball in X of radius greater than 2a(0)a.

To prove (ii), we may assume that IntXy # 0. Let y € Int Xp, ¢ =
dist {y, 0Xo}, and g9 € (0,¢). Find 9 > 0 such that a(tg) < §%. By Theorem
7.6, there exists 2o € X such that ||z —y|| < o and ||z(t, z0)|| > a(t)e*! for
all t > to. It remains to note that the choice of ¢y € (0,¢) is arbitrary. [

Remark 7.8. If X is a Hilbert space, as in Section 4 one can obtain a better
estimate. Let y € X, {u: ||lu —y|| < r} C Xo, to > 0 and a(tp) < r. Then
there exists zop € X with ||zg — y|| < r and ||z(t, z0)| > a(t)e*! for t > to.

The next corollary is one of the main results of the paper. It is a direct
consequence of Theorem 2.2 and Theorem 7.6.

Corollary 7.9. Under the conditions of Theorem 7.6, there exists xg €

B(y,r) and to > 0 such that
(7.6) lz(t, z0)| = a(t)e’ s, t > to.

If Xo = X and the assumption (A2) is true for all bounded subsets B of X,
then the set of xo satisfying (7.6) is dense in X.

If in (7.6) the operator A is bounded and s.(A) > 0, then under appro-
priate local assumptions on K (involving compactness) the local instability
of zero solution to (7.6) was shown in [70].

Our results on lower bounds are also new in the framework of linear
equations (6.1), where K : [0,00) — B(X) is strongly continuous and each
operator K (t) is compact. In this case, K does not have to be collectively
compact and so (AO) may be violated. The result is new even for norm-
continuous K, where (A0) holds by Lemma 7.1.) However, in the proof of
Theorem 7.6 we need collective compactness only to apply Corollary 7.3,
and this result is a direct consequence of Proposition 6.7 and [26, Theorem
C.7] in the linear case. Hence, Theorem 2.2 and Corollary 7.7 yield the next
estimate.

Corollary 7.10. Let A be the generator of a Cy-semigroup on Banach space
X and K : [0,00) = B(X) be a strongly continuous function such that K (t)
is a compact operator for each t > 0. Let (U(t,T))t>r>0 be the evolution
family given by Proposition 6.7. Assume that a : [0,00) — [0,00) is a
decreasing function satisfying lim_,oc a(t) = 0. Then there exists a dense
set of vectors x such that

|U(t,0)z| > a(t)esm A1, t>to = to(x).

We finish this section with a discussion of our results. First, note that
one may treat sg(A) “up to compact perturbations”: In the above result
one may consider sp(A + S) for a compact perturbation S € B(X) of A
and substract S from the nonlinearity K in (7.1), without changing the
assumptions on K.
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Remark 7.11. Theorem 7.6 and Corollaries 7.7 and 7.9 in general do not
hold for K being merely relatively compact with respect to A, i.e., such that
K : D(A) — X is compact, where D(A) is equipped with the graph norm.
For instance, consider the setting of linear damped wave equations with the
operator A_ given by (8.6) below. Here we have

0 I 0 O
T A S A

where D generates a unitary Cy-group on an appropriate Hilbert space X,
sr(D) = 0, K is relatively compact with respect to D. However, in view
of [10], the operator A_ generates an exponentially stable Cy-semigroup on
X if b € C°°(M) and b satisfies the so-called geometric control condition.
(See also e.g. [1], [41], and [47] for a relevant discussion and some examples.)
Thus, in this case, we have wy(A_) < 0, which excludes any results of the
form of Theorem 7.6 and its corollaries with A = D and K as above. If K
is compact, then the situation changes as we show in the next section.

Finally, we address the optimality of results stated in Theorem 7.6 and
Corollary 7.9.

Remark 7.12. Let (T(t))s>0 be the left shift Cp-semigroup on L?(R;) de-
fined by (T'(t)f)(s) = f(s+1t),t > 0, for f € L?(R,). If A is the generator of
(T'(t))e>0, then 0(A) = {A € C: Re A <0}, and s.(A4) = so(A) = sr(A) = 0.
On the other hand, clearly T'(t) — 0 as t — oo strongly. Thus Theorem 7.6
and Corollary 7.9 cannot be improved by removing the function a from their
formulations, even for linear equations (6.1) with K = 0. For other concrete
examples of such semigroups one may consider the the multiplication semi-
groups (T'(t)f)(z) = e ¥ f(2), t > 0, on appropriate spaces L?(2) with Q
from the closed left half-plane.

8. BACKWARD DAMPED WAVE EQUATIONS AND OTHER APPLICATIONS

In this section, we illustrate our abstract results by applying them to the
study of backward damped wave equations or, equivalently, “excited” wave
equations, subject to nonlinear forcing terms of the form —f(¢,-,u). (The
minus is chosen to simplify the sign condition in (8.16).) In this basic PDE
setting a positive abscissa sp(A) > 0 and compact nonlinear perturbations
K(t,-) occur naturally, including situations where positivity of sp stems
from the resolvent growth. In contrast to earlier work, as in e.g. in [71], we
allow for time-dependent and merely continuous f so that we cannot expect
uniqueness in general. As we focus on asymptotic properties of solutions,
our assumptions on nonlinearities are, of course, not best possible, and serve
first of all to create the right framework to the study of lower bounds for
solutions in spectral terms.

We first look at the excited wave equation

(8.1)
Opu(t,x) — Au(t,x) — b(x)owu(t,x) = —f(t,x,u(t,z)), € M, tE€R,
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(8.2) uw(0,z) = uo(z), Owu(t,0)=wui(z), reM,

on a d-dimensional, compact, smooth and connected Riemannian manifold
M without or with boundary O M. Here A is the Laplace—Beltrami operator
on M, depending in general on a metric on M. We do not indicate this
dependence since it will not be relevant. If 9M # (), we additionally impose
Dirichlet boundary conditions in (8.1).

In order to apply the results from the previous section, we have to consider
complex-valued u in (8.1) and related equations. Since we do not want to
restrict ourselves to holomorphic maps ¢ ~ f(t,z, (), we identify C with R?
equipped with the Euclidean scalar product (i - (o = £1& +mm2 = Re (¢1(2)
where (; = & + in; = (&;,n;). Differentiability is then understood in the
real sense and derivatives are only R-linear. Fortunately, this does not affect
the basic rules from calculus that we use here. Throughout we assume that

(8.3)
be L*®(M), b>0, b> 0 on an open subset of M,

fiRx M xC — C is continuous in the 3d variable and measurable,
[tz Ol < w(O)A+ %), |f(E2,0) = f(s,2,0)] S w(]t = s[)(1 +[¢]%),

for some 0 < a < d/(d —2)+ and all t,s € R, ( € C, z € M, where
k: R — [0,00) is locally bounded and w : [0, 00) — [0, 00) satisfies w(7) — 0
as 7 — 0. (Here y; = max{y,0} for y € R and & := 00.) The assumption
b > 0 fits to the interpretation of (8.1) as excited wave equation. It is crucial
to observe that (8.3) implies the continuity of f in (¢, ().

To formulate (8.1),(8.2) as an evolution equation of the form (1.1), we
set V = HY(M) if M has no boundary and V = H}(M) otherwise. Recall
that V is compactly embedded into L2¥(M), see Theorem 2.34 of [7]. On
the state space X =V x L*(M) we introduce the operator matrix

(8.4) A, = (2 é) . D(Ay) = (HX(M)NV) x V.

It is well known that A, generates a Cp-group (T4 (t))ier on X, ie., £A4
are generators of Cp-semigroups. We write elements of X as w = (u,v). The
forcing term is expressed by K(t,w) = (0,—f(¢,-,u)). As we will prove in
Proposition 8.1 below, K : R x X — X is jointly continuous and collectively
compact.

We study (8.1) in forward time. Using standard properties of the wave
equation with the (continuous) right-hand side ¢ — h(t) := —f(¢t,-,u(t)), it
can be checked that a mild solution w to

(8.5) w'(t) = Ayw(t) + K(t,w(t)), t>0, w(0)=wy:= (up,u1) € X,

on a time interval J = [0,7) is of the form w = (u,0yu) for a function u
in C2(J, H-Y(M)) n CY(J, L*(M)) N C(J,V) which solves (8.1). (Cf. [16,
Lemma 6.2.1]).
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For the damped case, we replace +b by —b obtaining the operator

(8.6) A= (g _Ib> . D(A_) = D(A}).

It generates a Cy-group (7-(t))ier, which is contractive in forward time
since b > 0, and it corresponds to the damped wave equation

(8.7)
Ouu(t,x) — Au(t, z) + b(z)owu(t,x) = —f(t,z,u(t,x)), z € M, teR,

(8.8) u(0,z) = up(z), Owu(t,0)=ui(z), z=€ M.

The above remarks on the solution also apply here. We study (8.7) backwards
in time, i.e., for t < 0. To bring it to standard forward form, one looks at
a(t) = u(—t) for t > 0 satisfying

(8.9)
Outu(t,x) — Au(t,z) — b(x)ou(t,x) = — f(—t,z,u(t,x)), z € M, t >0,

(8.10) w(0,x) = up(z), owu(t,0) = —ui(z), =€ M.

This system coincides with (8.1),(8.2) except for the additional minus in f
and before u;. We drop the tilde. To rewrite this problem as (1.1), we
use the operators B = —A_ and w — —K(—t,w) = (0, f(—t,-,u)). Then
(8.9),(8.10) can be reformulated as the first-order problem

(8.11)  w'(t) = Bw(t) — K(—t,w(t)), t>0, w(0) = (ug, —uy).

Moreover, if J : X — X is defined by J(u,v) = (u,—v), then Ay =
J(—A_)J~! (as unbounded operators, see [26, p. 59]), so that o(A}) =
o(—A_) and R(\,Ay) = JR(\,—A_)J ! for all A € p(A;). Thus,

(8.12) sr(—A-) = sr(A4).

To clarify the relations between Ay and —A_, note that by e.g. [77, Lemma
1, p.75] we have (A;)* = —A_, and thus one obtains (8.12) once again.

It is well-known that o(A_) C {A: —||b]|cc < Re A < 0} since b > 0, that
o(A_) is invariant under conjugation, and that it consists of a discrete set of
eigenvalues since A_ has compact resolvent. Moreover if b > 0 is non-zero,
we have o(A_) NiR =0 if OM # () and o(A_) NiR = {0} (with constants
as eigenfunctions) if M has no boundary. (See e.g. [47, p.74], where the
smoothness of b assumed there does not play a role in these statements, or
[1, Section 4].)

In the latter case, let Py be the Riesz projection corresponding to 0 and
equip Xo = (I — Py)X with the inner product norm

(w0, u1) |l xo = 1(=2)2ugl| 22 + ||| 22, (uo,u1) € Xo.

Then T (t) := T_(t) |x,,t € R, is a Cp-group on the Hilbert space X;
generated by A_ := A_ [x,, which is contractive for ¢ > 0. Moreover, by
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e.g. [1, Section 4], we have o(A_) = o(A)\ {0} C {\: ReX < 0} and there
are c1,cy > 0 with

crl|RO A sy < IR A a(x) < el RO A-) | pex)

for A € p(A_) with |\| > ¢y for an appropriate ey > 0. This construction
allows one, in particular, to study the energy asymptotics for (8.7) in a
unified manner, see e.g. [1] (assumption [1, (2-6)] holds due to [47, p.74]),
and also [19] and [11]. We will also use A_ in the sequel to setudy the
resolvent of A_, see Example 8.7.

Before we consider spectrum and resolvent of A4 in specific cases, we first
establish the required properties of K,

Proposition 8.1. Let f and b satisfy (8.3). Then the map K : Rx X — X
defined above is jointly continuous and collectively compact. If also

(8.13) [f(t 2, Q)] < w(#)(1+C])

for k from (8.3) and all (t,x,{) € R x M x C, then |K(t,w)|| < ck(t)(1 +
|wl]) for all w € X and some ¢ > 0.

Proof. The last claim is clear. For the first, let (¢,)72; C R and (wy)52; C
X be such that ¢, — t in R and w,, = (up,v,) = w = (u,v) in X as n — oo.
Since V is compactly embedded in L?¥(M), there is a subsequence (1)
and a map g € L?*(M) such that u,, — u in L?**(M) and pointwise a.e. as
k — oo and |uy, | < g a.e. for all k. As noted above, f is jointly continuous in
(t,¢), and since k is locally bounded we have m := sup,, k(t,,) < oo. Hence,
f(tn,, - un, ) tends pointwise a.e. to f(t,-,u) as k — oo and | f(tn,,, -, un, )| <
m(1+ |g|%) € L2(M) by (8.3). Tt follows f(tn,, ", un,) — f(t, -, u)in L2(M)
as k — oo, and so K is continuous.

To prove compactness, take t € R and a bounded sequence (w,)>°; in X.
Again, there is a subsequence (n) and maps g € L?**(M) and u € V such
that u,, — u in L?**(M) and pointwise a.e. as k — 0o and |uy,, | < g a.e.
for all k. As above, we infer that f(t,-,u,,) tends to f(¢,-,u) in L?(M),
and thus K(¢,-) : X — X is compact. To use Lemma 7.1, let to,r > 0,
t,s € [—to,to] and ||w| < r. Due to Sobolev’s embedding, we then obtain
|lu|| L2« < Cr for a constant C' > 0 independent of r, and (8.3) yields

1 (E - u) = £ s, w)ll L2y Sw(lE = sPIT + [ul®( L2
1
<w(|t = s|)(vol(M)z 4+ Cr®).
Asw(1) — 0as 7 — 0, the map K is collectively compact by Lemma 7.1. [

Due to this result, Corollary 6.6 and Proposition 6.3, if & < 1 in (8.3)
then the operators £ K (+t,-) fit to Theorem 7.6 and its corollaries.

If 1 <a<d/(d—2)s+, we need a sign condition and some extra time
regularity of f to show global existence by means of a standard energy
estimate, cf. e.g. [16, Chapter 6]. We define the potential of ¢ — f(t,z,()
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by the (real) line integral

1
(.14 ot = [ fltare)-car
for (t,z,¢) € R x M x C. Notice that
(8.15)  lpte,Ol S e+ ICY),  (ha,0) eRX MxC,

for a constant ¢ > 0, by (8.3). In the next result it is assumed that ¢ is
differentiable in ¢ with V¢ = f. We first discuss this assumption.

Remark 8.2. If f is C! in ¢ = (¢&,n), then the same is true for ¢. We
then have Voo = f if and only if d, f1 = 0 fo. However, V ¢ also exists
and is equal to f for the standard example f(t,z,() = ¥(t,z, |¢|?)¢, where
¥ : Rx M xR — R is continuous in the third variable. Here we do not
need differentibility of f in { and obtain

1 [l

90(75733»0 = 5 0 w(t,SU,T)dT‘.

We note that in the next proposition we do no use the results discussed in
Section 6, besides a variant of the basic Theorem 6.1. Instead we construct
the solutions as weak* limits of (subsequences of) solutions to regularized
problems. This standard method is based on uniform bounds for the energy
and the compactness of K. (See e.g. [72, Section 4.4] for a similar approach
using a Galerkin approximation.)

Proposition 8.3. Let b and f satisfy (8.3) with1 < a <d/(d—2)+ and ¢
be given by (8.14). Assume that ¢ is differentiable in the third variable,

(816) 90207 Vc@:fv |f(t,$,€)—f(5,l',<)| SE(tO)’t_ﬂ(l‘HCD
for tg > 0, t,s € [—to,to], ¢ € C, x € M, and a locally bounded map
£:]0,00) = [0,00). Then (8.5) and (8.11) have global solutions w such that
lw(®)|| < c(to,r) for 0 <t <ty and ||(uo,u1)| <7 and every r,to > 0.

Proof. We only treat (8.5) since (8.11) is completely analogous. For the
energy estimate we need classical solutions of (8.1) so that we approximate
f and wy = (ug,u1) € X by more regular functions. Let t € R, x € M,
¢ € C, tg > 0, and n € N. Take standard mollifiers p, : R? — [0, 00) with
support in B(0, 2) and functions x,, € C*(R? R?) with range in B(0,n+1),
3n(Q) = € for | < n, (O] < & and xa()] < cl¢] for a constant ¢ > 1.
We set

@n(ta Zz, C) = (P(tvxa X'rl(C))? @n(tvxa ) = Pn * @n(t?x7 ')7
fn(t, Zz, C) = X;L(C)Tf(tv‘nxn(g))v fn(tvxﬂ ) = Pn * fn(tvxﬂ )

It is straightforward to check that V¢yp, = f, and ¢, > 0 for all n.

Moreover, for each n € N, the maps fn, fn, O¢fn, Oifn are bounded
on [—tp,tp] X M x C (in general not uniformly in n) and there exist
Cnk = Cn,k(tO) > 0 such that |8§@n(ta$ag)| < Cn,k‘(l + |C|l+a) for (t,l‘,C) €
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[—to,to] X M x C and k € Ny. Finally, f, and ¢, satisfy (8.3) respectively
(8.15) with constants uniform in n, as well as

|0 falt, 2, Q)| < cl(to)1+[C)  and  |Dupn(t, 2z, C)] < cllto)(1 + [¢[)

for n € N and a.e. t € [—tp,tp]. Here and below in this proof we denote
by ¢ and C constants which may vary from line to line and depend only on
to > 0 and quantities given by (8.3) and (8.16). In particular, they do not
depend on n, t € [0,tp], or wy. Set K, (t,w) := (0,—f,(t,-,u)). Observe
that K, : [—to,to] x X — X is (globally) Lipschitz for each n € N by the
properties of fy,.

Let wo = (up,u1) € X and consider a sequence (wp,)5>; in D(Ay)
with wo, = (uon,u1,n) such that w, — wp in X as n — oo. Due to
[55, Theorem 6.1.6], problem (8.5) for K, and wy, has a (unique) solution
wy, € C1([0,00), X) N C([0,00), D(A4)), where D(Ay) is endowed with the
graph norm. It is now easy to see that w, = (uy, Ou, ), where

uy, € C([0,00), L*(M)) N C([0,00), V) N C([0, 00), H*(M))

solves (8.1) for f,, and wq .
We show that the solutions w,, are bounded in X uniformly in n € N and
then pass to the limit as n — oco. To this aim, we look at the energies

1
Eo(w) = 2/ (\Vu|2 + |8tu\2)d:1:, E,(t,w) = Eo(w) +/ on(t,x,u)dx
M M

for w = (u,v) € X. The above observations imply that for all w € X and
t > 0 one has E°(w) < E,(t,w) < c(1+ |w|| ), En(t,-), E°(-) € C}(X,R),
and E,(-,w) € W;2°(R), where we also use that H'(M) < L**1(M) in

loc

view of o+ 1 < 2d/(d — 2)4. For a.e. t € [0, ], we compute
%En(tawn(t)) - /M [atun(t) ' [&Etun(t) - Aun(t) + fn(t”’u"(t))]
+ (8t§0n)<t7 ) un(t))] dx
:/M [byatun(t)F + (@‘Pn)(t’ ) un(t))]dx
< e[| (un(t), Opun(t)) |72 + 1),

E,(t,wn(t)) < En(0,won) +c+ c/o (Hun(s)H%g(M) + En(s,wn(s)))ds.

We can bound the L2-norm of u, () by means of u,(s) = u0,n+f()s Opun (7) dT,
so that

E,(t,wn(t)) < cEn(0,wor) + ¢+ c/o Ep(s,wn(s))ds.

Gronwall’s inequality then yields

EO(t, wn(t)) < En(t, wa(t)) < elllwonll 5 + 1)e < Cto)(luwol 5 + 1),
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and hence
B17)  Jlwa (O[3 = [lua(®)]72 + 2E°(t, wa(t)) < Clto)([Jwoll X + 1)

for 0 <t <ty and constants not depending on n and wy.

Using (8.17), we can find a subsequence of (wy, )2, denoted by the same
symbol, such that w, and dyu, tend to functions v and v weakly* in each
L>([0,t0], V) respectively L>([0,to], L2(M)), and w = (u,v) satisfies (8.17)
for a.e. t € [0,t9]. It is straightforward to check that v = du, and so wy,
converges to w = (u, dyu) weakly* in L>°([0, to], X') as n — co. Moreover, by
the uniform bound (8.17) and the compact embedding from [63, Corollary 4]
the sequence (u,) is precompact in C([0,t], L?*(M)), hence in L?*([0, to] %
M). There thus exists a subsequence, also denoted by (uy,), such that w,, —
win L2%([0, to] x M) and pointwise a.e., as well as |u,| < g a.e. for a function
g € L*([0,t0] x M).

To show convergence of (fy(t,,un(t))) and thus of K, (t,w,), let € > 0
and take ¢ € [0, ¢o] such that (u,(t,-)) tends to u(t,-) a.e. and is bounded a.e.
by g(t,-) € L?*¥(M). Choose x € M outside this null set. For sufficiently
large n we have |u(t,z)| < n — 1. There is a number 6 € (0,1) such that
|f(t,x, () — f(t,z,u(t,z))| <eif | —u(t,z)| < J since f is continuous in .
So there exists an index n. such that for all n > n. and |n| < 1/n we have
|un(t,2) —n| < n and

’fn(tv$7 un(tvx)_n> - f(t,a:,u(t, .%'))|
- ]f(t,:c,un(t,x) - 77) - f(t,x,u(t, x))’ <e.

It follows that | f,, (¢, z, un(t, z))— f(t,z,u(t,x))| < &, and hence f, (¢, -, un(t))
tends pointwise a.e. to f(t,-,u(t)) as n — oo, for a.e. t € [0, to].

Since f, satisfies (8.3) uniformly in n, we have |f,, (¢, -, un(t))| < ck(t)(1+
g(t,)%*) and thus f,(t, -, un(t)) — f(t, -, u(t)) in L2(M) for a.e. t € [0,t0).
Moreover, by (8.3) and (8.17) the map t — || fu(t, -, un(t))|l£2(A1) is locally
bounded independent of n. Therefore the right-hand side in the formula for
mild solutions

wy(t) = Ty (t)wo n + /0 T4 (t — s)Kp(s,wy(s))ds

converges in C([0, to], X) as n — oo. As seen above, the left-hand side tends
to w = (u, dru) weakly™ in L>°([0, %], X) so that

w(t) = T4 (t)wo + /0 T (t—s)K(s,w(s))ds

holds for a.e. t € [0,tp]. Since the right-hand side is continuous and ¢y > 0
is arbitrary, w solves (8.5) and satisfies (8.17) for all 0 < ¢ < ¢. O

Combined with the above analysis and known spectral properties, Theo-
rem 7.6 now shows growth of orbits and thus global instability in concrete
examples. One could also use Theorem 7.4, adding more assumptions on f
to satisfy (A1l). We avoid doing so since the modifications are easy. Note
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that in view of (8.12), we can switch freely between the two equations (8.5)
and (8.11). So we concentrate just on (8.11).

As the first (toy) example, we improve Theorem III in [71] in various
respects: We can treat time-depending f, reduce the regularity requirements
in ¢ from C? to continuity, and obtain exponential growth instead of mere
unboundedness. In all examples we assume that f satisfies (8.3) and either
(8.13) or (8.16).

Example 8.4. Let b > 0 be constant and M be a d-dimensional, compact,
smooth and connected Riemannian manifold without or with boundary. It
is straightforward to check that the (point) spectrum of A_ is given by
an unbounded sequence of eigenvalues on —g + iR and at most finitely
many points in (—b,0]. It follows sp(—A_) > %. By Corollary 7.9 and
Propositions 8.1 and 8.3, given a function a : [0,00) — [0, 00) decreasing to
0, there are a dense set of initial values wy € X and ty > 0 such that the
corresponding solutions w(t, wg) of backward damped wave equation (8.11)
admit the lower bound |w(t,wp)| > a(t)et’/? for t > ty. In other words,
the energy of solutions to (8.9) grows exponentially in backward time for a
dense of initial values.

The next example generalizes the preceding one by allowing the damping
b to be non-stationary and far from being smooth. At the same time, it
concerns only the case d = 1.

Ezample 8.5. Let now M = [0,1] and b € BV([0,1]) with b > 0. (Recall
that we then impose Dirichlet boundary conditions.) It was proved in [21,
Theorem 5.3] that there is a sequence of eigenvalues (A,)5; C o(A_) with
Re M, — —g as n — oo where 3 := fol b(s)ds. So either —g + iR contains an
infinite number of the eigenvalues of A_, or the resolvent of A_ is unbounded
on —g + iR, and therefore, sp(—A_) > g As above, using Corollary 7.9
along with Propositions 8.1 and 8.3, for a given function a : [0,00) — [0, 00)
decreasing to 0 we find a dense set of initial values wg such the solutions of
(8.11) satisfy ||w(t,wo)| > a(t)ef/? for t > ty and some tg > 0. Moreover,
by [28, Theorem 3.4], the same result holds without assuming b > 0 if ||b]|
is sufficiently small.

We proceed with more involved frameworks, relying on quite subtle results
from the spectral theory of damped wave equations.

Ezxample 8.6. Let M be a manifold as in Example 8.4, having no boundary.
(One may also consider manifolds with boundary and the corresponding
generalised geodesic flows, but this setting leads to technical complications,
and is thus omitted for simplicity.) To explain our next example, we need to
introduce several auxiliary notions pertaining to dynamics of the (Hamilton-
ian) geodesic flow (¢g');cr on a Riemannian cosphere bundle S* M over M.
A relevant discussion of geodesic flows can be found e.g. in [44, Appendix
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BJ, see also [12, Section 2.1]. Write

pr = (z,&) = g'(po),  po = (z0,&) € S*M, t €R,
and let 7 : S*M — M be a canonical projection. Given a damping b €
C*®°(M) with b > 0 deﬁne its Birkhoff ergodic average over the geodesic
curve in M as (b); 2tf (bomog®)(po)ds,t >0, and let
bi=sup inf (b)ilpo) = lim poégﬁM@)t(po),

t>0 P

be=inf sup (B(po) = lim sup (B)u(po).
t>0 POES* M t—o0 POES* M

Note that by the Birkhoff ergodic theorem, (b)oo(po) = limy—o0(b)¢(p0)

exists almost everywhere with respect to the flow invariant (normalised)

Liouville measure on S* M, and setting

b = essinf, esem (b)oos bl = ess SUpP o es7 M (D)oo
we have
bo <by <bl <by,
where all of the inequalities can in general be strict. If the geodesic flow is
ergodic, then one has

1
- ¥ _ o
boo—boo—vol(M)/Mb(x)dx. b

It was proved in [47] that for every € > 0 there are at most finite number
of the eigenvalues of A_ outside the strip [—%* — €, —%‘ + €] + iR (where,
in particular M may have a boundary). So that there is a sequence of the
eigenvalues clustering at 8 + iR for some 5 € [—%*, —%] + iR, and then
arguing as in Example 8.5 one concludes that sp(—A_) > %. We also refer
to [65] for comments on the generality of this result and an alternative proof.

The result was improved in [65] by showing that for every €> 0 an infinite

number of the eigenvalues of A_ belong to the strip [ s> —¢, —ﬁ + €] +iR.
Moreover, as proved in [65], if (¢%)¢cr is ergodic, then the elgenvalues of A_
cluster at —%0 + iR. (See also [5] for an illuminating discussion of these

results.) Thus, observing that sp(—A_) > I%:", or, if (g')ier is ergodic,
spr(—A_) > %, we get an exponential lower norm bound for w(¢, wg) given
by (8.11). Clearly, the two estimates for sp(—A_) considered in this example
may produce sp(—A_) > 0, and thus yield a dense set of initial values for

exponentially growing solutions to (8.11).

So far, our examples depended on the properties of the spectrum of A_.
However, there are interesting situations when one has to invoke the resol-
vent of A_ and thus to use a full strength of our Corollary 7.9.

Ezample 8.7. There are many examples in the literature where (T_(t))s>0
satisfies | T_ () R(uo, A)*|| < Mge st for t > 0 and some s,ws, Ms > 0 as
well as, at the same time, wo(7_-) > 0. In other words, (T_(t))¢>0 decays
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exponentially in the operator norm as a map from D((—A_)?) for some s > 0
to X, but not in B(X). By interpolation, it then follows that (7' (t))>0
enjoys such a decay for all s > 0, and for us it suffices to fix s = 1.

In view of e.g. [76, Theorem 1.4], for some a, ¢ > 0 the resolvent R(\, A_)
then extends analytically to {A : ReA > —a} and is norm bounded there
by ¢(1 + |A|]). Note that R(\, A_) is unbounded on iR. Indeed, if this was
wrong, using the Neumann’s series expansion for R(is, A_), s € R, and the
resolvent estimate |[R(\, A_)|| < (ReX)~! for Re A > 0, we would infer that
so(A_) < 0, and then wy(7-) < 0 by (2.3). By a standard application
of Phragmen-Lindel6f’s theorem, R(\, A_) also has to be unbounded on
a vertical line —f + iR for some 5 € (0,a]. As a result, the resolvent of
—A_ is unbounded on 8 + iR, so that sg(—A_) > 5 > 0. Hence, as above
for a dense set of initial values we infer that the norms of solutions to the
backward damped wave equation (8.11) grow exponentially and thus show
a global instability result.

To describe concrete situations when such an effect can happen recall
that if M is as in Example 8.6 and is negatively curved, then by a classical
result due to Anosov (see e.g. [2]) a geodesic flow on §* M admits countably
many periodic orbits. It was revealed in [61, Theorem 1] that each such an
orbit gives rise to a smooth damping b such that (7°_(t))¢>o does not decay
exponentially, while its orbits T_(t)z decay exponentially for sufficiently
smooth initial data x. More precisely, it was shown in [61] that, for any
periodic geodesic v in M and by € C°°(M), there exists € > 0 such that if
by vanishes in an e-neighborhood of « and is positive everywhere else, then
such a decay takes place for b = cby for all sufficiently large ¢ > 0.

If M is a hyperbolic surface with constant negative curvature, then as
proved in [40, Theorem 1.1], the decay takes place for all smooth dampings
b. This property can in fact be generalized to all surfaces M whose geo-
desic flow has the so-called Anosov property, see [25, Theorem 6], though
such a generalisation is very deep and demanding. Other instances of the
exponential decay for only smooth enough orbits of (7°_(t))¢>0, sometimes
with explicit rates, can also be found in [15, Section 4], [54] and [60, Theo-
rem 3 and the subsequent Remark]. We avoid their discussion to keep our
exposition within reasonable limits.

Note that the assumption b > 0 was chosen just to fit in the framework of
the existing work, and it can be avoided in many cases (e.g. in Examples 8.5,
8.4, and 8.6). In this case, s provides just a lower bound, not necessarily
growing exponentially.

Finally, we show non-stabilizability of certain nonlinear infinite-dimen-
sional control systems. In this way, we generalize the corresponding results
n [36] or [73], for instance, where the operators B, F, and C used below
are linear and bounded. The literature on stabilization of control systems
is enormous (and, thus, we skipped a discussion of asymptotics for damped
wave equations as a stabilization problem, see e.g. [45] and [46] concerning
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that). We just refer to [43] and [66] as sample works on nonlinear stabi-
lization and to [18] for general concepts of nonlinear control. For basics of
linear theory one may consult [26, Section VI.§].

Example 8.8. Let (T'(t))t>0 be a Cp-semigroup on a Banach space X with
generator A, and let the control map B : U — X, the feedback F : Y —
U and the observation map C' : X — Y be all (possibly) nonlinear and
continuous with linear growth (i.e., satisfy (6.3) with a constant c), where U
and Y are Banach spaces. Combined with Corollary 6.6 and Proposition 6.3,
Theorems 4.6 and 7.6 imply the following results:

If sp(A) = 0, then the system 2z’ = Az + BFCz is not exponentially
stabilizable by a compact nonlinear feedback F, i.e., it will always have so-
lutions not decaying exponentially. If sg(A) > 0, the system is not strongly
stabilizable by a compact nonlinear feedback F| i.e., some of its solutions
will not converge to zero. (In fact, they will grow exponentially.)

The analogous statement holds for time-discrete feedback systems x,41 =
Az, + BFCx,,n > 0, for bounded A and continuous B, F', and C' mapping
bounded sets into bounded sets, if one replaces sgr(A) with r.(A).

9. APPENDIX

In this section we prove several results on geometric properties of Banach
spaces and fine spectral theory of semigroups and their generators which
are crucial for our lower estimates. Some of them, e.g. Theorem 2.2, are of
independent interest. The exposition here follows [49, Section 4] with appro-
priate changes and improvements, which warrant an independent treatment.
The section makes the paper essentially self-contained.

First, we note a geometric statement from Banach space theory. Its ver-
sions are often used in iterative constructions arising in the study of orbits
of linear operators, and it are important in our studies too. To make our
presentation self-contained and to provide a better understanding of our
constructions, we give its proof below. Let X be a Banach space. Recall
that a subset A C X* is norming if

|<ﬁ£/ﬁ>| ryeNy# 0}

for all z € X. Part (a) of the next result is [48, Lemma V.37.6]. We add
two related statements whose proof is a variation of the arguments in [48].

Joll = sup{

Lemma 9.1. Let F be a finite-dimensional subspace of a Banach space X
and € > 0.

(a) There ezists a closed subspace M C X of finite codimension such
that

(9.1) If +ml = (1 — &) max{|| ]|, ml]l/2}
forall f e F andm e M.
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(b) Let M be given by (a) and E be a finite-dimensional subspace with
F C E. Then there exists L C M of finite codimension such that
(9.1) holds for f € E and m € L.

(¢c) If A C X* is a norming set, then there exists a subspace M C X
satisfying (9.1) such that M = ﬂ;?:l Kery; for some yi,...,y; € A.

Proof. We can assume that ¢ < 1. The unit sphere in F' is compact, therefore
there exists a finite subset D C {f € F : || f|| = 1} satisfying dist {e, D} <
e/2 for all f € F with ||f|| = 1. Let A C X* be norming. For each
d € D there is a functional y € A such that |(d,y}/[yill)| > 1 — /2. Set
M = (Ny4ep Kery). Clearly, M is closed with finite codimension.

To prove the required inequality, let f € F' and m € M. We can assume
that || f|| # O since the assertion is clear for f = 0. Choose d € D with
Hd - f/||f||H < 5. Asin [48, Lemma V.37.6], we then estimate

15+l (74 m 2 = (7 = 1 20 + (i 2 )
> £~ e/2) — £ - Il = 1L - <),

One can now conlcude as in [48, Lemma V.37.6] to show (a) and (c). Part
(b) is is direct consequence of the construction above. O

If X is a Hilbert space, we can take M = FT in the lemma. Thus
the subspace M C X constructed above plays a role of the orthogonal
complement of a finite-dimensional subspace for general Banach spaces.

Next we turn to the spectral theory of semigroups related to constru-
tion of approximate eigenvectors with some additional geometric properties.
First we prove a property of the boundary essential spectrum of unbounded
operators, well-known in the bounded case.

Lemma 9.2. Let A be a closed, densely defined operator on a Banach space
X, such that p(A) # 0, and \ € 9o.(A). Let M C X be a closed subspace of
finite codimension and € > 0. Then there exists a unit vector x € M N D(A)
such that |[(A — N)z|| < e.

Proof. We will rely on the fact, that the statement is true if A is bounded,
see e.g. [48, Proposition I11.19.1 and Theorem II1.16.8]. Without loss of
generality we may assume that A = 0.

Let 4 € p(A) and let T := A(A — )™ = I+ pu(A — p)~'. Then T is
bounded. Moreover, o.(T) \ {1} = {1 + Zﬁu :z € 0e(A)} by (2.1). So
0 € do.(T). Let M'" = Im ((A — p) [a). Then codim M’ < oo, and as
T € B(X) there exists a sequence (x,)2%,; C M’ such that |jz,| = 1 for
all n and Tx, — 0 as n — oo. Set y, = (A — )~ 'z, for n € N. Then
yn € M N D(A) for all n and Ay,, — 0 as n — oo. Moreover, since

Ty = xp + p(A— N)_1$n = Tn + UWYn,

we have liminf,,_, ||yn| = 1/|p| > 0. It remains to choose ay, for appro-
priate a > 0 and n. O
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The proof of Theorem 2.2 is based on the next lemma.

Lemma 9.3. Let A generate the Cy-semigroup (T'(t))i>0 on a Banach space
X. Let either w > s¢(A) or w = s¢(A) and (w + iR) No.(A) = 0. Assume
that either

op(A) N (w+iR) is infinite
or

op(A) N (w+iR) s at most finite and limsup ||R(w + ib, A)|| = oo.

|b|]—o00

Then there exist (jin)22 1 C w+ iR and (u,)5e; C D(A) such that ||u,| =1
for alln € N, |[(ptn, — A)uy|| = 0 as n — oo, and for every y* € D(A*) we
have

(Un,y™) = 0, n — 0.
In particular, if X is reflexive, then (uyn)22, tends weakly to 0 (since then
D(A*) is dense in X*).

Proof. By our assumptions, there exist a sequence (b))% with |b,| — oo
and unit vectors u,, € D(A) for n > 1 such that ||(w + b, — A)u,|| — 0 as
n — 0o. Set , = w + ib,. We show that

<un7y*> — O’ n— OO?

for each y* € D(A*). Let y* € D(A*) C X* have norm 1. Pick a vector
y € D(A) with (y,y*) > % Let M = Kery*. Write u, = m, + a,y for
some m,, € M and o, € C. Then the sequences (m,)s>; and (a,)52,; are
bounded. Furthermore,

((tn — A)un, y*) — 0, n — 00,
and
<(,UJn - A)Un7y*> = <(Nn - A)mmy*> + an<(ﬂn - A)y,y*)
= Qnpin Y, y") — (M, A"Y") — an(Ay, y7).

Since the last two terms are uniformly bounded and |u,| — oo, we have
an — 0 as n — oco. It follows (up,y*) = an(y, y*) — 0. O

Let (T'(t))t>0 be a Cp-semigroup on a Banach space X, and set
]l := sup{|(z,2")| : =" € D(AY), [la"[| <1}

for € X. Then || - ||; is an equivalent norm satisfying
(9-2) Izl < lll < edlzlly, - where o :=limsup [T(#)]],
t—

for all x € X. See e.g. [52, Theorems 1.3.1 and 1.3.5]. Hence, renorming X
with ||-||1, we can make D(A*) a norming set for the Banach space (X, ||-||1)-

Recall the definitions of the resolvent bound sr and of the notion of
admissibility given in Section 2. Now we are ready to prove Theorem 2.2
stated there and describing one of admissible w in resolvent terms. More
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precisely, we show that if A generates a Cp-semigroup (7'(¢))s>0 on a Banach
space X, then the number sgp(A) given by (2.4) is admissible.

Proof of Theorem 2.2.  Let M be a closed subspace of finite codimension
in X given by M = ﬂ?:l Kery for some functionals y7, ...,y € D(A¥). Let
e > 0 and to > 0 be fixed, and set K := sup{||T'(t)|| : 0 <t < to}. Since the
admissibility does not depend on equivalent renormings of the underlying
space, in view of (9.2), we can assume that D(A*) is a norming set for X.

Let sp(A) = sc(A) and p € 0.(A)N(sr(A) +iR). Lemma 9.2 then yields
x € D(A)N M with [|z]| =1 and ||(A — p)z|| < e. Hence

t
1701 = ettal = | [ eHIT(5)u— Ayods] < ctpers g
0

for all ¢ € [0, to].

Let sg(A4) > sc(A) and 0.(A4) N (sg(A) + iR) = 0. Employing Lemma
9.3, we find sequences ()52 ; C C with p, = sr(A) + b, for n € N and
(un)52y C D(A) with |Ju,|| = 1 such that

(Un,y™) = 0 for every y* € D(A*) and |(p, — A)up|| — 0, n — oco.
By [59, Lemma 7.4], there exists a finite-dimensional subspace F' C D(A)
such that X = M & F. Let P be the projection onto F' with Ker P = M.

By the choice of u,, we have ||Pu,|| — 0 so that ||(I — P)u,|| — 1 asn — oo
and

- tn = Pun_ (50 nos
" lun — Puy|| ’
Choose ng € N such that
Uny — Pun, H . { € € }
Upy — ———— || Sming —, —————
‘ "o Huno - Puno” o 4K’ 4esr(A)to J°
€

— <
1 Ckino — Aty || < dto K max{1, elosr(4)}-

Set
Upy — Py,

W= and r=—79-—¥———/—.
" Huno - Puno”

For every 0 <t < tg, we have

t
7@~ ey | = || [T () 1y~ Ay < 2/
0
and
IO = ] < |T(0) =T (Etng |+ T etng = | + [l uny — ]

< Kl = ol + /4 + €7 |z — up, |
<e.

This finishes the proof. O
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Remark 9.4. If X is a reflexive Banach space, then the proof of the previous
theorem is simpler. In this case it is not necessary to do the renormalization
since || - [[1 = || - || by the density of D(A*), and the subspace M in the
statement of Theorem 2.2 can be any close subspace of finite codimension.
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