Chapter 11

Eventually positive semigroups

In the previous chapter, we generalised the concept of matrix semigroups to infinite di-
mensions and had a glimpse into the world of positive semigroups. From now on, we
focus all our attention to eventually positive Cy-semigroups. The present chapter is de-
voted to introducing the notion and spectral properties.

11.1 Individual and uniform eventual positivity

The following notions are at the heart of the rest of the course:

Definition 11.1.1 (Eventual positivity of resolvents). Let (et r=0 be Cp-semigroup on a
Banach lattice E. Let u€ Ey and 0 < Q € L(E).

(@) (' r=0 is called individually eventually positive with respect to u if for each 0 <
x € E there exists tp = 0 such that e’4x > u for all £ = t,.

(b) (e ;0 is called uniformly eventually positive with respect to Q if there exists
to = 0 such that e’ = Q for all ¢ = t,.

The very attentive reader may recall from Exercise 2.2 that for matrix semigroups (i.e.
Co-semigroups on finite-dimensional Banach lattices, if you want to sound fancy) and
the choices u = 0 and Q = 0, the individual and uniform notions of eventual positivity
are equivalent. In infinite dimensions, the concepts are indeed distinct:

Example 11.1.2 (Individual versus uniform eventual positivity). There exists an operator
A€ L(C([-1,1]) with the following properties:

(@) (e');s¢ is individually eventually positive with respect to 0.
(b) (e');s¢ is not uniformly eventually positive with respect to 0.

Proof. We consider the operator from Example 6.1.2, i.e. the block diagonal operator

0 0
A= (0 _S_Z)ELZ(C]leaker(p).
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11.2. Spectral bound vs. the growth bound

Here ¢ € C([-1,1])" is given by <q), f} = %f_ll f(w) dw and S is the reflection operator on
ker¢ given by Sf(w) = f(—w) for all f e kergp and w € [-1,1].

(a) By using S? = idker one can readily check for £ > 0,

0 e ?'(coshr—sinhtS))

In particular, e”‘g —0ast—ooforall gekerp. Nowlet0< f e C([—-1,1]) and write
fas f={(p, f)1+g for a function g € kerg. Of course, e!1f = (¢, f)1+e'4g —
(¢, f) 1 with respect to || - ||, for  — co. Since e f is real and (¢, f) 1 is a constant
function with value (¢, f) > 0, it follows that e’ f > 0 for all sufficiently large ¢ > .

(b) Fix a number ¢ > 0. We show that ¢4 z 0. For each ¢ > 0, one can choose f; €
C([-1,11), that satisfies fz(1) =1, f.(~1) =0 and (¢, f.) = €. Again, we write f; as
fe=¢€el+g. for g- ekero. Since g.(—1) = —e and g.(1) =1 — ¢, we get

e f.(-1)=e+e *"(coshtg,(~1) —sinh tg.(1)) 20 =2 sinht <0.

So there exists € > 0 such that e’ f,(~1) < 0. Thus e'4 # 0 because f; > 0. O

Our goal in this chapter is to prove several spectral results for eventually positive
semigroups. We do this in Section 11.4. As preparation we first discuss the relation be-
tween the spectral bound and the growth bound for Cy-semigroups (Section 11.2) and a
few properties of Laplace transforms of vector-valued functions (Section 11.3).

11.2 Spectral bound vs. the growth bound

Let A: X 2dom (A) — X be the generator of a Cy-semigroup on a Banach space X. We
recall the definition of the growth bound wq(A) € [—00,00) of A from Definition 10.1.6. In
terms of the semigroup, it can be written as

wo(A) = inf{w e R:3 M =1 with ||e"!|| < Me”' V t >0},

On the other hand, if the scalar field is complex, then the spectral bound s(A) € [—o0,00)
is, according to Definition 3.3.3, given by

s(A):=sup{Rel: A ea(A)}.

In this section, we analyse the relation between the spectral and growth bounds of semi-
group generators. The results in this section are used in the next section and the sub-
sequent chapters to better understand eventually positive semigroups. In the finite-
dimensional case one can easily deduce from Proposition 1.3.6 that s(A) = wo(A). How-
ever, for general Cp-semigroups in infinite-dimensions, the situation is more involved.
Let us first note that at least the inequality s(A) < wo(A) is always true.

Proposition 11.2.1. Let (e'4);>o be a Cy-semigroup on a complex Banach space X.
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11. EVENTUALLY POSITIVE SEMIGROUPS

(@) For A€C, ifthelimit

t
Ryx:=lim | e **e*xds

t—o00 Jo
exists foreach x € X, then Ry € L(X), L€ p(A), and R(A, A) = Ry.
(b) One hass(A) < wqy(A).

Proof. (a) The proof resembles arguments already used in Chapter 10. Proving the
proposition is thus a good opportunity to practise those arguments, so we outsource
the proof to Exercise 11.1.

(b) Suppose A € C with ReA > wo(A), and choose w € (wg(A),Re1). Then there exists
M =1 such that || e"4|| = Me®! for all £ = 0. Hence, for every x € X, the map

0,00~ X, 1—e e
is Bochner integrable, so A € p(A) by (a). O

One can construct an example of a (positive) Cy-semigroup — even of a positive Cy-
semigroup on a Banach lattice — where one actually has s(A) < wg(A). Such an example
is discussed in Exercise 11.2. Hence, knowing the spectrum of the generator of a Cy-
semigroup does not suffice in general to conclude whether it converges exponentially to
0. Note that this is quite in contrast to finite-dimensions (Proposition 1.3.6). However,
there are other useful conditions to ensure exponential convergence to zero, which we
discuss now. First, we observe that convergence to 0 in operator norm is the same as
exponential convergence to 0 (in operator norm).

Proposition 11.2.2. For a Cy-semigroup (e'?) ;9 on a Banach space, the following are
equivalent:

(i) wo(A) <0, i.e. thereexist M =0 and w < 0 such that || e'*| < Me®" forall t = 0.
(ii) ||e“‘|| —0ast— oo.
(iii) There exists a ty > 0 such that || et0A|| <1.
Proof. The implications (i) = (ii) = (iii) are obvious.

“(iii) = (1) Without loss of generality, we assume ||e’0A|| >0. Let t >0 and n € N be

such that ¢ € [nty, (n + 1)#;). Then for constants M := ||e’0A||_lsupS€[0’tO] || eSA” and
w =ty log||e®4| <0, we obtain for each ¢ > 0 that

=Me®!. O

e = (e 4)"e "] < sup [l (%) < ] (e4)""
se[0,1p]
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11.2. Spectral bound vs. the growth bound

Before we give the next condition for wg(A) <0, let us briefly discuss the situation in
the discrete-time case, i.e. for powers of bounded operators. For an operator T € £(X)
on a complex Banach space X, recall that the number

1(T) :=sup{|Al: Aeo(T)} €[0,00)

is called the spectral radius of T. If X # {0}, the supremum is actually a maximum since
the spectrum is a non-empty compact set. It is a classical result in the spectral theory of
bounded linear operators [Yos95, Theorems VIII.2.3 and VIIIL.2.4] that

r(T) = inf

(11.2.1)
kENO

1/k
Tk || = lim || T*

k—o0

||1/k

From this formula, one gets a similar characterisation of | 7"|| — 0 as in the finite dimen-
sional case (Proposition 1.2.2):

Proposition 11.2.3 (Convergence to 0 of operator powers). For an operator T € L(X) on
a complex Banach space X, the following are equivalent:

@ (M <1.
(i) T%—0ask— oo.
(iii) There exist numbersn € [0,1) and c = 0 such that || Tk || < cn*for each k € Ny.

(iv) For somelall p € [1,00) one has

Y ¥ <00 wxex.
k=0
Proof. “(ii) © (iii)”: The proof of this equivalence is similar to the continuous-time case
(Proposition 11.2.2), so we omit the details.
“() = (iii)” This follows from the spectral radius formula (11.2.1).
“(iii) = (iv) for all p”: This implication is obvious.

“(iv) for some p = (i)”: Assume that (iv) holds for some p € [1,00). Then the mapping
X — P(Np; X), x — (T*x) keN, is linear and closed, thus continuous by the closed
graph theorem. Hence, there exists a number M = 0 such that

> “T x” <M |x|P V¥V xeX.
k=0

Choose a A € o(T) with |A| = r(T). Since A € do(T), it is an approximate eigenvalue
of T, i.e. there is a sequence (x;) in X such that ||x,|]| =1forallnand A —-T)x,;, — 0
as n — oo (Exercise 5.2). For every k € N, it follows that (A¥ — T%)x,, — 0 as n — oo
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11. EVENTUALLY POSITIVE SEMIGROUPS

because the operator Ak —Tk)isa multiple of A — T. In particular, H Tkxn H — Mlk as
n — oo for each k € Ny. Hence, by Fatou’s lemma

oo
MP =liminf ) ” T*x,
k=0

n—oo

p & kp
=) AP,
k=0
Consequently, 1 > |A| =1(T). O

Comparing Proposition 11.2.1(b) and Proposition 11.2.3 shows the difference be-
tween the powers T* of bounded operators T € £L(X) and a Cy-semigroup (€' ;>0: while
the long-term behaviour of || T¥|| can be characterised in terms of r(T), the long-term
behaviour of || elA || is, in general, not completely characterised by s(A) (Exercise 11.2).

Motivated by Proposition 11.2.3(iv), it is natural to consider p-integrability of the or-
bits of a Cy-semigroup. Observe that

wo(A) <0 = p-integrability of the orbits = s(A4) <0,

where the first implication is obvious and the second implication follows from Proposi-
tion 11.2.1(a). We now show that the first implication is in fact an equivalence.

Theorem 11.2.4 (Datko-Pazy). Let (e r=0 be a Cy-semigroup on a Banach space X and
letpe(l,00). If

o0
e x|’ dt < oo VxeX,
I

0

then wy(A) <O0.

Proof. A similar argument as in the proof of Proposition 11.2.3 shows that the estimate
S5 |e*4x||” dt < oo is automatically uniform —i.e. there exists a number M > 0 such that

o0
f ||etAx||pdtSMp||x||p VvV xeX.
0

Instead of the sequence space ¢”(Np; X), one has to work with the space L”([0,00); X)
of X-valued p-integrable functions which is, for instance, explained in [HVYNVW16, Sec-
tion 1.2.b] and which we have not discussed. Thus we omit the details and trust that
readers not familiar with Bochner spaces will find the analogy with the same argument
in Proposition 11.2.3 convincing.

We proceed to prove that wg(A) < 0. According to Proposition 11.2.2, it suffices to
show that there exists a k € N such that ||ef4|| < 1. For this, it suffices by Proposi-
tion 11.2.3 to prove that r(e?) < 1. Hence choose A € a(e?) with |A| = r(e?). Now we
use a similar argument as in the proof of Proposition 11.2.3: since A € do(e?), it is an
approximate eigenvalue of e/ (Exercise 5.2), i.e. there exists a sequence (x,,) in X such
that ||x,|l = 1 for each n and (A — e?)x,, — 0 as n — oco. For each integer k € N it follows
that (A¥ — e*4)x,, — 0 as n — oo.
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11.3. Intermezzo: The Laplace transform of positive vector-valued functions

Set C = sup¢o 1) ||e“‘|| € [1,00). For each k € Ny and each t € [0,1] one can use
el=D4e!4 = ¢4 (o obtain C|le’te*x,| = |e*D4 |A|FH

for each n, one has

xn| — as n — oo. Moreover,

M”>[ et x, ||pdt—Zf [ete x| ar,

so Fatou’s lemma gives M” = Z%":O [A|k+DP /CP_ This shows that 1 > |A| = r(T). O

11.3 Intermezzo: The Laplace transform of positive
vector-valued functions

Let (e'1) ;¢ be a Cy-semigroup on a complex Banach space X. For A € C with Re ) >
wo(A), the integral [;° e e x dt exists for x € X as a Bochner integral and is, accord-
ing to Proposition 11.2.1(a), equal to R(A, A)x. As discussed in the previous section and
demonstrated in Exercise 11.2, it can happen that s(A) < wg(A). To infer information
about the spectral bound s(A) from information about the semigroup, it is quite useful
to have a similar representation of R(A, A)x even for 1 > s(A). In some cases, this is in-
deed possible. It follows from Theorem 11.2.4 for p = 1 that the integral [;° e MetAx dt
cannot exist as a Bochner integral for each x € X if Re A € (s(A), wo(A)]. However, it does
sometimes exists as an improper integral, i.e. as the limit lim; ., [y e MelAx dt. In par-
ticular, this is always the case for eventually positive Cy-semigroups, as we show in The-
orem 11.4.1. For the proof of this theorem, we need a general result about the Laplace
transform of positive vector-valued functions (Theorem 11.3.2).

To this end, we need, in turn, another result first. Recall that Dini’s theorem says that,
for a compact metric (or topological Hausdorff) space K and an increasing sequence
(fn) in C(K;R) that converges pointwise to a function f € C(K;R), the convergence is
automatically uniform. A similar result can be shown on Banach lattices: there, weak
convergence of an increasing sequence implies norm convergence. This is the content
of the following theorem (which we formulate even for nets, making the result a bit more
convenient to use). For increasing sequences in C(K;R), Dini’s classical theorem can be
obtained from the monotone convergence theorem together with the Riesz representa-
tion theorem of the dual space C(K;R).

Theorem 11.3.1 (Dini’s theorem in Banach lattices). Let E be a Banach lattice and let (x )
be an increasing net of real elements of E, i.e. xj, < xj, for j1 < jo. If (x;) converges weakly

to an element x € E, then it even converges in norm to x.

Proof. First note that x = x;, since inequalities can be checked by testing against positive
functionals (Proposition 4.4.4). Let B/, denote the positive closed unit ball of E’. Then

[x=x;| = sup |(z', x—x;}| = sup {|Z'|, x—x;) = sup (X', x—x;),
lz'lI=1 l2'lI=1 x'eB,
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11. EVENTUALLY POSITIVE SEMIGROUPS

where the inequality follows from the inequality at the end of Theorem 4.4.2. Therefore,
it suffices to show that

sup (x', x—x;) — 0. (11.3.1)

x'eB,
To this end, let € > 0 and consider the sets
Bi={x"e Bl :(x', x—x;) <e}.

Each of these sets is open in B) with respect to the weak* topology. Moreover, since x; —
x weakly, one has B}, = ; B;.. As B!, is weak* compact by the Banach—Alaoglu theorem,
there exist finitely many indices ji, ..., j, such that B/, = B}l U---u B}g. Choose an index

Jo that dominates jy,..., j¢. Since the net (x;) is increasing it follows that <x’ ,X—X j> <e€
for all x' € B!, and all j = jj, which proves (11.3.1). O

By means of Dini’s theorem we can now show the theorem on Laplace transforms of
positive vector-valued functions that we promised at the beginning of the section. For
every y € [-0o,00), we define the open right-half plane Cpesy := {z€ C:Rez > v}.

Theorem 11.3.2. Let —co <y < w < 0o. Let E be a complex Banach space and let f :
[0,00) — E be a continuous function that satisfies ||f(t) || < Me‘“tfora number M =0 and
allt = 0. Define f: Cre>w — E by

f(/l)::f e Mf()dr V¥ A€Creso.
0

(a) The function f is analytic.

(b) Assume now that E is a complex Banach lattice, that f(t) =0 for all t = 0, and that
[ extends to a analytic function from Cgesy to E, which we again denote by f. Then

. T
f(/l)ZTIimf e Mf(Hdt VA€ CResy-
oo

Proof. (a) One can prove that the dominated convergence theorem holds for sequences
of Bochner integrable functions which are dominated in norm by an integrable scalar-
valued function [ABHN11, Theorem 1.1.8]. This implies that f is analytic, and its
derivatives are given by the formula

f”“)(u)=f (ke M f(r) dr (11.3.2)
0

for all k € Ng and all p € Cges(, which we use in the proof of (b).

(b) The result is clear for A € Cre>q-
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11.4. The spectrum and the resolvent of an eventually positive semigroup

Next we consider real numbers A € (y,w], so fixsuch a A. Choose an arbitrary number
i > w. Then there is an open disk in Cre>y with centre u that contains A, so the Taylor
series for analytic functions gives

A (u—A)*
Fay=y BV kg,
k 0 k-
Consider a positive functional 0 < x’ € E’. By testing the previous equality against x’
and using formula (11.3.2) we obtain

(', fu) = Z(“ )f ket (%', (1) dt

(,Lt /Dktk

- [ ey ‘*”Z dt

:f (x',f(t))e_’“dt= lim <x’,f e_“f(t)dt>,
0 T—00 0

where the positivity was used to swap the series and the integral. Since the dual
space E’ is a complex Banach lattice, it is spanned by the positive functionals. Hence,
it follows that the increasing net ( fy e Mf(r) dt)re(o, ) Converges weakly to f(A).
According to the version of Dini’s theorem for Banach lattices (Theorem 11.3.1) the
convergence even takes place in norm.

It remains to show that the result holds not only on the real line, but also for all 1
with ReA > y. This is a general property of vector-valued Laplace transforms that is
not related to positivity, so we only give a reference: the interested reader can find
the details in [ABHN11, Proposition 1.4.1 and Theorem 1.5.1]. O

11.4 The spectrum and the resolvent of an eventually positive
semigroup

By Theorem 11.3.2(b), we immediately obtain that for positive Cy-semigroups, the Laplace
transform representation of the resolvent (Theorem 10.2.3(b)) extends to the right half-
plane Cresg(4)- In fact, this is also the case for eventual positivity:

Theorem 11.4.1. On a complex Banach lattice E, let e =0 be a Cy -semigroup that is
individually eventually positive with respect t0 0. Then

T
R, Ax=lim | e™e4xds VxeX
T—00 0

forallxe X and all A € C withRe A > s(A).

Proof. We may assume x > 0. Choose fy = 0 such that e’ > 0 for all ¢ > #, and define
f:10,00) — E as f() = e"*®Ax for all £ = 0. By Theorem 10.2.3(b),

00 fo R
RA, Ax= f e Metxds= f e Mehxds+e M f(A)
0 0
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11. EVENTUALLY POSITIVE SEMIGROUPS

for all A € Cre>w,a)- Since f is positive and f extends to an analytic function from
Cre>s(4) to E, the assertion follows from Theorem 11.3.2(b). O

By means of the previous theorem we can now show the following to results about
the spectrum of the generator of eventually positive semigroups.

Theorem 11.4.2 (The spectral bound of eventually positive semigroups). Let (e'4),=o be
Co-semigroup on a complex Banach lattice E such thato (A) # @. If(e“‘) r=0 IS individually
eventually positive with respect to 0, then s(A) € o (A).

Proof. By Proposition 3.3.2(a), dist(Ad,0(A4)) = [R(A, A) 17! for all A € p(A). Therefore,
there exists (1,,) < p(A) such that Re A, | s(A) and [[R(A,, A)ll — oo as n — co.

By the uniform boundedness principle, there exists f € Eg and a subsequence (1,,)
of (A,) such that |R(An,, A) f|| — oo as k — co. On the other hand, Exercise 11.3 shows
that there is a norm-bounded function re: (s(A),00) = E such that

IR, Af]| < RReAy,, A) | f|+rrRedn,).

As k — oo, rf(+) remains bounded in E, while norm of the term on the left tends to co.
Hence HR(ReAnk, A) |f| || —ooaswell. AsRe A, | s(A), we conclude s(A) € o (A). O

In Theorem 6.3.3 we showed spectral properties of an eigenvalue at which the resol-
vent of an operator is eventually positive. We now show an analogue of this result for
eventually positive semigroups.

Theorem 11.4.3 (Eigenvectors for eventually positive semigroups). On a complex Ba-
nach lattice E, let (e') ;>0 be Cy-semigroup that is individually eventually positive with
respect to 0 such thats(A) > —co. Assume thats(A) ' is a pole of R(-, A). Then:

(@) Both A and A’ have a positive eigenvector for the eigenvalue s(A).
(b) Ifs(A) is a semisimple eigenvalue, then its associated spectral projection is positive.

Proof. We begin with a preliminary observation for eventually positive semigroups. Let
x € E, and fy, = 0 such that e4x = 0 for all ¢ = £. By Theorem 11.4.1, we can write
R, Ax = [* e MesAx ds+ yy, where yy = lim; oo [ e MsesAx ds =0 for all A > s(A).
Therefore,

dist (A —s(A)RA, A)x, E+) < (A =s(A)RA, A)x — (A —s(A) ya|

fo
=(A-s(A)) Hf e Mesxds
0

< (A-s(A)(1-e ) sup |l x| —0
s€[0,%]

as A | s(A); the last line uses the local boundedness of semigroup orbits (see Proposi-
tion 10.2.2).

1We already know s(A) € o(A) from Theorem 11.4.2
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11.4. The spectrum and the resolvent of an eventually positive semigroup

(a) Let p € N denote the pole order of s(A) and let Q- denote the coefficient of (A —
s(A))7? in the Laurent series expansion of R (-, A) about s(A). By Theorem 6.2.6, s(A)
is an eigenvalue of A and A" with rgQ_p+; S ker(s(A) — A) and rg Q’_IgJr1 c ker(s(A) —
A'). Moreover, (A —s(A)PR(A,A) — Q_ p+1 in operator norm as A | s(A). It follows
from the observation above that both Q_,1 and Q" p+1 A€ positive. Hence, both A

and A’ have a positive eigenvector for the eigenvalue s(A).

(b) If the eigenvalue A is semisimple, then p =1 and 0 < Q-+ = Qo is the spectral pro-
jection by Theorem 6.2.6(b) and (c). O

We observe that Theorems 11.4.3 and 11.4.2 together yield a Perron-Frobenius type
result for eventually positive semigroups valid in infinite dimensions (cf. the finite di-
mensional case in Theorem 2.2.3).

Recall again that, for the generator A of a Cy-semigroup, one can sometimes have
s(A) < wo(A) even if the semigroup is positive (Exercise 11.2). This cannot happen if the
underlying Banach lattice is sufficiently “nice”. We show this for two classes of Banach
lattices in the following theorem.

Theorem 11.4.4. On a complex Banach lattice E, let e =0 be Cy -semigroup that is in-
dividually eventually positive with respect to 0. Then s(A) = wy(A) in each of the following
cases:

(@) E is an L'-space or, more generally, the norm on E is additive on the positive cone.”
(b) E =Co(Q) for a locally compact metric space Q.>*
For the proof of (b), we use the following property of Cy ().

Proposition 11.4.5. Let Q be a locally compact metric space." If @ # F < Co(C;R) is rela-
tively compact, then F has a supremum and an infimum in the Banach lattice Cy(Q).

Proof. It suffices to show that F has a supremum; the existence of the infimum then
follows by considering —F.

Of course, F is bounded. Since one can identify Cy(Q) with {f € C(Q U {co}) : f(c0) =
0}, where Q U {oo} denotes the one-point compactification of Q, the Arzela-Ascoli theo-
rem applies to Cy(Q2), and thus F is equicontinuous. Now consider the set

G:= {fIV"'kaECO(Q;[R):kEN’ fl»---rkaF}'

It is not difficult to check that G is also equicontinuous and bounded and in turn, rel-
atively compact again by the Arzela-Ascoli theorem. Moreover, G is a directed set with

2Strictly speaking, the latter condition is not more general since there is a classical representation result
saying that if the norm on a Banach lattice is additive on the cone, then the Banach lattice is isometrically
lattice isomorphic to an L!-space. In any case, additivity of the norm on E. is what is needed for the proof.
p p y p
3Local compactness means that for every point w € Q, every open neighbourhood U of w contains a
compact neighbourhood K of w. For instance, every open subset of R” is a locally compact space with
p g Ty op y p Y
respect to the Euclidean metric.
40r, more generally, a locally compact topological Hausdorff space.
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11. EVENTUALLY POSITIVE SEMIGROUPS

respect to the order induced from Cy (2;R), s0 (g) gec is an increasing and norm bounded
net. Hence, it converges pointwise to a function h: Q — R. Using the equicontinuity of G,
one can show that i € Cy(Q;R). Now it easily follows that # is the smallest upper bound
of G in Cy(Q;R). By the definition of G, this implies that & is also the smallest upper
bound of F in Cy(Q;R). O

Proof of Theorem 11.4.4. Due to Proposition 11.2.1(b), we only need to show that wg(A) <
s(A). To this end, it is sufficient in each of the cases to show that the implication

s(A)<0 = wo(A)=<0

holds, because by applying this to the operator A — a for real numbers a one obtains
s(A)<a = wy(Ad)<a,

and hence, wg(A) < s(A).

(a) We prove the result for the case that the semigroup is positive. The generalisation to
the individually eventually positive case is not difficult for assertion (a) and is thus
posed as Exercise 11.4. Assume that s(A) < 0. We use the Datko-Pazy Theorem 11.2.4
for p =1 to show wy(A) <0.

Fix 0 < x € E. By Theorem 11.4.1 and Proposition 11.2.1(a) it follows from s(A) < 0
that fOT e4x dt — R(0, A)x as T — oco. As the norm is additive on the positive cone,
one can swap the norm with integral of positive E-valued functions, so we obtain

o0 T T
[T e ar=yim ["e ) xar= jim H[ etAdt“=|IR(0,A)xII<oo.
0 T—00 0 T—00 0

As E, spans E, we conclude that fot He“‘x“ dt < oo even for all x € E. Thus, Theo-
rem 11.2.4 of Datko—Pazy gives wy(A) < 0, as claimed.

(b) Lets(A) <0andfixavector0 < f € E. We will show that the semigroup orbit (e'4 Hi=o
is bounded. Since E; spans E, the uniform boundedness principle then implies that
the semigroup is bounded, and thus wy(A4) < 0.

To make the main idea as transparent as possible, we first consider the case where
the semigroup is positive. The individually eventually positive case is — in contrast
to (a) — technically much more involved and is treated afterwards.

For positive semigroups: Since E = Cy(2), Proposition 11.4.5 shows that there exists
a function g € Cy(Q)+ such that 0 < et4 f < gforall £ €[0,1] (this is in fact the
only part of the argument where we need that E = Cy(Q)).

Since s(A) < 0 and eSAg = 0 for each s € [0,00), Theorem 11.4.1 and Proposi-
tion 11.2.1(a) imply that [y e’ g ds — R(0, A)g as T — oo. Thus for every t > 1,

1 1 1
05e”‘f=f0 e”‘fds:fo e(t_s)AeSAf dssfo e(t_s)Agds
=g
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t T
=f leSAgdssrliIEO A egds=R(0,A)g;
. 1T

the positivity of the semigroup was used for each of the inequalities. Hence the
orbit (e'4 f) =0 is order bounded, and in particular bounded.

For individually eventually positive semigroups: By the individual eventual positiv-
ity, there exists #y > 0 such that eAf>0forall t = tr. According to Proposi-
tion 11.4.5, there exists a 0 < g € Cy(Q2) such that e“‘f <gforallre [tp, tr+1].
Again by the individual eventual positivity, we can find g > 0 such that eg=>0
forall r = t.

Consider the non-empty compact set
P={g-e""f:telts ty+11} CE,.

For each w € P, once again, due to the individual eventual positivity, we can find
n e N such that e’ w = 0 for all ¢ = n. As aresult, P = U,en Pn, where

Pp={weP:e*w=>0forall t > n}.

By the Baire category theorem, we get that the interior (Py)° of Py within P is
non-empty for some k € N.

Next, consider the function @ : [¢¢, tf + 1] — P given by ¢ — g — e f. Continuity
and surjectivity of @ jointly imply that the pre-image of (Py)° under ® is non-
void and an open subset of [tr, tr+1], and so it contains an interval [a, a + ] for
some a =0 and 0 < § < 1. Observe that the implications

tela,a+fl = OO’ => e(y-ef)=0

for all s > o’ := max{k, tg}. Lastly, we fix a time ¢ = & + a/ + § and the interval
I'=[t—a-p,t—al<[a’,00). Then

sel = t-sela,a+pfl = eSA(y—e(t_s)Af)zo.

We infer

1 T
lim f elgds=geCy)y,
(X’

Fom,

1 1
OSetAf=B[e”‘fdssﬁfemgdss
I I

where the limit exists because s(A) < 0 and the semigroup is individually even-
tually positive (Theorem 11.4.1). So ||’ f| < || g]| for all # =7 +1'+ § and hence,
the orbit (e?4 f) ;> is bounded. O

There are more spaces than L' and Cy(Q) where the quality s(A) = w(A) holds for
(eventually) positive semigroups; see the Notes at the end of the chapter.
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Exercises for Chapter 11

Exercise 11.1. Let (e¢/4),5¢ be a Co-semigroup on a complex Banach space X and let
A € C. Assume that the limit

t
e—sA esA

Ryx:= lim xds

1=o0Jo
exists for each x € X.
(a) Show that Ry: X — X is a bounded linear operator.
(b) Show that A € p(A) and R(A, A) = Ry.
Hint: Argue similarly as in the proof of (ii)= (i), Step 2, in Theorem 10.1.7.

Exercise 11.2. In this exercise we show that the spectral bound and the growth bound of
a semigroup generator need not coincide, in general — even for a positive semigroup on
a Banach lattice.

Consider the vector space E := L ([1,00)) N Cy ([1,00)), endowed with the norm given

by | £lg:= 71 v Il for all f € E.

(a) Show that E is a complex Banach lattice with respect to the norm |- ||z and the
pointwise order on the real-valued functions in E.

(b) Consider the family of positive operators (T (¢)) ;>0 on E given by
T(1)f(x) = f(e'x)

forall fe E, t =0, and x € [1,00). Show that (T'(£)) ¢ is a Cp-semigroup on E and
that || T(£)|| = 1 for each ¢ = 0.

(c) Let A: E=>dom(A) — E denote the generator of the semigroup (7(f));=o. Deter-
mine the growth bound wg(A).

(d) Show thats(A) < —1. Hint: Use Exercise 11.1.

Exercise 11.3. Let (e/4) ;>0 be a Co-semigroup on a complex Banach lattice E that is in-
dividually eventually positive Cy-semigroup with respect to 0, and let f € Eg be arbitrary.

(@) Show that there exists f = 0 such that |e’4 f| < e’ | f| for all # > f. Why does this
not follow from Proposition 4.3.22
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(b) Prove that there is a norm-bounded function rr: (s(A),00) > E such that

IR, A f| <RMeA, A)|f|+rf(Red) V A€ Cress(a)- (11.4.1)

Hint: for T = 1y, consider the modulus of the integral f; e Me!Af dt. Then use
Theorem 11.4.1 to allow 7 — oo.

(c) Assume now that o(A) # @ and A has compact resolvent. Theorem 11.4.2 and the
spectral theory of compact operators (Theorem 6.2.9) then imply that s(A) is a pole
of the resolvent, say of order m € N.

Show that every A € o0(A) with Re A = s(A) has pole order at most m.

Exercise 11.4. Adapt the proof of Theorem 11.4.4(a) to show that it remains true for Cy-
semigroups which are individually eventually positive with respect to 0.
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Notes for Chapter 11

Eventually positive semigroups

A systematic study of eventually positive semigroups in infinite dimensions was initiated
in [DGK16b], which focused on C(K)-spaces. The distinction of individual and uniform
eventual positivity (Example 11.1.2) and the results in Section 11.4 are taken from this
paper. The theory on general Banach lattices was then further developed in [DGK16a],
which was the starting point for a large number of papers on eventual positivity over the
past decade.

The Datko-Pazy theorem

Several different proofs for the Datko—Pazy Theorem 11.2.4 can be found in the literature.
The proof in Pazy’s book [Paz83, Theorem 4.1] is, in a sense, quite quantitative, while a
more abstract argument can be found e.g. in [EN0O, Theorem V.1.8]. The spectral theo-
retic proof that we gave is essentially taken from [ABHN11, Theorem 5.1.2], although we
simplified the argument somewhat (and turned it from a proof by contradiction into a
direct argument) by employing Fatou’s lemma.

Equality of spectral bound and growth bound for positive
semigroups

The equality s(A) = wo(A) is sometimes known as Lyapunov’s theorem. As we shall see
in the next chapter, it always holds under suitable “regularity” assumptions on the semi-
group. The equality s(A) = wy(A) for positive semigroups on L!-spaces is a classical re-
sult; its generalisation to eventually positive semigroups is immediate and can already
be found in [DGK16b]. The same equality on C(K) for a compact space K is also not
difficult to prove; in the eventually positive case for real A it is also given in [DGK16b].
The situation on Cy(£2) is more involved, since there exists no function in Cy(Q2), that
dominates a multiple of any other function (unless Q is compact). For positive semi-
groups, classical proofs of this result rely on duality arguments: the dual space on Cy(Q)
is a space of measures and its norm is additive on the positive cone, so it is natural to
apply the L!-result on the dual space. A major caveat with this approach is that duals of
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11.4. The spectrum and the resolvent of an eventually positive semigroup

Co-semigroups on non-reflexive spaces need not be Cy-semigroups in general, so tech-
nical tools - so called sun duals — are needed to circumvent this problem. As those tools
use the positivity for small times, they cannot be used in the eventually positive case.
The proof that we gave for Theorem 11.4.4(b) is taken from [AG22b] and was inspired by
Vogt’s paper [Vog22]. We note in passing that the class of spaces can be slightly gener-
alised from Cy(Q2) to so-called AM-spaces, since Proposition 11.4.5 still holds on those
spaces; but we refrain from discussing more details here.

There are further spaces where the equality s(A) = wo(A) holds for (eventually) posi-
tive semigroups. On L?-spaces this is a consequence of the Gearhart-Priiss theorem and
the proof works just well for the individually eventually positive case as for the positive
case [DGK16b]. On LP-spaces for p € (1,00) \ {2}, the equality s(A) = wy(A) for positive
semigroups is more difficult to see and was shown by Weis more than a decade after the
same result was known on the other spaces [Wei95, Wei98]. A surprisingly simple proof
was recently given by Vogt [Vog22] who also used his technique to generalise the result
to uniformly eventually positive semigroups. For individually eventually semigroups the
question of whether s(A) = wg(A) always holds on L” is still open for p € (1,00) \ {2}.
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