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Abstract

We introduce the notion of quasi-hyperbolic operators and C-semigroups. Examples include the push-
forward operator associated with a quasi-Anosov diffeomorphism or flow. A quasi-hyperbolic operator can
be characterised by a simple spectral property or as the restriction of a hyperbolic operator to an invariant
subspace. There is a corresponding spectral property for the generator of a Cp-semigroup, and it char-
acterises quasi-hyperbolicity on Hilbert spaces but not on other Banach spaces. We exhibit some weaker
properties which are implied by the spectral property.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The notion of hyperbolicity of operators and operator semigroups is central in differentiable
dynamics and the theory of differential equations. For a general view on the subject one may
consult [4] and [14].

Recall that a bounded linear operator 7' on a Banach space X is said to be hyperbolic if there
is a splitting X = X @ X, where X and X, are closed T-invariant subspaces of X, T'[x, is
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invertible, and [|(T[x,)" | < % and ||(Tx,) ™"l < % for some n € N. Then X, and X, are the
stable and unstable parts of X for T. It is a standard result that T is hyperbolic if and only if the
spectrum o (T') of T does not meet the unit circle T. Hyperbolicity for a Cy-semigroup (7 (¢)):>0
on X can be defined in a similar way and it is equivalent to hyperbolicity of 7 (1); see Section 3
below.

If A is the generator of a Cy-semigroup (7 (¢));>0 on X then for a variety of Banach spaces F
of X-valued functions on R the existence and uniqueness of mild solutions to

i) =Ax(t)+ f(t) (t€R) (1.1)

in F for every f € F is equivalent to (7 (¢));>0 being hyperbolic, see for example [4, Chap-
ters 4-5] and [26, Chapter 8]. Similar results concerning discrete versions of (1.1) can be found
in [4, Chapters 4-5] and [32].

The interplay between solvability of (1.1) and hyperbolicity of the associated semigroups has
motivated intensive studies of hyperbolic semigroups and exponentially dichotomic evolution
families and their relationship to the properties of solutions to (1.1) and fine spectral structure of
the associated differential operator —% + A. Recent accounts of this area include, in particular,
[4, Chapters 4-5], [2,3,19,22-24,37,38].

Moreover, hyperbolic operator semigroups arise very naturally in dynamical systems theory,
in particular in the study of Anosov flows and diffeomorphisms. Let M be a compact smooth Rie-
mannian manifold, and let TM be its tangent bundle. Denote by C(TM) the real Banach space
of continuous sections of the tangent bundle 7M with the supremum norm. With any diffeomor-
phism ¢ : M +— M one can associate a linear operator E, on C(TM), the so-called push-forward
operator, defined by

(Ey)(©)=Do(¢7'0) f(¢7'6) (0 eTM),

where D¢ stands for the differential of ¢. Recall that ¢ is said to be Anosov if the tangent bundle
TM splits as a direct sum of Dg-invariant sub-bundles TM = T}, ® T, such that D¢ contracts
T}, exponentially for positive times and contracts T, exponentially for negative times. Anosov
diffeomorphisms constitute one of the basic classes of mappings in differentiable dynamics pos-
sessing numerous specific features such as structural stability [14].

Consider the complexification of C(TM) and the corresponding extension of E, to the
complexification, for which we shall use the same notation. Mather’s famous characterisation
of Anosov diffeomorphisms obtained in [29, Theorem] says that ¢ is Anosov if and only if
1 ¢ 0(Ey). As noted in [29, Lemma] (see also [4, Lemma 6.28]), for aperiodic ¢ the spectrum
of E, is invariant with respect to rotations. Thus, since Anosov diffeomorphisms are aperiodic,
Mather’s result can be restated as in [29, Theorem]: ¢ is Anosov if and only if E, is hyperbolic.

Answering a question of Hirsch concerning invariant hyperbolic submanifolds, Maii¢ intro-
duced the notion of a quasi-Anosov diffeomorphism, that is a diffeomorphism ¢ : M > M
such that for every 6 € M and every non-zero x from the tangent space Ty M of M the set
{IDe™(@)x|: n € Z} is unbounded. It is easy to show that every Anosov diffeomorphism is
quasi-Anosov but the converse does not hold in general [11]. Mafié proved in [28, Theorem A]
(see also [8, Theorem]) that ¢ is quasi-Anosov if and only if the approximate spectrum o,p(Ey)
of E, does not contain 1. Since quasi-Anosov diffeomorphisms are aperiodic, by the rotational
symmetry of o, (Ey,) for such ¢ (see the proof of [29, Lemma] and [4, Lemma 6.28]), we infer
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as above that ¢ is quasi-Anosov if and only if o,p(E) is disjoint from the unit circle T. Simi-
lar results hold in the context of smooth flows on Riemannian manifolds where the notion of a
quasi-Anosov flow and the associated Mather (evolution) semigroup can be defined and studied
similarly to the discrete setting. We refer to [5,6,17,41] for early developments of the operator
approach to the study of dynamics of flows, and to the more recent book [4, Chapters 6, 7] for
more general abstract results.

The Mather—Maiié spectral theory can be extended to the broader framework of Banach space
valued cocycles over flows. Let © be a locally compact metric space and {¢};cr be a continuous
flow on @. If {®! }r>0 is a strongly continuous, exponentially bounded, £(X)-valued cocycle
over {¢"};cr then one can define the corresponding Mather (or evolution) Co-semigroup (E fp), >0
on Co(®, X) by

(ELf)©) =2 (p7'0) f(¢p™'6) (@ €O). (12)

Note that in general (E, g’ﬂ) >0 does not extend to a group. Hyperbolicity of (£ ;) >0 1s equivalent
to invertibility of the generator of (E;),>o and is also equivalent to exponential dichotomy of
{@!};cr—see [4, Chapters 6 and 7] for the details of these notions and results. In particular, by
[4, Theorem 6.30] if {¢'};cR is aperiodic and G, is the generator of (E ;),;0 then

oap(EL) \ {0} = "7 )  (1 > 0). (1.3)

An analogous spectral mapping theorem is true for Mather semigroups (E’),>( defined on appro-
priate L ,-spaces (see [4, Theorem 6.37]). The spectral theory of Mather semigroups including
the relation (1.3) turned out to be crucial for the study of dynamics of various partial differential
equations such as Euler’s equations—see [4, Chapter 8] and the more recent papers [24,39,40].

While hyperbolic Mather semigroups are well understood and the hyperbolic dynamics of
Anosov diffeomorphisms and flows translate into hyperbolic dynamics of associated discrete or
continuous operator semigroups on a Banach space of continuous sections, the situation with
quasi-Anosov diffeomorphisms and flows is not so explicit at least from an operator-theoretic
point of view. Thus we arrive at a need to generalise the notion of hyperbolicity for linear op-
erators. In fact Eisenberg and Hedlund [9,15] introduced a relevant class of operators, without
indicating any applications.

Let T be an invertible bounded linear operator on a Banach space X. According to [9]
the operator T is expansive if for each x € X there exists n € Z (depending on x) such that
IT"x|| = 2||x||; and T is uniformly expansive if there exists n € N (independent of x) such that
max(||7"x||, |T~"x||) = 2|/x]| for all x € X. Uniform expansiveness of T was characterised in
[15, Theorem 1] (see also [9, Theorem 2]) by the condition

oup(T) NT = 0. (1.4)

In the case of the push-forward operator T = E,, (1.4) clearly coincides with Mafié’s spectral
characterisation of quasi-Anosov diffeomorphisms ¢.

We extend this notion to bounded linear operators 7 on X which are not necessarily invertible
and we introduce a more suggestive terminology as follows.

Definition 1.1. We shall say that T is quasi-hyperbolic if there exists n € N (independent of x)
such that max(|| 7% x|, |x||) = 2||T"x|| for all x € X.
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If T is quasi-hyperbolic, then there exist a > 0 and ¢ > 0 such that max(||7>"x||, |x||) >
ce™||T"x|| for all x € X and all n € N. Moreover, for each x € X, the sequence (||T7"x|)neN
either diverges exponentially or it decays exponentially.

It is clear that any hyperbolic operator is quasi-hyperbolic. Moreover, an invertible operator is
uniformly expansive if and only if it is quasi-hyperbolic. The push-forward operator associated
with a quasi-Anosov diffeomorphism is a quasi-hyperbolic operator. Quasi-hyperbolic operators
appear also in the theory of hyperbolic partial differential equations (see Example 2.3). Many
weighted shifts are quasi-hyperbolic (see Example 2.6).

While quasi-hyperbolic operators have arisen naturally in applications, no systematic treat-
ment of quasi-hyperbolicity has been made so far. The aim of the paper is to fill the gap in the
literature and to pursue the study of quasi-hyperbolicity mainly in the context of Cyp-semigroups
on Banach spaces. Our approach is based on a deep extension theorem of Read and Miiller for
operators, a new notion of a lower Fourier multiplier and the techniques of evolution semigroups.
The paper can be considered as an extension of [21,20,18] where hyperbolic Cy-semigroups on
Banach spaces were characterised in terms of resolvents of their generators.

The paper is organised as follows. Section 2 is devoted to the study of quasi-hyperbolicity
for discrete semigroups, i.e. iterates of a single operator. Quasi-hyperbolic operators are iden-
tified there as restrictions of hyperbolic operators to subspaces. This is a striking analogue of
a part of [28, Theorem A] identifying quasi-Anosov diffeomorphisms with restrictions of dif-
feomorphisms to invariant submanifolds with hyperbolic structure. In Section 3 we characterise
quasi-hyperbolic Cp-semigroups in terms of their generators and lower Fourier multipliers. In
particular we prove in Corollary 3.10 that quasi-hyperbolicity of a Cp-semigroup (7 (¢));>0 on a
Hilbert space X with generator A is equivalent to the lower bound

[(A—is)x|=cllxll (s €R,x € D(A)), (1.5)

for some ¢ > 0, where D(A) is the domain of A. However the simple condition (1.5) fails to char-
acterise hyperbolicity of semigroups on general Banach spaces as our Example 3.3 shows, and
the lower Fourier multiplier property is difficult to verify in Banach spaces. Thus in Section 4 we
study what kind of asymptotic properties of (7' (¢)); >0 can be deduced from (1.5) if X is merely a
Banach space. We show that (1.5) ensures that non-zero complete trajectories of (7'(¢));>0 grow
faster than polynomially in a pointwise sense (Theorem 4.1) and they grow exponentially in an
integral norm (Theorem 4.5). It remains an open question whether they grow exponentially in a
pointwise sense.

2. Quasi-hyperbolic operators

In order to give a spectral characterisation of quasi-hyperbolic operators, we recall an exten-
sion theorem. The appropriate construction was first carried out by Read in the context of Banach
algebras [34]. Later Read adapted it to operators [35], while Miiller independently exhibited a
neat way to deduce the operator case from the algebra case (see [31, Theorem 9.22]).

Theorem 2.1 (Read). Let T be a bounded linear operator on X. There is a Banach space Y and
a bounded operator S on Y such that X is isometrically embedded in Y, S|x=T, ||S| = IIT|
and o (S) = oap(T).

In the following result the equivalence of (i) and (iii) for invertible T was proved by Hedlund
[15]. Read’s Theorem allows us to introduce the equivalent condition (iv) which makes the prop-
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erties of quasi-hyperbolic operators rather transparent. It also provides an alternative proof of the
non-trivial part of Hedlund’s result.

Theorem 2.2. Let T be a bounded linear operator on X. The following are equivalent:

(1) T is quasi-hyperbolic.
(ii) There exists ¢ > O such that |(T — A)x|| > c||x|| for all x € X and ) € T.
(iii) oup(T)NT =0.
(iv) There is a Banach space Y and a hyperbolic operator S on Y such that X is isometrically
embeddedin Y and STx=T.

In condition (iv) one may arrange that ||S|| = |T || and o (S) = oap(T).

Proof. (i) = (ii). Suppose that max(|| 7% x||, ||x||) = 2||T"x]| for all x € X, and (ii) is false. We
aim to obtain a contradiction.

There are sequences (xx)r>1 in X and (Ag)r>1 in T such that ||x¢|| =1 for all k and
ITx; — Agxill — 0. Passing to a subsequence, we may assume that Ay — A € T. Then
7% xx — A2 x| — 0 and || T"x; — Axx|| = 0, so | T?"xx|| — 1 and || T"xx|| — 1. But

max (| 72" x|, lvell) > 2] 7" x|
Letting k — oo gives a contradiction.
It is immediate from Read’s Theorem that (iii) implies (iv), while (ii) = (iii) is trivial and

(i) = (i) is elementary. O

Example 2.3. The following hyperbolic equation with periodically moving boundary has been
studied in [7]. Let

i t
.Q::{(x,t): O<x<l—|—sm(n )}QRZ.
2

The boundary value problem

U —Uyy =0 1n £2, 2.1)
u=0 onas2, (2.2)

is well posed for data u(-, 0), u; (-, 0) in the energy space H = HO1 (0,1) x L»(0, 1), so that the
monodromy operator

UR,0): H— H,
U, 0)[“(',0)7141(',0)] = [M('sz),ut(',z)],

is well defined. Moreover, U (2, 0) is invertible in H, and by [7, p. 304 and Theorem 3.4]

o(U2,0) = {,\ecz % <Al <¢§}, owp(UQ2,0)NT=4¢. (2.3)
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By Theorem 2.2, U (2, 0) is quasi-hyperbolic and it follows that there exist a > 0 and ¢ > 0 such
that for every non-zero solution u of (2.1) one has

at

either ”u(t)”H > ce forallt >0 or Hu(t) ”H > ce®l forall 7 <O0.
Thus the energy of the system governed by (2.1), (2.2) grows exponentially in either positive or
negative time for any choice of non-zero initial values. In fact, as noted in [7, p. 304],

log [u(t)l _ In3

t>%00 |t 8

General statements describing fine structure of the spectrum of monodromy operators
for (2.1), (2.2) on a large class of domains §2 can be found in [7, Theorem 3.4, Theorem 2.4] and
in [27, Theorem 1].

Other examples of quasi-hyperbolic operators on Hilbert space that are not hyperbolic were
given in [9, Examples 4, 5] (see Example 2.6). We shall show that those examples are particular
cases of a large class of quasi-hyperbolic operators.

Example 2.4. Let w : Z — R be a (strictly) positive bounded sequence. Consider the weighted
right shift operator S} on {,(Z) (1 < p < 00), defined by

Si, ((nnez) = (W xn—1), g (2.4)
Let
wOw)---wrn—-1) (n=>0),
Uy = { 1 (n=0), 2.5)
(wm) - w=1)~"  (n<0).
Define

1/n 1/n
it(sh) = lim (gngum/u,{) i (Sh) = lim (gnfuk/uk,,,) :
>

n—00 n—00\ k<0
rr(Sy) = nlgrgo(zlipo ) s = nlgngo<ililéuk/uk_n)l/n.
Then the spectral radius of S}, is
r(Sy) =max(r™(s},). " (50)).
and the inner spectral radius is

i(S],) :==min{|Al: A €0 (S},)} =min(i*(S}),i(5])).

If §7 is invertible then i (S7,) = r((St)~H~".
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The following result was proved by Ridge [36, Theorem 3] for the shifts defined on /5 (Z).
Its extension to [, (Z)-spaces with p € [1, +00) presents no difficulties (see [30] and [25, Sec-
tion 1.6]).

Proposition 2.5 (Ridge). Let S;, be the shift operator defined in (2.4). Then the following hold.

@) o(S;,) ={reC:i(S,) <A <r (S}
(b) Ifr=(Sy) <i*(S,,) then
oap(Sw) ={r € C: i (S)) <A <r (Sp)Ju{reC it (sy) <l <rt(sy)}

w

Otherwise,
ap(Sy) = (S3)-

It follows from Proposition 2.5 and Theorem 2.2 that S}, is quasi-hyperbolic, but not hyper-
bolic, if and only if r~(S) < 1 <i*(S}). In particular, if

lim wn)=w+ and w4 >w_,
n—=£00

then
aap(SZ)) = {A eC: M| =w_or A= w+},

and S;, is quasi-hyperbolic, but not hyperbolic, if and only if w_ <1 < wy.
There is a corresponding result for weighted left shifts Sfu on £,(Z). Define the invertible
isometry J :1,(Z) = 1,(Z) by J((xn)nez) = ((x—p)nez), and let w(n) = w(—n). Then

S (Cwnez) = (wmxn11), = (J 7' S5T) ((Kn)nez).-

Thus the approximate point spectrum of Sllu coincides with that of S&; which allows a description
by means of Proposition 2.5.

Examples 2.6. 1. A particular case of the weighted shift operator S/, with

L (<0,

{NE (n>0),
w(n) =
232

was considered in [9, Example 4].

2. We show here that [9, Example 5] can be put into the framework of weighted shifts dis-
cussed above. Let A be the annulus {z € C: % < |z] <2} and X be the Hilbert space of all
holomorphic functions belonging to the space L(A), where A is equipped with planar Lebesgue

measure. Let M : X — X be defined by (M f)(z) = zf (z). It was shown in [13] that
1 1
o(M):= {A eC: > <A <L 2}, Oap(M) := {A eC: A= 3 or |\ = 2}. (2.6)

Thus, M is quasi-hyperbolic, by Theorem 2.2 or by a direct argument given in [9].
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Ife, :=7"/|7"|| (n € Z), then {e,,: n € Z} is an orthonormal basis in L,(A), and moreover
Me, = w,e, 11, where w, := ||z”Jrl H ||z" ||_1 (ne?).

Thus M can be identified with the right shift S} on /(Z). By an easy calculation

1
lim w, =2, Iim w, = -,
n— 00 n——00 2

so we get (2.6) by Ridge’s results (Proposition 2.5).

In the spirit of Theorem 2.2(iii) and with a view towards Section 4, given an operator 7 on X,
we would like to characterise the property that

(HE) X can be continuously embedded in a Banach space Y such that T = S|y for some quasi-
hyperbolic operator S on Y.

It follows from Theorem 2.2 that we can assume that S is hyperbolic, and (HE) can be reformu-
lated as follows:

(HE)" There is anorm || - | on X and there are constants ¢ > 0 and C such that, for each x € X,
@ [xlI"< Cllx,
®) ITx|" < ClixI',
©) IT —=2x|" =c|x| forall A € T.

If Y and S exist, then we can take || - ||” to be the norm of Y. Conversely, if || - ||” exists, then we
can take Y to be the completion of (X, || - ||). We aim now to limit the search to a narrow class
of norms.

A necessary condition for the existence of such a pair (Y, S) is the following property of
uniform exponential growth in a bilateral sense:

(UE) There exists « > 1 such that, for each x € X \ {0} there exists ¢, > 0 such that either
(@ ||IT"x|| = cxa” foralln € N, or
(b) ||yl = cxa™ whenevern e N, y € X and T"y = x.

This implies each of the following two conditions concerning firstly a notion similar to that of an
expansive operator, and secondly the point spectrum:

(EX) Ifx € (), cyRan 7", then there exists n € N such that either || 7" x| > 2|lx| or [y = 2| x|
for each y € X with T"y = x (so, T is expansive if T is invertible);
(PS) 0,(T) NT =, where o,(T) is the point spectrum of T'.

There are simple examples of invertible operators on Hilbert space satisfying (EX) but not (PS)
(a diagonal operator on ¢>(N) as in [9, Example 2]), and vice versa (an unweighted shift on
£5(Z)), and also an example of an invertible operator on Hilbert space satisfying both (EX) and
(PS) but not (UE) (the shift S}, on £2(Z) where w(n) > 1 for all n € Z, ]_[ff:o w(n) = oo and
limp)— o0 w(n) = 1).
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Let us assume (for simplicity) that T is surjective. For ¢ > 1 and x € X, define

7" x|l Iyl

) Qa(x)=inf{a—n:yeX,neN, T”y:x}.

= inf
Go+(X) my
Note that (UE) is equivalent to

max (qa+ (), ga—(x)) > 0 (x € X\ {0}).

However, the functionals g4+ and g,— may not satisfy the triangle inequality, so it is not clear
whether (UE) implies (HE)'. Instead we define

n n
pa+(x):inf{2qa+(x,): neN, x, € X, x:Zxr},

r=1 r=1

Pa—(x) :inf{ an_(x,): neN, x,eX, x= Zxr},
r=1 r=1
P (x) =max(pat (x), pa—(x)).

It is routine to verify that py4, py— and p, are seminorms on X, and the following inequalities
hold

Pa+(X) < [lx]l Pa—(x) < x|l
Do+ (Tx) < T po+(x), Pa—(Tx) < |IT|| pa—(x), 2.7
qa+(Tx) 2 aqe+(x), Pa—(x) Z apy_(Tx). (2.8)

The assumption that 7 is surjective ensures that

Pa+(Tx) Z apgy(x). (2.9)
Theorem 2.7. Let T be a bounded surjection on X. The following are equivalent:

(1) There exists o« > 1 such that py is a norm on X.
(i1) There exist a Banach space Y and a quasi-hyperbolic operator S on Y such that X is
continuously embeddedin Y and T = S|x.
(iii) There exist a Banach space Z and a hyperbolic operator U on Z such that X is continuously
embedded in Z and T = U]y.

Proof. It is immediate from Theorem 2.2 that (ii) implies (iii).

Suppose that (iii) holds. Each x € X can be written uniquely as x = z,4 + z,— where z,4
and z,_ are respectively in the unstable and stable parts of Z for U. Hence there are con-
stants C, ¢ > 0 and « > 1, independent of x, such that ||zx+|lz + llzx-llz < Cllx|lx and



3864 C.J.K. Batty, Y. Tomilov / Journal of Functional Analysis 258 (2010) 3855-3878

NU"zx4llz = ca™||zx+llz and ||z]|z = ca”||zx—|lz if n > 0, z € Z and U"z = z,_. Moreover,
21+ = U"zx4. Hence

1 n
752l > H10"2erl, > Stz

It follows that g4 (x) > &llzx+llz. If y € X and T"y = x, then Uz, =z, and

n

1 o
Iyllx = Ellzyfllz > ?Ilzxfllz-

It follows that g (x) > &llzx—lz-
If x =37 _, x, then

n n

C C
2}q+<xr> > Zl lzx+llz > Zllzetllz.
r= r=

Hence py(x) > %||zx+||z. Similarly, p_(x) > %”Zx—||X~ If x # 0, then either z,4+ # 0 or
Zx— # 0, and it follows that p4 (x) # 0 or p_(x) # 0. This establishes (i).

Now suppose that (i) holds. Let Y be the completion of (X, py). It follows from (2.7) that T
extends to a bounded linear operator S on Y.

Let x € X. For n > 0, it follows from (2.9) and (2.8) that

” §x || y = Pa (T2nx) Z Pa+t (Tan) > " pat (Tnx),
Ixlly = Pa®) > pa— () > " p (T").
Thus,

max(” 2y |

o 13y) > " pa(T7x) = o | 8" .
It now follows by density of X in Y that § is quasi-hyperbolicon Y. O
3. Quasi-hyperbolic semigroups

Now we consider the corresponding notions for a Cp-semigroup 7 := (7'());>0 on a Banach
space X. It is standard terminology that 7 is hyperbolic if there is a splitting X = X @ X, where
X and X, are closed 7 -invariant subspaces of X, T (¢)[x, is invertible for some (or all) ¢ > 0,
and [|T(#)[x, || <1 and ||(T(t)[Xu)_1 || <1 for some ¢t > 0.

Definition 3.1. We say that 7 = (T (¢)); >0 is quasi-hyperbolic if there exists ¢ > 0 (independent
of x) such that max(||7 (2t)x||, ||x]|) = 2||T (¢)x|| forall x € X.

It is easy to see that 7 is quasi-hyperbolic or hyperbolic if and only if 7' (1) is quasi-hyperbolic
or hyperbolic, respectively. If 7 is quasi-hyperbolic, then, by Theorem 2.2, 7' (1) can be extended
to a hyperbolic operator S(1) on a larger space Y. It can be seen from the construction in [35],
or more easily from that in the proof of [31, Theorem 9.22], that each operator 7' (¢) also ex-
tends to an operator S(¢) on Y with ||S(#)|| = ||T(¢)|| and S(#1)S(t2) = S(t1 + 2). Replacing
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Y if necessary by the maximal subspace on which S is strongly continuous, we can arrange
that (5(#));>0 is a Cop-semigroup on Y, and then it is hyperbolic. Hence quasi-hyperbolic and
hyperbolic Cy-semigroups can be characterised in terms of spectral properties of 7'(1) as in Sec-
tion 2. It would be more useful to have results involving spectral properties of the generator A
of 7, but the failure of the spectral mapping theorem for Cp-semigroups means that this is not
straightforward.

The natural analogue of Theorem 2.2(ii) for A is the lower bound (1.5). One simple general
result is the following.

Proposition 3.2. Let A be the generator of a quasi-hyperbolic Co-semigroup (T (t));>0 on a
Banach space X. Then (1.5) holds.

Proof. Let ¢ be such that max(||7 2t)x||, ||x||) = 2||T (t)x|| for all x € X. For x € D(A) and
seR,

t
/g—iSTT(t)(A—is)xdt:e_mT(l)x_x- @.1)
0

Hence
| (A = isyx] > |7 @] = el
where M, = sup|, <, [ T(7)|.. Replacing x by T'(t)x in (3.1),
M| A = is)x ] > || T o]~ [T x|
Let ¢ = (2t M)~ !. Then

[ (A —is)x| > 2cmax(||T@)x]| — lx]l

Y

|T@ox] = [T@)]])

>2¢|T()x||
>2¢(lxll = || T@x| = lIx1])
>2c|x|| — ||(A —is)x|. O

The converse of Proposition 3.2 does not hold, even for a Cp-group of positive operators on a
reflexive Banach lattice. This is shown by the following example of a Cy-group with bad spectral
properties, adapted from an example originally due to Wolff [43] (see [12, pp. 102—-103]).

Example 3.3. Let X be the reflexive Banach space L, (R, e dx) N Ly (R, w(x)dx), where
l<p<2<gq<oo,and

_je™ (x<0),
w(x)_{l (x > 0),
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for some a > 2¢q/ p. Here,

1/p 1/q
e (/!f(x)V’ez" dx> + (f!f(x)!qw(x)dx> .
R R

Let (T(t)f)(s) = f(s+1) (s, € R). Then (T'(¢))ser is a Co-group on X, [T ()| =1 (r = 0),
o (A)NiR = and sup,p || (is — A)~!|| < 0o [12]. Hence, (LB) holds. However, for ¢ > 0, there
exists f € X suchthat | f|lx =1and ||T(—¢) fllx <2| fllx (because ||T (z)|| > 1/2). Moreover
T (@) fllx <2|lfllx (because ||T(¢)]| < 2).So T(¢) is not quasi-hyperbolic.

Note that if ¥ = L,(R, e?* dx) then X is continuously and densely embedded in ¥, and
the Co-group (S(?)):cr of shifts on Y is hyperbolic with trivial unstable part because || S(¢)| =
e~2/P (t € R). Moreover, S (t)[x= T (¢). Thus the continuous-parameter analogue of (HE) holds
in this example.

We shall now characterise quasi-hyperbolicity of Co-semigroups in terms of Fourier multiplier
properties of linear pencils induced by semigroup generators. In particular this will establish that
the converse of Proposition 3.2 holds on Hilbert spaces (Corollary 3.10).

Let A be a densely defined, closed linear operator on a Banach space X. By S(R, X) denote
the space of X-valued Schwartz functions. For ¢ € S(R) and x € D(A), write (¢ ® x)(t) =
o()x (t €R). Let S4(R, X) :=lin{p ®x: x € D(A), ¢ € S(R)} and F be the Fourier transform
on S(R, X). Note that S4 (R, X) is dense in L ,(R, X) for every p € [1, +00).

Definition 3.4. The linear operator

My :SAR, X) — SR, X),

Ma—i- ) =(A—is)f(s) (seR),

is said to be a lower L, (R, X)-Fourier multiplier if there exists ¢ > 0 such that

|7 MaiFf] 2 el fllL, (3.2)

P
for every f € S4(R, X). Note that
(F~'Ma—i Ff)(s) = Af(5) = (). (3.3)

Remark 3.5. If iR C p(A) and R(%, A) = (A — A)~! denotes the resolvent of A then (3.2) is
equivalent to the fact that the operator Mg(;. 4), defined on S (R, X) by

(MR-, f)(s) = R(is, A) f(s) (s €R),

is an L,(R, X)-Fourier multiplier, i.e. that R(i-, A) is bounded from R to £(X) and
F'm R(-,A)F extends to a bounded linear operator on L, (R, X). To see this, it is sufficient
to show that (3.2) implies the boundedness of R(i-, A)—then the claim is apparent.
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Letx € D(A) and s € R. Choose ¢ € S(R) with ||g||z, = 1, and let g, (t) = e~*'n~ /P p(t/n)
(n € N). Then (3.3) and (3.2) imply that

|~ep@x+en®Ax], =[|FA-i)F@uon], >clxl.
By passing to the limit in the above inequality one gets
[(A—is)x| =cllxll (xeD(A), s eR).

Thus, R(i-, A) € Lo (R, £(X)) and (3.2) implies the claim.
It is well known that Mg;. ) is an L, (R, X)-Fourier multiplier if and only if (7'(t));>¢ is
hyperbolic, see [21, Theorem 2.7].

Our approach to the study of lower Fourier multipliers will be based on evolution semi-
groups (see [4]). The same technique was employed for the study of Fourier multiplier prop-
erties of resolvents in [20] (see also [21]). Recall that given a strongly continuous evolution
family (U (¢, 5)):>s>0 on a Banach space X, the associated evolution semigroup (E());>0 on
Ly(R, X) (1< p <o0)isdefined by

(EOf))=U(s,s =0 f(s—1) (feLp® X), >0, s €R). (3.4)

A special case occurs when (U (t, 5));>s>0 is induced by a Co-semigroup (7 (¢));>0 on X with
generator A (see [4, Section 2.2]). Then (3.4) takes the form

(EOf))=TOfs—1) (feL,R X), 1>0, s €R).

In this case, (E(t));>0 is the product of two commuting semigroups on L, (R, X): the mul-
tiplication semigroup (M (¢));>0, (M (t) f)(s) = T (t) f(s), and the shift semigroup (S(#));>0,
(S@®) f)(s) = f(s —1t), with the generators D, Df = —%, and M4, M4 f = Af(s), respectively
defined on their maximal domains. Thus, by well-known criteria, the generator G of (E(#));>0
can be identified as the closure of the sum D + M4 defined on I :=D(D) N D(M4). In other
words, I is a core for G.

In the next lemma we diagonalise G on an appropriate domain contained in /.

Lemma 3.6. Let G be the generator of the evolution semigroup (E(t));>0 on L,(R, X), associ-
ated with an evolution family (U (¢, 5));>s>0 on X, where 1 < p < 00. Then

G=F 1My i Fls,. (3.5)

Proof. Observe that Sy (R; X) is dense in D(G) and is (E(t));>0-invariant. Thus, SA(R, X) is

acore for G, i.e. G[s, = G. On the other hand, by (3.3) for every f € Sa(R, X),
Gf=F 'Ms_,Ff. O (3.6)

We shall now discuss the relation between the spectral properties of G, E(1) and certain
weighted shift operators. Recall that

MglGMgz—ié—}—G, MglE(l)MS:e—"fE(l) (E €R), (3.7)
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where (Mg f)(s) := ¢'5% f(s). Hence the spectrum and the approximate point spectrum of G
are invariant under vertical translations, and the spectrum and the approximate point spectrum
of E(1) are rotationally invariant (see [4, p. 65]). Moreover, the following are equivalent:

(G1) o3p(G)NIR =9,
(G2) G is bounded from below, i.e.

IGfllL, Zclfle, (fe€D@G), (3.8)

for some ¢ > 0,
(G3) G satisfies (1.5), i.e.

|G —=is)f],, >elfle, (feD@),seR),

for some ¢ > 0.

For a bounded sequence of bounded linear operators (W,,),cz on X, denote by S{’Wn} the
associated right shift operator on £,(Z, X) defined by

S{Wn}((xn)nEZ) = (Wpxn—1)nez ((xn)nGZ €lp(Z, X))
Asin (3.7),

Ms_lS{rWn}Mg =e 58y, (EeR),

where Mg ((xy)nez) = (€€ x,)nez. Hence, the spectrum and the approximate point spectrum
of S{’ W, are rotationally invariant.

When the weight {W,} does not depend on n and W, = W for all n € Z, the correspond-
ing shift operator S{rW”} will be denoted by Sj,. We can relate the approximate point spec-
trum of Sy, to the approximate point spectrum of its weight W as in the following lemma.
By rotation-invariance and a scaling argument, this lemma shows that o,,(Sy,) is determined

by oap(W).
Lemma 3.7. Let W € L(X) and p € [1, 00). Then

(@ cW)NT=0 & o(S))NT=0¢;
(b) Gap(W)NT =0 & 0ap(Sh) NT = 0.

Proof. The statement (a) and the implication < in (b) are proved in [4, Lemma 2.37]. Thus, it

remains to show the implication = in (b).
Assume that

op(W)N'T =1,



C.J.K. Batty, Y. Tomilov / Journal of Functional Analysis 258 (2010) 3855-3878 3869

i.e. W is quasi-hyperbolic. Let V be a hyperbolic extension of W to a Banach space ¥ D X
provided by Theorem 2.2. Consider the shift operator S, on [,,(Z, X) associated with the opera-
tor V. Since 0 (V) N'T =, we have

o(Sy)NT=0
by the property (a). Moreover,
vx=Syx  (xel,(Z,X)).
Thus, Sy, is a hyperbolic extension of Sy, to [,(Z,Y) D 1,(Z, X), so
oap(Siy) NT =9
by Theorem 2.2. O

Now we return to our consideration of an evolution family (U (t, 5));>s>0, and we recall
the relations between the approximate spectra of the functional operator E (1), the difference
operator S{’ Unn—1)) and the differential operator G.

Lemma 3.8. Let (E(t));>0 be an evolution semigroup on L, (R, X) associated with an evolution
SJamily (U(t,s))i>s>0, and let G be the generator of (E(t));>0. Then the following properties
are equivalent.

(@) opp(E(M)NT =9,
(i) Gap(Sfyy gy p1y) VT =9,
(iii) 04p(G) NiR =4

The equivalence (i) <> (iii) follows from the spectral mapping theorem for approximate point
spectrum satisfied by evolution semigroups (see, for example, [4, Lemma 2.41, Theorem 3.13,
p- 83] or [33, Proposition 2.2]). For the proof of the equivalence (ii) < (iii) see [42, Theorem 2],
[22, Theorem 1.2 and p. 1004] or [23, Theorem 1.4]. (In [22] and [23] the equivalence was proved
in a more general context of closed ranges.)

The following theorem and its corollary provide a characterisation of quasi-hyperbolic semi-
groups on X in terms of lower Fourier multipliers. Their proofs are based on a combination of
spectral properties of shifts given in Lemmas 3.7 and 3.8. As one may expect, such a characteri-
sation becomes especially transparent when X is a Hilbert space.

Theorem 3.9. Let (T(1));>0 be a Cy-semigroup on a Banach space X with generator A. Then
(T (1)) >0 is quasi-hyperbolic if and only if Ma_;. is a lower L, (R, X)-Fourier multiplier for
all/some p € [1, 400).

Proof. Let p € [1, 00), (E());>0 be the evolution semigroup on L, (R, X) associated with the
semigroup (7 (¢));>0, G be the generator of (E(¢));>0, and S’T(l) be the (right) shift on [, (Z, X)
associated with the operator 7'(1).
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From Lemma 3.6 one easily gets that M4—;. is a lower L, (R, X)-Fourier multiplier if and
only if (3.8) holds. Now (3.8) is equivalent to (G1), and Lemma 3.8 shows that (G1) is equivalent
to

Oap (S}(l)) NT=4a. (3.9)
In turn, by Lemma 3.7, (3.9) is equivalent to

oap(T(D))NT =0,
i.e. T(1) and then (T (¢));>0 are quasi-hyperbolic. O

If X is a Hilbert space, then the Fourier transform is a unitary operator on L, (R, X), and the
following corollary of Theorem 3.9 is almost immediate.

Corollary 3.10. Let (T (t));>0 be a Co-semigroup on a Hilbert space X with generator A. Then
(T (1))i>0 is quasi-hyperbolic if and only if (1.5) holds.

A description of o,p (T (2)) (t > 0) can also be given in terms of lower L, (T)-Fourier mul-
tipliers, in a similar way to [4, Section 2.2.1]. By rescaling it suffices to characterise when
1 € 02p(T (27)). Define

P(T, X) ::{ Z Skxk:EE'JT, xp € X, neN},

k=—n

PA(T, X) := { Z Ex £ €T, xp e D(A), n GN}.

k=—n

Definition 3.11. The linear operator
Ma—i.: PA(T, X) — P(T, X),

MAi.( > s"xk> =) A —ibx,

k=—n k=—n

is said to be a lower L, (T, X)-Fourier multiplier, where p € [1, 00), if there exists ¢ > 0 such
that

>c (3.10)

L,y(T,X)

Y Ex

k=—n

> A —ibx

k=—n

L,(T.X)

foralln e N, x; € D(A).

The following counterpart of Theorem 3.9 holds.



C.J.K. Batty, Y. Tomilov / Journal of Functional Analysis 258 (2010) 3855-3878 3871

Theorem 3.12. Let (T (t));>0 be a Co-semigroup on a Banach space X with generator A. Then
1 ¢ 0ap(T (27)) if and only if Ma_;. is a lower L, (T, X)-Fourier multiplier for all/some p €
[1, 4+00).

The proof follows the same lines as the proof of Theorem 3.9, so we give only a sketch.
Given a Cp-semigroup (7'(¢));>0 on X define an evolution semigroup (Eper(t));>0 on
L,([0,27], X) by the formula

(Eper() f)(s) = T(@) £ (Is — 1](mod 27)) (s € [0, 27]). (3.11)

Let Gper be the generator of (Eper(7));>0. Note that as in the case of evolution semigroups on
L, (R, X) one has

1 € 04p(Eper2m)) <= 0€ 04p(Gper)

by the spectral mapping theorem for the approximate point spectrum of evolution semigroups
[4, Lemma 2.29]. Since

(Eper Q) ) (1) =T Q2m) f(1) (¢ €10,27]),

le Uap(Eper(zn)) — 1le Uap(T(ZJT)).

(Unlike the case of multipliers on L, (R, X) above, there is no need to invoke shift operators
on £,(Z, X) here.) Finally the property of M4_;. being a lower L ,(T, X)-Fourier multiplier is
equivalent to the boundedness from below of Gper since

(F'GpaF f) &)= Y (A—ik)ug* (e,

k=—n

for f € Pa(T, X), f(§) =Y 4__, xx&X.

Remark 3.13. Theorems 3.9 and 3.12 remain valid if the L ,-spaces are replaced by Co(R, X)
and C(T, X) respectively. The definitions of lower Fourier multipliers on these spaces, and the
proofs, remain valid, mutatis mutandis.

In the following we describe a class of natural examples of quasi-hyperbolic Cy-semigroups.

Example 3.14. Let w : R — R be a (strictly) positive continuous function such that

w(s)

— _<Lce” (seR, t>0),
w(s —1)

for some ¢, w € R. Define a weighted right shift Co-semigroup (T'(t));>0 on L,(R) (1< p <
00), by the formula

(TOf) ) =2 pis - .

w(s —1)
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Note that (T'(¢));>0 is an evolution semigroup on L ,(R) associated with the strongly contin-
uous evolution family (Uy, (t, 5));>s C L(C), given by Uy, (¢, s) = w(t)/w(s) (t = s). Then by
Lemma 3.8

ap(TM)NT=0 <= ogp(S,)NT=0,

where S . is the right shift operator on £, (Z) (1 < p < 00) associated with the weight w*(n) :=
wn)/wn — 1), i.e.,

S:U* ((xn)nEZ) = <%xnl> Z'

Hence quasi-hyperbolicity of T'(1) is equivalent to the quasi-hyperbolicity of the operator S/ .,
and that is described completely by Proposition 2.5. Thus the class of weighted shift semigroups
provides a variety of examples of quasi-hyperbolic semigroups. For instance, for w such that

win) __ d 3.12
n;rilww(n_l)—wi and wy > w_, 3.12)

we have
oap(T (1)) = 04p(S},) = {1 € C: Al =w_ or [A| =wy}.

Thus (7 (¢));>0 is quasi-hyperbolic, but not hyperbolic, if and only if w_ < 1 < w4. Recall also
that under the assumptions (3.12),

O'(T(l)) = {A eC: w_ <AL w+}.
4. Weaker properties

Since the lower bounds (1.5) for A —is do not imply quasi-hyperbolicity of 7' (¢) in general, it
is of interest to find weaker properties of T (¢) which are implied by lower bounds. The spectral
mapping theorem for the point spectrum of a semigroup [10, Theorem IV.3.7] shows that (1.5)
implies that 7'(¢) satisfies (PS), and we shall see in Corollary 4.2 that it also implies (EX).
A reasonable question is whether (1.5) implies the analogue of (HE) that there is a Banach
space Y in which X is continuously embedded and a (quasi-)hyperbolic Co-semigroup (S(#));>0
on Y with T(¢) = S(t)[x. A positive answer to that question would imply the analogue of (UE)
so that, for each non-zero x, either ||7(#)x| increases at an exponential rate in ¢ or inf{||y|:
y € X, T(t)y = x} increases at an exponential rate in . We are unable to show that is the case,
but we shall give two slightly weaker results in Corollary 4.2 and Theorem 4.5.

In this section, F denotes the Fourier transform on L (R).

Theorem 4.1. Let T = (T (t));>0 be a Co-semigroup with generator A, and assume that the
lower bound (1.5) holds for some ¢ > 0. For each n > 1 and a > 0, there exists o, (depending
onn, a and T) such that
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1 1
—Oln||x||<a+g> (4.1)

whenevert|,ty >a, x,y € X, T(t1)y=x, f € Li(R), | fll, =1 and supp (F f) € [0, al.

IT@)xl | Iyl <"
a2
) gt

/(ff)(r)T(r)x dt
0

Proof. Letn > 1 and a > 1 be fixed, and let 71, 1, x and y be as in the statement of the theorem.
Let

<0),

B (I+5H" (—n<
g(r) = <.

(1= 0%

VAN

Lets € R and

n

y,:/g(r)(r)e_iSTT(t+t1)ydr r=0,1,...,n).

71‘1
Then y, € D(A) and
(A—is)yr =yrp1+ (g7 0-) = gPO0+)x r=0,1,...,n—1),
(A—is)yn = g™ O T (1)x — g™ (0-)e"*"y + (6™ (0-) — g™ (0+4)x.
By the assumption (1.5),
1yl = ellyell = Ixll g 0-) =g OH)| ¢r=0,1,....,n=1),
[ O™ 2T (1)x — g™ =)™ y [ > cllyall — l1x1l]g™ O—) — ™ (O+)].

—1)"n!
(n RIC

Noting that g (0—) = = r!)'r’ and g (0+) = and in particular g(0—) = g(0+), we

obtain

IT@)x|l | vl ¢ 11
T =2l = xd ¥+g

n
23 1

Czn ] G
¢ e no 11
" Ty

> ol - ||x||Z r)‘< i).

Now let f € L1(R) with || f|lz, =1 and supp (F f) € [0, a]. Then
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n

— /g(f)(ff)(f)T(r)x dt
0

n
T

ff(S)/g(f)e_’”T(r+t1)ydrds

-1

T
I| (r2)x|l IIyII_’_|| ”Z

Srz)
1} 7 r)' )

However, for T > 0,

g(‘[)_l—|—z ( 1)rn|

rl(n —r)'t’

Hence

—' /(ff)(r)T(t)xdt

< _’: /8(1)(-7:f)(t)T(T)xdt Zr'(nniir)' /rr(}'f)(t)T(r)xd‘c

0 r=1 0
r+1

< < 1T @)x]| ||y|| (1+a Ma><i+l)
ty r! A 4

< IIT(trzl)XII n llynll +an”x”<_+i>
2 f n 1)

where M, = sup{||T(¢)||: 0 <t < a} and o, is suitably chosen. O

Corollary 4.2. Let A be the generator of a Co-semigroup (T (t));>0 on a Banach space X, and
assume that (1.5) holds. Let x € (), oRan(T' (t)) with x # 0. Then at least one of the following
holds:

(i) ForeachneN, |T(t)x]|/t" — o0 ast — 00;
(ii) Foreachn €N,

inf{|[y|l: T(1)y =x}
tl’l

— 00 ast— o0.

Proof. Choose f € Li(R) with || fllz, = 1, supp(Ff) € [0,a] for some a > 0, and
fé’ (F f)()T (t)x dt #0. This is possible by strong continuity of (7' (¢));>0.

If neither (i) nor (ii) held, then one could choose values of n € N, t; > a and #; > a such that
(4.1) failed. O

Corollary 4.3. Let A be the generator of a Co-group (T (t));er on a Banach space X, and
assume that (1.5) holds. Then (T (t));>0 is expansive.
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Remark 4.4. We can introduce a norm || - [|7,, on X defined by

a

/(ff)(t)T(t)x dt

0

IIXIIT,a=SUp{ sfeLli®), Iflhh=1, Supp(ff)g[(),a]]'

The different norms for different values of a are equivalent to each other. Now (4.1) can be
written as

IT@)x| | iyl <" 11
ot 2 S lxlra —enlxl| =+ — ).
12 1 n! no n

This suggests that the norm || - || 7,4 is a possible candidate to show that T (¢) satisfies (HE)', but
it would be necessary to obtain an inequality of this type with this norm on the left-hand side.

Our second partial result indicates exponential growth in an integral sense. A very similar
result is given in [16, Theorem 2.5]. However the proof there seems to be incomplete (in general,
boundedness of the Carleman transform of u near zp € iR does not imply that zq is not in the
Carleman spectrum of u). So we give a complete proof here.

Recall that a function g : R — X is a complete trajectory of T if g(t + s) = T(¢)g(s)
(t 20,5 € R). Any complete trajectory is continuous on R. When 7 is a Co-group, the com-
plete trajectories are of the form g(t) = 7T'(f)x (¢ € R) for some x € X.

Theorem 4.5. Let (T(1));>0 be a Cy-semigroup on a Banach space X with generator A, and
assume that (1.5) holds. If g : R +— X is a non-zero complete trajectory of (T (t)); >0 then there
exists € > 0 such that |g(-)|| ¢ L1 (R, e~V dt).

Proof. Let ¢ > 0be asin (1.5). Let A =a +is € C, where |a| < ¢/2. Then

[ = x| > A =is)x] = lallxl > Slxl - (x e D). 42)

Let g be a complete trajectory and suppose that [|g(-)|| € L1(R, e~¢1"I dt) for every & > 0. Let
x = g(0). The Carleman transform g of g is defined for Re A # 0 by:

Jo e Mg de (Rer > 0),

¢ = { —Jo et g(—ndt (Rer <0).

Then g is holomorphic, and bounded on {A: |ReA| > ¢} for each ¢ > 0. In particular, g is
bounded on {A: |[Re )| > ¢/2}.
Consider A with Re A > 0, and let k > 0. Then fok e Mg(t)dt € D(A) and

k

(A —)\)(/f”g(r)d:) =e Mg(k) — x.

0
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Since (A — 1) is closed, letting k — oo (through a suitable sequence) shows that
gh)eD(A) and (A—A1)g(A)=—x. 4.3)
A variation of this argument shows that (4.3) also holds for Re A < 0. It follows from (4.2) that

g <2|lx]||/c for 0 < |[ReA| < ¢/2. Thus g is bounded on C \ i R.
Now suppose that 0 < |[ReA| < ¢/2 and 0 < |Re u| < ¢/2. Then

g =g < =[A=1(g0) —&w)|

I O

X 4
[=x = (=2 + e = D&) | < 12— ullixll

Now by Cauchy’s criterion, g extends continuously to iR, and then g is a bounded entire function.
Since g(a) — 0 as a — oo, g is identically zero. Then g = 0 by the uniqueness theorem for
Laplace transforms. 0O

Finally we consider the situation where (1.5) holds but no trajectory grows exponentially in
forward time. Recall that the growth bound w(7T) of (T (¢));>¢ is the unique quantity in R U
{—o0} such that the spectral radius of 7'(¢) is exp(tw (7)) for some/all t > 0. If w(7) < 0, then
(1.5) holds, and 7 is exponentially stable and therefore trivially hyperbolic. If w(T) = 0, then
no trajectory grows exponentially in forward time, and we now show that (1.5) implies that all
non-zero trajectories grow exponentially in reverse time, with the same exponent. Example 3.3
is an illustration of this situation.

Theorem 4.6. Let (T'(t));>0 be a Co-semigroup with generator A and with growth bound 0, and
assume that the lower bound (1.5) holds. Then

() (T(t))r>0 is not quasi-hyperbolic,
(ii) A is invertible,
(iii) there exist constants € > 0 and k > 0 such that

Iyl > ke | A~ x|
whenevert >0, x,y e X and T(t)y = x.

Proof. Since the growth bound is 0, T contains a point in the boundary of ¢ (7(1)) and hence
in 04p(T (1)), so 7 is not quasi-hyperbolic. Moreover, R(A, A) exists whenever Re A > 0 and
IR(A, A)| is bounded for ReA > a for any a > 0. It follows from (4.2) that |R(X, A)|| is
bounded for 0 < ReA < a for some a > 0, and then it follows from the Neumann series for
the resolvent that R(A, A) exists and is uniformly bounded for ReX > —¢ for some & > 0.
By a theorem of Weis and Wrobel [1, Theorem 5.1.9], there exists a constant C such that
IT(A™Y| < Ce™® (t > 0). Hence ||y|]| > C le?'|A™ x| if T()y=x. O
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