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Existence of an invariant measure for stochastic evolutions
driven by an eventually compact semigroup

JORIS BIERKENS, ONNO VAN GAANS AND SJOERD VERDUYN LUNEL

Abstract. 1t is shown that for an SDE in a Hilbert space, eventual compactness of the driving semigroup
together with compact perturbations can be used to establish the existence of an invariant measure. The
result is applied to stochastic functional differential equations and the heat equation perturbed by delay and
noise, which are both shown to be driven by an eventually compact semigroup.

1. Introduction

We consider here infinite-dimensional diffusions in a Hilbert space H described by
the differential equation

[dXOﬁ:MXU%+F@U»MU+G@ﬁDdWUL t>0, 0

X(0) = x,

with A the generator of a strongly continuous semigroup, F and G Lipschitz functions
and W a Wiener process.

For many choices of A, F' and G it is impossible to obtain the exact solution of
such an equation. Therefore, it is important to establish qualititative properties of the
solution on the basis of information on A, F, G and W.

One of these qualitative properties is the existence of an invariant measure: under
what conditions does a measure @ on H exist such that if the initial condition x has
distribution &, we have that X (¢) has distribution p for all t > 0.

Often a compactness argument (Krylov—Bogoliubov) is used to establish the exis-
tence of an invariant measure. In finite dimensions it suffices to show that the solutions
of (1.1) are bounded in probability. In infinite dimensions, due to the absence of local
compactness, we need to exploit compactness properties of the solutions of the sto-
chastic differential equation.
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It has been shown [3] that a suitable criterion is that A generates a compact
semigroup. Together with solutions bounded in probability this suffices to prove the
existence of an invariant measure. Another approach is taken in [14], based on hyperb-
olicity of the driving semigroup and small Lipschitz coefficients of the perturbations.

The result obtained by compactness of the semigroup leads immediately to the ques-
tion whether eventual compactness of the semigroup can be used to establish existence
of an invariant measure. This is an interesting question because, for example, delay
differential equations, when put in an infinite-dimensional framework, possess this
property (see [6]). Also in the theory of structured population equations eventually
compact semigroups appear (see e.g. [7] and [8], Section VI.1). In [4] it is conjec-
tured that eventual compactness should be a sufficient criterion for the existence of an
invariant measure.

In this paper, we show that eventual compactness of the semigroup, together with
compact factorizations of the perturbations F and G, can indeed be used to establish
the existence of an invariant measure (Sect. 2). As an example, the result is applied to
a stochastic functional differential equation and the currently very active (see eg. [10])
field of reaction diffusion equations perturbed by delayed feedback and noise (Sect. 3).
In Appendix A the eventual compactness of the delay semigroup, applied to partial dif-
ferential equations, is established. This is a generalization of the well-known fact that
ordinary delay differential equations are described by eventually compact semigroups.

2. Main result

Throughout this section, we will assume that the following hypothesis holds:

HYPOTHESIS 2.1. (i) H and U are separable Hilbert spaces and E| and E;
are Banach spaces;

(1) A isthe generator of a strongly continuous, eventually compact semigroup (S(t))
on H; we assume without loss of generality that S(t) is compact fort > 1;

(i) F : H — H is globally Lipschitz and admits a factorization F = C1 o ®, where
C1 € L(Ey; H) is compactand ® : H — Ey;

(iii)) G : H — Lys(U; H) is globally Lipschitz and admits a factorization G(x) =
CoW(x), x € H, where Co € L(E»; H) is compact, and V : H — Lys(U,
Ez);l

(iv) W is a cylindrical Wiener process in U;

(v) (X(t, x))i>0,xeH is the unique mild solution [4, Theorem 5.3.1] of the stochastic
differential equation

dX(#) = (AX(@)+ F(X))dt + G(X) dW(2),
X0)=x, xeH

THere Ly s(U; H) denotes the space of Hilbert—Schmidt operators from U into H.
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(vi) Forall x € H and ¢ > 0, there exists R > 0 such that for all T > 1,

1 T
—/ P(X(¢t,x)] > R)dt < &.
T Jo
Under these assumptions, we will establish the existence of an invariant measure.
First we need a couple of lemmas.

LEMMA 2.2. Let E1, E> be Banach spaces. Let (T (t)) be a strongly continuous
semigroup acting on E| and suppose C € L(Ey; E1) is compact. Let

1
Gf ::/ T(1—s)Cf(s)ds, feLP(0,]1]; Ez),
0

with p > 2. Then G € L(LP([0, 11; E»); E}) is compact.

Proof. Consider the set
V={T®)Ck:tel0,1],k € Ep, |k| <1}.

We will show that V is relatively compact. Indeed, let (v,,) be a sequence in V. There
exist sequences (t,) C [0, 1], (x,) C E3, with |x,| < 1, n € N, such that

v, =T(t,)Cx,, neN.

Since C is compact, there exists a subsequence (x,, ) of (x,) such that Cx,, — y for
somey € Eq,|y| < |[|C]|.Since [0, 1] is compact, by strong continuity of (7 (¢)), there
exists a further subsequence (, Y ) of (#,,) such that T'(¢, K )y — zwithz € T([0, 1])y.

Now

|T(tnk,)cxnk1 —z|l < |T(tnkl)cxnkl - T(tnkl)y| + |T(tnkl)y —z|
< TGy MCtm, — Y1+ [Tty — 2
< m|Cxp, = Y|+ 1T tny )y — 2| = 0

as | — oo. Here m = sup,epo. 17 1T (D]

So V is relatively compact and therefore its closed convex hull K is compact [12,
Theorem 3.25].

Now define a positive measure on [0, 1] by

py(ds) :==1[f(s)| ds.

Note that 1  is a finite measure since, by Jensen,

1

1 I
([0, 1])=/|f(S)|dSS /If(S)IP ds
0 0
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Now

f(s)
Lf ()]

is an integral over positive, finite measure with the integrand assuming values in the

Gf = / T(1—s5)C—— uy(ds),

convex set K, so

Gf € up([0, 1IDK = [ fllLrqo.11;E K.

We will need the following lemma.

LEMMA 2.3. Let H be a separable Hilbert space. Let K C H be compact. Then
there exists a compact, self-adjoint, strictly positive definite operator T € L(H) such
that

K Cc{Tx:|x| <1}.

Proof. The proof is from [2, Example 3.8.13(ii)]. Assume for simplicity we deal with
2 and there exists a non-zero x € K.

CLAIM.

lim sup Zx =0.

n—o0
xeKl —n

Proof of claim. Suppose there exists a § > 0 such that for all n € N, there exists
x" € K such that

o0
D @h?=s.
i=n

Now for fixed n pick such an x" and m € N such that

> < 8/2.

i=m

Furthermore, pick x™ such that

o
Z(xl-m)2 > 4.
i=m
Then
" =" = 16" = X" L1,z > /2.

So the sequence (x") does not have a Cauchy subsequence. Hence K is not compact,
which proves the claim.
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So we can find an increasing sequence (N,)52 ; such that

> x} <47 forallx € K.
i=N,
Lett; > 0, tl.2 =2t for N, <i < Ny+1,n € N, and tl.z = 25Up, g ||)c||?2 for
1 <i < N;.Define T € L(H) by (Tx); :=t;x;.
Since #, | 0, we see that T is compact. Furthermore, if x € K, then let y =
)2, € €% with y; = it.i € N.Then Ty = x, and

Ni—1 Nn+l 1

2e2()-E6) 2R ()

with
Nyt1—1 i 2 Nyt1—1 Ni—1 X 2 1
i _ n~n—1 2 —n—1 ais -
> (7) =23 @22 Z(n) <
i=N, i=N, i=1
We may conclude that
o 1 o
D WA
i=1 n=1
soy € B(0, 1). It follows that K C T (B(0, 1)). O

Now consider, for x € H, the stochastic variable

1

Y, = / S(1 —5)G(X(s,x)) dW(s).

0

LEMMA 2.4. Forall e > 0 andr > 0, there exists a compact K (r, &) C H such
that

P, e K(r,e)) >1—c¢
forall |x| <r.

Proof. Recall the factorization G =C,W¥ through the Banach space E; from

Hypothesis 2.1 with C> compact. In the proof of Lemma 2.2, it is shown that if
we let

={S@)Cok :1 € [0, 1],k € En, |k| < 1},

and K the closed convex hull of V, then K is compact. Let T € L(H), compact, be as
given by Lemma 2.3,s0 K C T (B(0, 1)) and since T is injective, V C K C DT .
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Let K()) := AT (B(0, 1)) for A > 0, where B(0, 1) is the unit ball in H.
Note that

sz/olsa —$)CW(X (s, x)) dW(s)z/O1 TT7IS(1—5)CW(X (s, x)) AW (s)
= T/O1 T71S(1 — 5)CW(X(s, x)) dW(s).
So
Y. e K() & /0] T7'S(1 —5)CW(X(s,x)) dW(s) € AB(0, 1).

Hence, using the fact that 7' S(1 — s)C is an operator of norm not greater than 1
(by definition of T'),

1
P(Y, ¢ K(») <P (/ T71S(1 — $)CW(X (s, x)) dW(s) ¢ LB(O, 1))
0

. 5
<1g /T*IS(I—s)C\I/(X(s,x))dW(s) ]
0

r rl
) / ‘T_IS(I—S)C\IJ(X(s,x))‘Z ds]
LJo HS

=<

rorl
—E / W (X (50D g ds] < 21+ kP,
LJo A

for some constants ¢y, ¢ > 0, and where we used [4], Theorem 5.3.1 in the last step.
Now pick A large enough such that

)
E(l +1?) <.

O

LEMMA 2.5. Suppose Hypothesis 2.1 is satisfied. For any ¢ > 0 and r > O there
exists a compact K (r, &) C H such that

P(X(1,x) e K(r,e)) > 1 —¢ forallx € H with |x| <r.

Proof. Note that

1 1
X(1,x) = S(l)x+/ S(1—s)F(X(s,x)) ds+/ S(1 —s)G(X(s,x)) dW(s).
0 0

We treat the three terms separately.
Since S(1) is a compact operator, for any r > 0 there exists a compact set K ()
such that S(1)x € K (r) forall |x| <r.
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Let p > 2. From [4, Theorem 5.3.1], it follows that there exists a constant k > 0
such that

1
E /lCID(X(s,x))V’ds <k +|x|?).
0

Define
f:Q2x[0,1] = E{, f@):=d(X(t,x)), tel0,]1].

Then for A > 0,

1 k k
P( fleroszn > M) = B [ o | < 551+ 17 = 50 +r7).

Pick
2k e
A= (—(1+rp)) ,
€

so that

P( flero,1;6) > 2) <¢&/2.

Hence, by Lemma 2.2 there exists a compact set K>(X) = K»(r, &) such that

1
P (/ S(1 —s5)F(X(s,x))ds € Ko(r, 8)) >1—¢g/2.
0

By Lemma 2.4, there exists a compact set K3(r, ) such that

1
P (/ S(1 —s)G(X(s,x))ds € K3(r, 8)) >1—¢g/2.
0
We may conclude that
P(X(1,x) € Ki(r) + Kx(r, &) + K3(r,¢)) > 1 —¢.

O

THEOREM 2.6. Suppose Hypothesis 2.1 is satisfied. Then there exists an invariant
measure for (X (¢, x)):>0.

Proof. The proof is analogous to the proof of [4, Theorem 6.1.2].
Let K(r, &) as in Lemma 2.5. For t > 1, using Markov transition probabilities

(pe(x, dy)),

P(X(t,x) e K(r,e)) =E[p1(X(t —1,x), K(r,¢))]
>E[p1(X(t —1,x), K(r, ) Lyx—1.0)=r}] -
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By Lemma 2.5,
P(X(r,x) € K(r,e)) = (1 —e)P(|X( — 1, x)[ = 1),

SO
1 T+1 1—¢ z
—/ P(X(t,x)eK(r,s))dtZ—/]P’(|X(t,x)|§r)dt.
T J, T
0

Now, using Hypothesis 2.1, (vii), take r large enough and ¢ small enough, to see
that the family

T+1
1
= ,dt, T >1,
T/Pt(x )

1

is tight. By Krylov—Bogoliubov there exists an invariant measure. g

It is currently not known to us whether an invariant measure always exists if ' and
G are only Lipschitz without a factorization property as in Hypothesis 2.1 (ii) and (iii).

3. Example: stochastic evolutions with delay

Evolutions with delayed dependence have been studied for some time now. One
can think of both ordinary differential equations and partial differential equations,
perturbed by a dependence on the ‘past’ of the process, leading to functional differ-
ential equations (see [5,6,9]) and partial functional differential equations (see [13]),
respectively. The latter class has attracted a lot of research activity recently, see for
example [10].

Can we establish the existence of an invariant measure for such evolutions, perturbed
by noise? In order to answer this question, we first present the abstract framework in
the style of [1].

Let X, Z be a Banach spaces. Consider the abstract differential equation with delay

Lu(t) = Bu(t) + du;, t >0,
u(0) = x, 3.1
uo = f,

where

) x e X;

(ii) B the generator of a strongly continuous semigroup (S(¢)) in X;

i) D(B) <> 7 <5 x32

(iv) f e LP([-1,0]; Z2), 1 < p < o0

d . .
2Here <> denotes continuous and dense embedding.
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(v) ®: WhP([—1,0]; Z) — X abounded linear operator;3
(vi) u : [-1,00) — X and for¢t > 0, u; : [—1,0] — X is defined by u,(0) =
u(t+o),0 €[—1,0].
A classical solution of (3.1) is a function u : [—1, c0) — X that satisfies
(i) u € C([-1,00); X) N C'([0, 00); X);
(i) u(r) € ©(B) andu; € WhP([—1,0]; Z) for all ¢ > 0;
(iii) u satisfies (3.1) for all t > 0.

To employ a semigroup approach we introduce the Banach space
EP =X x LP([-1,0]; Z2),

and the closed, densely defined operator in £7,

= [13 j} D(A) = [(;) e X x WhP([=1,01; Z) : £(0) =x]. (3.2)
do

The Eq. (3.1) is called wellposed if for all (x, f) € ©(A), there exists a unique
classical solution of (3.1) that depends continuously on the initial data (in the sense
of uniform convergence on compact intervals).

It is shown in [1] that A generates a strongly continuous semigroup in £? if and
only if (3.1) is wellposed. Furthermore, sufficient conditions on & are given for this
to be the case:

HYPOTHESIS 3.1. Let S; : X — LP([—1, 0]; Z) be defined by

St +1)x zf—t<r§0, > 0.
0 if —1<t<—1,

(Six)(7) == [

Let (To(1))1>0 be the nilpotent left shift semigroup on LP([—1, 0]; Z). Assume that
there exists a function q : [0, c0) — [0, 00) with lim, o q(t) = 0, such that

0l

forallt > 0 and (’}) € D(A). Furthermore, suppose that either

A Z=X or
(B) (1) (B,®(B)) generates an analytic semigroup (S(t));>0 on X, and
(ii) for some § > wy(B) there exists ¥ < % such that

t
/ P (Srx + To(r) HIl dr < ¢ (1)
0

D(=B+sD") <5z x

THEOREM 3.2. Assume Hypothesis 3.1 holds. Then (A, ©(A)) is the generator
of a strongly continuous semigroup (T (t));>0 on EP.

3Here WP (U; V) denotes the Sobolev space consisting of equivalence classes of functions mapping from
U into V with partial derivatives up to and including kth order in L” (U; V).
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Proof. See [1, Theorem 3.26 and Theorem 3.34]. O
EXAMPLE. Let ® : C([—1,0]; Z) — X be given by

0
O(f) = /1 dn f,

where 1 : [—1,0] — L(Z; X) is of bounded variation.

Suppose either that Z = X or that (B, ©(B)) satisfies the assumptions (B-i) and
(B-ii) of Hypothesis 3.1. Then the conditions of Theorem 3.2 are satisfied and hence
(A,®©(A)) generates a strongly continuous semigroup (see [1, Theorem 3.29 and
Theorem 3.35]). O

By the following theorem, proven in Sect. A, we see that in many cases A generates
an eventually compact semigroup.

THEOREM 3.3. Suppose Hypothesis 3.1 holds. Furthermore, suppose (S(t)):>0
is immediately compact. Then (T (t));>0 is compact for all t > 1. If X is finite
dimensional, then (T (t)):>0 is also compact att = 1.

3.1. Example (Functional differential equations)

A relatively easy case is now the example of a functional differential equation
perturbed by noise. In the framework introduced above, let X = Z = R¢, B € L(R?)
and ®(f) = ffl dn f,withn: [—1,0] = L(R%) of bounded variation.

As a special case, we can take n(o) = Z?:l H(o — 6;)B;, where H denotes the
Heaviside step function, 6; € [—1,0], and B; € L(Rd), i =1,...,n Then (3.1)
becomes the delay differential equation

d n
d—': = Bu() + > Biu(t — 6)).

i=1

We can perturb the functional differential equation by noise to obtain a stochastic
functional differential equation of the form

0
du = [Bu(l) +/ dnu + eu(), Mz)i| dr + Y (u(®), u) dW@), t=0, (3.3)
—1

where ¢ : £2 — R4, ¢ : £2 — L(R™;RY) are Lipschitz, and (W(t)),>0 is an
m-dimensional standard Brownian motion.
If we define F : €2 — £2and G : £ — L(R™; £?) by

)P4 o) -[57) [

and A as in (3.2), then we arrive in the framework of Eq. (1.1) with as state space
H=_¢%
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Since F and G map into finite dimensional subspaces of £2, they clearly admit a
compact factorization as meant in Hypothesis 2.1. By Theorem 3.3, A generates an
eventually compact semigroup. Hence all conditions of Hypothesis 2.1 are satisfied,
except possibly condition (vi), boundedness in probability.* If this condition is also
satisfied, by Theorem 2.6 we have established the existence of an invariant measure
for (3.3) on the state space &2,

3.2. Example

Reaction diffusion equations with delayed nonlocal reaction terms are a topic of
active research in the study of biological invasion and disease spread. Can we establish
the existence of an invariant measure if we add randomness to such a system? As an
example, we set out to answer this question for an equation similar to one encountered
ine.g. [10].

Consider the reaction diffusion equation with delay and noise

du(t, §) = [Aeu(t, &) + X1 cifeutt = 0, ) +0(u) (@) | ar
+(oodW)(t,6), t>0,§eR,

limg s oo (7, §) = limg +00 G (1. £) = 0, 120,
u(t, &) = f(t, ), te[-1,01.§ R,
u(0,&) = v (&), £eR.
(3.4)
with

(i) delay parameters ¢; € R, 6; € [-1,0],i =1, ...,n,

(ii) initial conditions f € L%([—1, 0]; W!'2(R)) and v € L%(R),

(iii) Lipschitz reaction term ¢ : L*([—1,0]; W2(R)) — L2(R) (possibly non-
linear and/or non-local),

(v) u; € L3([—1,0]; Wh2(R)) denoting the segment process defined by u;(6) =
u(t +0) for6 € [—1,0], ¢ > 0,

(v) (W(2)):>0 a cylindrical Brownian motion in some Hilbert space U,

(vi) noise factor o € Lys(U; WH2(R)).

We can employ the semigroup approach discussed before by setting X := L*(R),
Z := WIL2(R), as state space the Hilbert space E2 = X x L*([-1,0]; Z), with A as
defined in (3.2), with

B:=A, 9D(B)= [ve WZ»Z(R):San v(€) =0, lim a—”(g)zo]

li
g—>+o00 0

and

Q(w) = D ci—w(t —0,§), weL*([~1,0; WA®R).

4Boundedness in probability has to be established for individual cases, for example, by posing dissipativity
conditions on A, F and G, see [3].
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Then A is of the form described in Example 3. Since B generates an immediately com-
pact semigroup (see for example [8, Exercise I11.4.30(4)]), it follows from Theorem 3.3
that A generates an eventually compact semigroup.

Furthermore, let

() =[] []es wi oo=7] we

Then (3.4) is described by (1.1) in the state space H = £2.
It remains to impose conditions on the nonlinear term F'. Let us require, for example,
that ¢ : L>([—1, 0]; W2(R)) — L2(R) is of the form

p(w) := (g o h)(w),

with g : WL2(R) — W12(R) (possibly the identity mapping), and /& defined by

0
h(w)(E) = / 1 /R kG o) (w(o.& — ) dydo, £ € R,

where ¥ € W' (R) with [/ (0)] < |[¥]loolZ], ¢ € R, and k € L' (R; L*([—1,0])).
We will now verify that in this case

¢ L*([—1,0]; W2 (R)) - WI2(R). (3.5)

Indeed, using Fubini, Cauchy-Schwarz and Young’s inequality for convolutions,

/ Ih(w) ()2 dE
R

2

0
=///k(n,oww(o,s—n))dndo d
R 1 R
0 2

it [ ([ [ oo e —miaras | a

R 1R

2

s||¢||§o/ /||k(n,-)||Lz<[_1,m)||w<-,s—n)||Lz([_1,0an d

R R

. 2
< (W loollkl L1 s 2= 101y 1wl 22— 1,0122®))) -
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Furthermore, using the same classic inequalities,

/ ‘—h(w)(&) a&
2
=///k(n,0)—1/f(w(o'€ m) dndo| de
R 1 R
2
=///k(n,a)ll'f(w(o,é—n))—gwwé ) dydo| de
R 1 R
0 2
. 0
s||w||§o/ //‘k(n,a)gw(a,é—n)' dn do
R 1R
2
< IR / /Ilk(n, Mz 1oDH—w<s dn| de
L2([—1,0])

: 2
< (¥ llool Ikl Lt s 21— 1.01) Wl 221,01 wi2y)

So we have i : L%([—1,0]; L>(R)) — W!'2(R), and therefore (3.5) holds for
¢ = g o h. Hence in this case we may write (with some abuse of notation) ¢ =1 o ¢,
where 1 : WI2(R) — L?(R) is the canonical embedding of W!-2(R) into L2(R),
which is a compact mapping. We conclude that F admits a compact factorization.
Note that this carries over to any function ¢ that satisfies (3.5). G admits a compact
factorization as well, again using the compact embedding of W!?(R) into L?(R).

Again, we may conclude from Theorem 2.6 that if the solutions of (3.4) are bounded
in probability, an invariant measure exists.

Open Access. This article is distributed under the terms of the Creative Commons Attribution Noncom-
mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

Appendix A. Eventual compactness of the delay semigroup

The purpose of this section is to prove Theorem 3.3. We proceed as in [8, Section
VIL.6]. We will use the following variant of the Arzela—Ascoli theorem.

DEFINITION A.1. A subset ® of C(X; Y) is pointwise relatively compact if and
only if Vx € X, the set {f(x) : f € ®} is relatively compact in Y.

THEOREM A.2. (vector valued Arzela—Ascoli, [11, Theorem 47.1]) Let X be a
compact Hausdorff space and Y a metric space. Then a subset ® of C(X;Y) is rela-
tively compact if and only if it is equicontinuous and pointwise relatively compact.
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LEMMA A.3. Suppose (S(t));>0 is immediately compact. Then R(\, A)T (1) is
compact for all A € p(A).

Proof. According to Bétkai and Piazzera [1], Proposition 3.19, we have the following
expression for the resolvent R(A, A):

R(A, B+ ®;) R(x, B+ ®)PR(%, Ap)

R, )= LAR(A, B+ ;) [&,R0., B + By)® + IR, Ag)

] A€ p(A),

(A.1)
where, for A € C, &, € L(X) is given by
®,x = de*x), xeX,
€, is the function
6.(s) :=e*, se[—1,0].

and Ay is the generator of the nilpotent left-shift semigroup on L”([—1, 0]; X).
Let

X x LP([-1,0]; 2) = X
and
w1 X x LP([-1,0]; Z) — LP([-1,0]; Z)
denote the canonical projections on X and L”([—1, 0]; Z), respectively.
Lemma 4.5 and Lemma 4.9 in [1] state that the operator R(X, B + &, ) is compact
for all A € p(A). Therefore, using (A.1)

TR, AT (1) = [R(., B+ @) R(A, B+ ®;)PR(, Ap)|T(1)  (A2)

is compact.
We can therefore restrict our attention to

RO, A)T(1): X x LP([—1,0]; Z) — L ([—1,0]; Z).

Denote ¢ := (J}) where x € X and f € LP([—1, 0]; Z). Note that

dinzk(x, AT (e = mARG., AT (Do,
(0}
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Hence, using Holder, there exists some constant M > 0 such that for all 7y, 1 €
[—1,0],

llm2 R, A)T (De(t1) — ma R, A)T (De(10)|17

1
= / [ian(k, A)T(l)(pi| (o) do
do

I00) 7z

1
_ / AR, AT (D] (o) do
10

z

IA

1
/II[JTzAR(K,A)T(l)w] @)l do
0]

< Ity — 1ol [|m ARG, AT (Dol Lr—1.01:2)
< Mty — 10" ||pl|p -

Here g > 1 is such that % + % =1
So

C:={mRO, ATy :¢p €& |lpllgy <1} C C([—1,0]; Z)

is equicontinuous.
Furthermore, note that

[m2R(, AT ()] (0)
= [mT (DR, A)¢] (o) (commutativity of R(A, A) and T'(1))
= [mT (1 4+ 0)R(A, A)p] (0) (translation property of (7 (t));>0)
= [mR(A, A)T(1 + 0)¢] (0) (commutativity)
=m RN, AT +0)p (R(X, A) maps to domain A).

Again using (A.1) and the fact that R(A, B + ®;) is compact, we find that C is
pointwise relatively compact. By the vector-valued Arzela—Ascoli theorem, Theo-
rem A.2, we find that C is relatively compact in C([—1, 0]; Z) and hence relatively
compact in L?([—1, 0]; Z).

From this we conclude that mp R(A, A)T (1) is compact and combining this with
(A.2), R(x, A)T (1) is compact. [l

We may now conclude that (7' (¢));>0 is eventually compact:

THEOREM A 4. Suppose Hypothesis 3.1 holds. Furthermore, suppose (S(t)):>0
is immediately compact. Then (T (t)):>0 is compact for all t > 1. If X is finite dimen-
sional, then (T (t)):>0 is also compact at t = 1.
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Proof. By Engel and Nagel [8, Lemma I1.4.28], it is sufficient to show that (7'(¢))
is eventually norm continuous for ¢ > 1, and that R(:, A)T (1) is compact for some
A€ p(A).

Now by [1, Lemma 4.5], (T'(¢)) is norm continuous for r > 1 (using that (S(t))
is immediately compact and hence immediately norm continuous). Furthermore, by
Lemma A.3, R(:, A)T (1) is compact for all 1 € p(A).

For the finite dimensional case, see [6]. O
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