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Stability criteria for positive semigroups on ordered Banach spaces

JOCHEN GLUCK AND ANDRII MIRONCHENKO

Abstract. We consider generators of positive C-semigroups and, more generally, resolvent positive oper-
ators A on ordered Banach spaces and seek for conditions ensuring the negativity of their spectral bound
s(A). Our main result characterizes s(A) < 0 in terms of so-called small-gain conditions that describe the
behaviour of Ax for positive vectors x. This is new even in case that the underlying space is an L?-space
or a space of continuous functions. We also demonstrate that it becomes considerably easier to characterize
the property s(A) < 0 if the cone of the underlying Banach space has non-empty interior or if the essential
spectral bound of A is negative. To treat the latter case, we discuss a counterpart of a Krein—Rutman theorem
for resolvent positive operators. When A is the generator of a positive C(-semigroup, our results can be in-
terpreted as stability results for the semigroup, and as such, they complement similar results recently proved
for the discrete-time case. In the same vein, we prove a Collatz—Wielandt type formula and a logarithmic
formula for the spectral bound of generators of positive semigroups.

1. Introduction

Recently in [33], it was shown that linear positive discrete-time evolution equations
are exponentially stable if and only if the operator generating the evolution equation
has a kind of a uniform no-increase property. This result has been already applied for
the analysis of infinite networks [40,49] and the construction of Lyapunov functions for
composite systems [40]. Furthermore, it provided strong motivation for the analysis of
discrete-time nonlinear monotone systems [49]. For finite-dimensional linear positive
systems such criteria are well-known, see, e.g. [56, Section 1] for the discrete-time
case and [63] for the continuous-time case.

Although there is a vast literature on the stability of strongly continuous semigroups—
we refer, for instance, to the classical monographs [66], [26, Chapter V], [25] and
[23], as well as to the survey article [15]—characterizations of stability of positive
Cop-semigroups by means of no-increase properties have, to the best of our knowledge,
only appeared in [42] so far, under quite different assumptions than the ones that we
consider in this paper. We derive several results of this kind, which strongly extend
the corresponding finite-dimensional results from [63].

Mathematics Subject Classification: 47B65, 47D06, 47A10, 37L15
Keywords: Positive systems, Continuous-time systems, Stability, Small-gain condition, Linear systems,
Semigroup theory, Resolvent positive operator, Krein—Rutman theorem.

Published online: 18 December 2024 ® Birkhduser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00028-024-01044-8&domain=pdf
http://orcid.org/0000-0003-0554-8529

12 Page 2 of 49 J. GLUCK, A. MIRONCHENKO J. Evol. Equ.

A considerable part of the theory of positive Cp-semigroups is developed in the
setting of Banach lattices. Yet, we formulate our results in the more general framework
of ordered Banach spaces. On the one hand, this gives a wider range of applicability,
for instance, to positive semigroups that act on C*-algebras or on Sobolev spaces.
On the other hand, recent contributions in the theory of positive dynamical systems
show that, even if one starts with a positive Co-semigroup on a Banach lattice X,
one typically has to leave the class of Banach lattices if one extends the order to the
extrapolation space X_j—an object which occurs, for instance, in the perturbation
theory of positive semigroups [8,9] and in positive systems theory [7,14,29,30].

Stability of Co-semigroups

The most prototypical linear autonomous and continuous-time dynamical system is
described by a Cp-semigroup—which we denote by (e’A),Zo or by (T'(1));=0—with
the generator A on a Banach space X . For an overview of the theory of Cp-semigroups,
we refer, for instance, to the monographs [26,54].

We are interested in the question whether the Cp-semigroup converges to 0 with
respect to the operator norm as f — oo, i.e. whether ||e’| — 0 as ¢t — ooc. In this
case, ||| < Me™* for some a, M > 0 and all r > 0, so the semigroup is said to
be uniformly exponentially stable. A necessary condition for the uniform exponential
stability of a Cp-semigroup is negativity of the spectral bound of the generator A, i.e.
the condition

s(A) :=sup{Rer: L €0(A)} <O. (1.1)

This condition is in general not sufficient for uniform exponentially stability. On
the other hand, for many important classes of semigroups, such as eventually norm-
continuous semigroups, (1.1) is indeed equivalent to uniform exponential stability of
the semigroup; see Subsection 2.4 for more details.

Contributions

In this paper, we present a variety of characterizations for the property s(A) < 0
and related results under positivity assumptions. For the sake of generality, we do not
restrict ourselves to the infinitesimal generators of positive strongly continuous semi-
groups but prove the results for the more general class of resolvent positive operators,
originally introduced in [2].

After some preparations in Sect. 2, we present in Sect. 3 a general characterization of
the negativity of the spectral bound of resolvent positive operators in ordered Banach
spaces with a normal and generating cone. Next, in Sect. 4, we derive several further
characterizations in case if the cone has in addition non-empty interior. In Sect. 5, we
discuss a Krein—Rutman type theorem for resolvent positive operators and use it to
derive characterizations for the negativity of spectral bound for operators possessing
negative essential spectral bound. A Collatz—Wielandt formula for the generators of
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a class of positive Cp-semigroups is proved in Sect.6, and Sect.7 contains a num-
ber of explicit logarithmic formulas for the spectral bound of generators of positive
Co-semigroups. In Appendix A, we prove a new characterization of uniform expo-
nential stability of general Co-semigroups on Hilbert spaces (without any positivity
assumption) and discuss how this is related to the main part of the paper.

Discrete-time counterparts of the results proved in Sects. 3, 4 and 5 have been estab-
lished in [33]. The differences in the formulations of the results are briefly explained
in Sect. 3.3. Some of our arguments are related to the techniques used by Karlin in his
classical study of positive operators [38].

Notation and terminology

We use the conventions N = {1,2,3,...} and Z+ = {0, 1,2, ...}. The identity
operator on a Banach space will be denoted by id (if the space is clear from the context).
For subsets A, B of a vector space X, wedenote A+ B:={a+b:aec A, be B},
—B:={-b:beB},and A — B := A+ (—B).

2. Ordered Banach spaces, positive semigroups and resolvent positive operators
2.1. Ordered Banach spaces

By an ordered Banach space, we mean a pair (X, X1), where X is a real Banach
space and X is a closed cone in X, i.e. a closed convex subset of X such that
XT+XT C XTand XTN(—X") = {0}. We call X the positive cone in X. On
every ordered Banach space, there is a natural order relation < which is given by
x < yifandonlyif y — x € X™. The elements of a positive cone are called positive
vectors. The positive cone X in an ordered Banach space (X, X ™) is called total if
its linear span X — X is dense in X; the cone is called generating if its linear span
is even equal to the whole space X. In this case, it can be shown (see, for instance, [1,
Theorem 2.37]) that there even exists a real number M > 0 such that each x € X can
be written as

x =y —z forvectors y,z e X" thatsatisfy |y|, [zl <Mlx]. (2.1

The positive cone X in X is called normal if there exists a real number C > 0 such
that

xll = Cliyl

whenever0 < x < yforvectorsx,y € X.Forx,z € Xtheset[x,z] :={ye X:x <
y < z}is called the order interval between x and z. It can be shown (see, for instance,
[1, Theorems 2.38 and 2.40]) that the following three assertions are equivalent:

(i) the positive cone is normal
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(i1) there exists a real number C > 0 such that
x|l < Cmax{|lall, |b||} forall x,a,b € X satisfying x € [a, b]; (2.2)

(ii1) each order interval in X is norm bounded.

Concise lists of classical examples of ordered Banach spaces can, for instance, be
found in [5, Subsection 2.3], [34, Subsection 2.3] and [33, Section 2].

2.2. Positive operators, Banach spaces and their duals

Let (X, X™) be an ordered Banach space, and let £(X) denote the space of all
bounded linear operators on X. An operator 7 € L£(X) is called positive—which we
denote by T > 0—if TX+ C X, Similarly, a bounded linear functional x'—i.e. an
element of the dual space X'—is called positive if (x’, x) > 0 for all x € X; here,
we used the common notation (x’, x) := x’(x). If the cone X7 is total, then the dual
space X’ also becomes an ordered Banach space when endowed with the dual cone
(X)* that is defined to be the set of all positive bounded linear functionals on X.
The dual cone (X)* is generating if and only if X% is normal [43, Theorem 4.5];
and analogously, the dual cone (X’)* is normal if and only if X7 is generating [43,
Theorem 4.6].

2.3. Resolvent positive operators

Each real Banach space X has a complexification which is a complex Banach space
that is often denoted by X (in fact, there are many complexifications of X, but they
are all isomorphic). For an overview about complexifications we refer, for instance,
to [50] and [31, Appendix C]. Complexifications are typically used to exploit spectral
theoretic properties of linear operators that are a priori defined on real Banach spaces;
a brief overview of this approach is, for instance, given in [31, Section C.3].

If (X, X*) is an ordered Banach space, we call a bounded linear operator T on X¢
positive if it is the extension of a positive operator in £(X) to X¢; this is equivalent
to saying that 7" leaves X invariant and its restriction to X is positive.

Now, let (X, X*) be an ordered Banach space and let A : X D dom (A) — X be
a closed linear operator. Whenever we talk about spectral properties of A, we shall
assume that A has been extended to a (automatically closed) linear operator Ac on a
complexification X¢ of X and by any spectral property of A we tacitly refer to the
corresponding spectral property of Ac. In particular, by the spectrum o (A) and the
resolvent set p(A) of A we mean the spectrum o (Ac) and the resolvent set p(Ac)
of Ac. For every & € p(A), the resolvent of A at A is the operator R(A, A) =
R, Ac) == (A — Ac)~ ! € L(Xo).

Anoperator A : X 2 dom (A) — X is called resolvent positive if there exists a real
number w such that the interval (w, 00) is in the resolvent set of A and the resolvent
R (X, A) is positive for each A € (w, 00). A Cy-semigroup (e’A),Zo is called positive
if e’4 is positive for all > 0.
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One reason why resolvent positive operators are important is that every generator
of a positive Cp-semigroup is resolvent positive. For more information on positive
Co-semigroups, we refer to the classical paper [12] and, in the more specific context
of Banach lattices, also to [52] and [10].

On the other hand, there also exist resolvent positive operators which are not genera-
tors of Cop-semigroups [2, Section 3]. Yet, even then resolvent positivity of an operator
A has consequences for the well-posedness of the Cauchy problem () = Au(t):
indeed, under mild assumptions on the space X, it follows that every resolvent posi-
tive operator generates a once integrated semigroup [3, Theorem 3.11.7], which can
be interpreted as a weak form of well-posedness of the Cauchy problem (compare [3,
Corollary 3.2.11]).

Resolvent positive operators were introduced by Arendt in [2], and are mostly
studied on ordered Banach spaces with a generating and normal cone. However, their
very definition also makes sense on general ordered Banach spaces, and in several
sections below we will encounter situations where interesting results can be shown
about resolvent positive operators if the cone is only assumed to be total.

For a linear operator A : X 2 dom (A) — X define the spectral bound s(A) by

s(A) :==sup{fReA : A € 0(A)} € [—00, 00].
and the real spectral bound by
srR(A) :=sup(c(A) NR) € [—o0, o0].

Here, we use the convention sup(fJ) = —oo. Clearly, we always have sg(A) < s(A),
and if A is resolvent positive, then by definition of the resolvent positive operator, we
have sg(A) < co. If A generates a Cy-semigroup (e’ A)tzo, the number

w(A) i=infloeR:AM > 1Vt >0

e’AH < Me'®) ¢ [—o00, 50)

is called the growth bound of A (or of the semigroup (e'4) 1>0)-
The following proposition contains several useful results about resolvent positive
operators.

Proposition 2.1. Let (X, XT) be an ordered Banach space andlet A : X D dom (A) —
X be a resolvent positive operator on X.

(a) If sR(A) < A < u, then R(A, A) > R(u, A) > 0. In other words, the resolvent
is positive and decreasing on the interval (sg(A), 00) and thus, in particular, on
the interval (s(A), 00).

(b) Assume that the cone XV is generating, and define dom (A)* := dom (A)NX ™.
Then, dom (A) = dom (A)T — dom (A)™.
Assume now in addition that the cone X is generating and normal.

(c) The spectral bound satisfies s(A) < o0o. If 6 (A) # @, then s(A) is a spectral
value of A.
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(d) One has s(A) = sr(A).
(e) If A € Ris in the resolvent set of A and A < sr(A) = s(A), then R(\, A) is not
positive.

Proof. (a) We first show that R(, A) > 0 forall u € (sg(A), 00). To this end, let us
define the set

= {A € (sp(A), 00) : R(u, A) > 0forall € [A, oo)}.

Then, I is a non-empty subinterval of (sg(A), 00), and [ is closed in (sg(A), 00) by
the continuity of the resolvent. It suffices to show that 7 is also open, so let A € I.
For all x in a sufficiently small left neighbourhood of A, we can represent R(u, A)
by means of the Taylor expansion

o0

R, A) =Y (k= "R, A"
n=0

so R(u, A) > 0 for those w. This proves that / is indeed open, and hence equal to
(sr(A), 00). In particular, the resolvent is positive on the latter interval.

The fact that © — R(u, A) is decreasing on (sr(A), 00) is now easy to see: the
resolvent is analytic, and its derivative at any point u € (sg(A), oo) is given by
—R(u, A)* 0.

(b) Let x € dom (A). Choose a real number A in the resolvent set of A such that
R(X, A) > 0. Since X is generating in X, we can decompose the vector (A — A)x
as (A — A)x = y — z for two vectors y, z € X 7. Hence,

x=RM, A)(A —A)x =R, A)y — R(A, A)z € dom (A)T — dom (A)",

which proves the assertion.

(c) and (e) These results can, for instance, be found in [3, Proposition 3.11.2] (note
that the assumption that the cone be generating is not explicitly mentioned there since
the authors of [3] define the notion ordered Banach space in a way that the cone is
always generating).

(d) This follows immediately from (c). O

The proof of Proposition 2.1 (a) is an adaptation of an argument from [19, Propo-
sition 4.2]. For the sake of easier reference, we explicitly restate parts (a) and (b) of
the previous proposition for the case of positive Cp-semigroups:

Corollary 2.2. Let (X, XT) be an ordered Banach space andlet A : X O dom (A) —
X generate a positive Co-semigroup on X. Then, A is resolvent positive and hence
the following assertions hold.
(a) The inequality R(A, A) > R(u, A) > 0 holds for all real numbers . < p in
the interval (sr(A), 00) (and thus, in particular, in the interval (s(A), 00)).
(b) If X is generating, then dom (A)™ is generating in dom (A), i.e. dom (A) =
dom (A)T — dom (A)™.
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Proof. If A € Rislocated on the right of the growth bound w (A), then R (A, A) can be
represented as the Laplace transform of the semigroup and is hence positive. Therefore,
A is resolvent positive. Hence, the claims (a) and (b) follow from Proposition 2.1. [J

To the best of our knowledge, positivity of the resolvent on the right of the spectral
bound has only been shown in the literature so far if the cone X is normal and gen-
erating: in this case one has s(A) = sr(A) and one does not need the connectedness
argument from the proof of Proposition 2.1(a) since the Laplace transform represen-
tation of the resolvent converges (as an improper Riemann integral) on the right of
s (A) rather than only on the right of the growth bound [12, Theorem 2.4.2(2)].

We close this subsection with two examples which show that Proposition 2.1 (¢)—
(e) does not remain true, in general, if one drops the assumption that the cone X is
normal. The examples are adaptions of a classical example of Bonsall [13, Example (iv)
on pp.57-58] which shows that the spectral radius of a positive operator need not be
a spectral value if the cone is not normal.

Examples 2.3. Let Q C C be a bounded domain, which is symmetric with respect
to reflection at the real axis; note that this implies Q2 N R # @. Let A(2) denote the
space of all continuous functions Q — C which are holomorphic inside Q. This is
a complex Banach space with respect to the sup norm. Let X € A(2) denote the
subset of those functions that are real-valued on Q2 NR. Then, X is a real Banach space
with respect to the sup norm and A(£2) is the complexification of X. Indeed, for every
f € A(R) the function f* given by f*(z) := f(z) for all z € Q is well-defined due
to the symmetry of @ and belongs to A(2), and we have f = g + ig>, where the
functions g := %( f+f*and g := %( f— %) arein X. Moreover, the intersection
X NiX is {0} by the identity theorem for holomorphic functions.

Now let S € Q N R be a set which has an accumulation point in  and let X
consist of those functions in X which map S into [0, co). This is a closed cone in X
by the identity theorem for holomorphic functions, so (X, X ™) is an ordered Banach
space.

It follows from 1g € X that the cone X is generating (and even has an interior
point, see Lemma 4.1). However, X is not normal. To see this, choose a point zy €
€ N R and define functions f, € X by f,(z) = sin (n(z — z0)) + 1 for each z € Q
and each integern > 1. Then 0 < f;,, < 2 1 for each n (note that the inequalities are,
are usual, meant with respect to the order generated by X*,s00 < f, <2 15 means
0 < fu(z) <2forall z € § € Q2 NR). However, since sin is unbounded on C, one
has sup, [| fullo = 00

Now let the operator Ac € L(A(2)) be given by (Acf)(z) = zf(z) forall f €
A(Q) and all z € Q. Then, Ac leaves X invariant and is the complex extension of the
operator A := Ac|x. One can easily check that the spectrum of Ac—and hence of
A—equals Q. Moreover, A is positive if and only if § C [0, 00).

Let us now consider two more specific situations:
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(a) Let 2 be a subset of the right half plane which satisfies
sup(2NR) < sup{Rez: z € 2}.

Then, A is positive since S € € N R is contained in (0, co) and hence A is
resolvent positive as a consequence of the Neumann series representation of
the resolvent. One has sp(A) = sup(2 N R) and s(A) = sup{Rez : z €
Q}. So sp(A) < s(A) and s(A) is not a spectral value of A. This shows that
Proposition 2.1 (c) and (d) does not remain true, in general, if X T is not normal.

(b) LetQ:={z € C: 1 <|z—2| < 2}andchoose S := (0, 1). Then, A is positive
and hence resolvent positive. Moreover, the number s(A) = sp(A) = 41is a
spectral value of A. At the number 2 € p(A), the resolvent of A is given by
RR2,A) f(z) = ﬁf(z) forall f € A(RQ2) andall z € Q. Since ﬁ > 0 for all
z € § = (0, 1), it follows that R(2, A) is positive despite 2 < sp(A) = s(A).
This shows that Proposition 2.1 (e) does not hold, in general, if the cone is not
normal.

2.4. Stability of Cp-semigroups

The main purpose of this article is to characterize for resolvent positive operators
A, in a variety of situations, the property s(A) < 0. The motivation for studying this
property is as follows:

Let us first consider a Co-semigroup (e’4);>o with the generator A on a Banach
space X. An important stability property of semigroups is the uniform exponential
stability: a semigroup (e’A),Zo is called uniformly exponentially stable, if there are
numbers M, a > 0, such that

HetAH < Me forallt > 0.

It is not hard to see that uniform exponential stability of the semigroup implies that
s(A) < 0; see, for instance, [66, Proposition 1.2.1]. At the same time, the converse
implication does not hold in general, even for Cy-groups on Hilbert spaces, see [66,
Example 1.2.4] or [26, Section IV.3]. Even if s(A) = —oo, the semigroup does not
need to be uniformly exponentially stable [17, Exercise 4.13]. This behaviour is due
to a failure of the spectral mapping theorem for general Cy-semigroups; for a detailed
explanation of this, we refer, for instance, to [26, Section IV.3].

On the other hand, for many classes of semigroups the spectral bound s(A) is
equal to the growth bound w(A) of the semigroup. If this is the case, one says that
T satisfies the spectrum determined growth property [17, p. 161]. A notable class of
Co-semigroups that satisfy the spectrum determined growth assumption are eventually
norm-continuous semigroups [26, Theorem 1.10, p. 302], and thus, as a special case,
analytic semigroups. For a very general condition that implies equality of the spectral
bound and the growth bound, we refer to [47, Corollary 1.4(i)], where semigroups that
are norm continuous at infinity are studied.
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2.5. Stability of positive Cp-semigroups

Positivity of semigroups enters the game due to the following two reasons:

(1) On many important spaces, every positive semigroup has the spectrum deter-
mined growth property. This is, for instance, true on L”-spaces for p € [1, 00)
(see [68] or [69, Theorem 1] or, for a strong simplification of the proof, the
recent article [67]), and also on many spaces of continuous functions (see, for
instance, [52, Theorem B-IV—1.4] or, for a more recent and simpler argument,
[6, Theorem 1]). See also Subsection 3.4.

(2) Positivity provides us with ways to show the property s(A) < 0 withoutexplicitly
computing or estimating the spectrum of A.

The focus of the present article is on point (2). Our results apply to a slightly more
general situation than described above. We do not only focus on the case where A
generates a positive Co-semigroup. Instead, we consider the more general situation
where A is a resolvent positive operator. One advantage of this approach is that resol-
vent positive operators are closely related to integrated semigroups, a more general
concept than Cp-semigroups; just as for the Co-semigroup case, stability properties
of integrated semigroups are strongly tied to the spectrum of their generator (see, for
instance, [24, Theorem 6.1]), which is why the inequality s(A) < 0 is also of interest
for operators A that do not generate Co-semigroups.

3. Spectral stability of resolvent positive operators

In this section, we characterize the condition s(A) < 0 for resolvent positive op-
erators acting on ordered Banach spaces with generating and normal cones. In view
of the preceding discussion, this is relevant in order to establish uniform exponential
stability of linear systems. Characterizations under different assumptions on the cone
will be given in the subsequent sections.

3.1. A characterization of spectral stability

For a subset S and a vector x in a Banach space X, we denote by
dist(x, S) :=inf {|[x — y||: y € S}
the distance from x to S. We proceed to our first main result:

Theorem 3.1. Let (X, X ™) be an ordered Banach space with generating and normal
cone and let A : X O dom (A) — X be a resolvent positive operator. Then, the
following assertions are equivalent:

(i) Spectral stability: The spectral bound of A satisfies s(A) = sr(A) < 0.
(ii) Positive resolvent at0: The operator A : dom (A) — X is bijective and —A~" =
R(0, A) is positive.
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(iii) Monotone bounded invertibility property: There exists a number ¢ > 0 such that
—Ax <y = |xl=clyl

forall0 < x edom (A)andall0 <y € X.
(iv) Uniform small-gain condition: There exists a number n > 0 such that

dist(Ax, X1) = n x| forall0 < x € dom (A). 3.1
(v) Robust small-gain condition: There exists a number & > 0 such that
(A+P)x #0

whenever x is a positive nonzero vector indom (A) and P : X — X is a positive
linear operator of norm | P|| < e.
(vi) Rank-1 robust small-gain condition: There exists a number ¢ > 0 such that

(A+P)x #0

whenever x is a positive nonzero vector indom (A) and P : X — X is a positive
linear operator of norm || P|| < € and of rank 1.

For some background information about the terminology small-gain condition, we
refer to Subsection 3.2.

Let A: X D dom(A) — X denote a closed linear operator. If A is a scalar and
(x;) € dom (A) is a sequence of vectors such that ||x, | x = 1 for each n and

A—Ax, >0 inX,

then A is called an approximate eigenvalue of A, and (x,,) is called an approximate
eigenvector associated to A. Every approximate eigenvalue of A is in the spectrum of
A.

To prove Theorem 3.1, we need the following lemma.

Lemma 3.2. Let (X, X1) be an ordered Banach space with generating cone and let
A : X D dom (A) — X be a resolvent positive operator. Assume that A has at least
one spectral value in R.

Then, sg(A) is an approximate eigenvalue of A, and there exists an associated
approximate eigenvector that consists of positive vectors.

The proof is a simple adaptation of [26, Proposition IV.1.10]. In [33, Lemma 3.4],
we gave a similar argument to obtain the lemma for the special case of bounded positive
operators (note that normality of the cone that is assumed in this reference, is only
needed there to ensure that the spectral radius is in the spectrum). Still, we include the
details here to be more self-contained.
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Proof of Lemma 3.2. First note that sg(A) is a spectral value of A since the spectrum
is closed. Now, choose a sequence (s,) of real numbers such that s, | sr(A); then
we have | R(s,, A)|| — oc. Hence, we can find a sequence of normalized vectors
wy € X such that |R(s,, A)w,| — oo.

Using that the cone is generating we can, according to (2.1), find M > 0 such that
for each n € N there are v,,, b, € X7 satisfying

Wy =V, — b, and vl S Mlwyll =M and ||b,|| < M|w,|l =M.

If both sequences ( IR (sp, A)vgll )n and ( R (sn, A)by|l )n are bounded, then by the
triangle inequality also the sequence (||’R(s,,, A)wy || )n must be bounded, which
is not true. Hence at least one of these sequences—Ilet us say ( IR (sp, A)vgll )n—
is not bounded. Thus, we can find a subsequence (v, )r of (v,), such that By :=
||R(s,,k, A)vy, ” — 00 as k — o0o. By dropping finitely many elements of our se-
quence if necessary, we may assume that 8; > 0 for each k.

We now obtain the desired approximate eigenvector (xi) by setting

1
Xk = — RSy, Aoy, keN.
Bk

Clearly, each x; is normalized, and it is also in the cone X T since R(sn,, A) is positive
according to Proposition 2.1(a). Finally, (x¢) is indeed an approximate eigenvector for
sr(A) since we have

1
(sR(A) — A)xp = (sR(A) — spy )Xk + B Um 0

as k — oo; here we used that 8y — oo and that the sequence (v, ) is bounded.  [J
Now we can show Theorem 3.1:

Proof of Theorem 3.1. ““(1)=(ii)” By Proposition 2.1(d), one has sg (A) = s(A). Thus,
Proposition 2.1(a) shows the claim.

“Gi)=(i)” If —Ax < yfor0 < x € dom(A) and 0 < y € X, then it follows
from the positivity of R(0, A) that 0 < x < R(0, A)y. So the monotone bounded
invertibility property follows from the boundedness of R (0, A) and the normality of
the cone.

“(iii))=>(iv)” Let 0 < x € dom (A) and let ¢ > 0. There exists a vector z € X
such that

dist(Ax, XT) +& > |[Ax — z|.

We can decompose the vector Ax — z as Ax — z = u — v for positive vectors u, v that
satisfy the norm estimate

lull, vl < M |Ax — z|| < M dist(Ax, XT) + Me;



12 Page 12 of 49 J. GLUCK, A. MIRONCHENKO J. Evol. Equ.

here, M > 0 is the constant from (2.1). Now we can estimate the vector —Ax as
—Ax=v—u—z=<v,
so the monotone bounded invertibility property implies that
lxll < cllvll < eMdist(Ax, XT) + cMe.

Since ¢ was arbitrary, this implies the uniform small-gain condition with constant
n=1/(cM).

“{Av)=(v)” Set ¢ = /2. Let P : X — X be a positive linear operator of norm
at most ¢ and let x € X1 be a nonzero vector. Then, the distance between Ax and
(A 4+ P)x is given by

[Ax — (A + P)x|| = [|Px|| < ellx]l <nllxll,

where we used x # 0 for the strict inequality at the end. Hence, (A + P)x cannot be
positive due to the uniform small-gain condition.

“(v)=(vi)” This implication is obvious.

“(vi)=(i)” Let ¢ > 0 be as in (vi) and assume towards a contradiction that s(A) >
0. Since the cone X is generating and normal, s(A) is a spectral value of A (see
Proposition 2.1(c)) and thus coincides with sg (A). Hence, Lemma 3.2 yields that s (A)
is an approximate eigenvalue of A and that there exists a corresponding approximate
eigenvector (x,) that consists of vectors 0 < x,, € dom (A) such that ||x,| = 1 and
(s(A) — A)x, — 0asn — oo. For each n, we find vectors y,, z, € XT such that

(A —=5(A)xn = yn — Zn,

and according to (2.1), we can choose these vectors such that y,, z, — 0 asn — oo.
Now let M’ > 0 be the constant from (2.1), but for the dual space X'; this constant
exists since the cone in Xt is normal, so the dual cone is generating [43, Theorem 4.5].
As z, — 0, there exists an index ng such that M’ ||zn0 ” <e.

It is not difficult to see that there exists a functional 0 < 7’ € X’ of norm at most M’
such that (7', x,,) > 1 (we refer to [33, Lemma 3.5] for a detailed proof of this). Now
we define a positive rank-1 operator P : X — X by the formula Pv = (z/, v)z,, for
eachv € X.

This operator P has norm || P| = ||z’H Hzno || <M ||zn0 H < &. But on the other
hand, as we assumed s(A) > 0,

Axpy + Pxpy = (A — 5(A))xy, + Pxp,

/
= Yng — Znp t+ (2", x110>Zn0 = —Zny + Zng = 0.

This contradicts the rank-1 robust small-gain condition. 0
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3.2. The finite-dimensional case revisited

Let us briefly compare Theorem 3.1 with a classical result in finite dimensions. Let
(X, X™T) be a finite-dimensional ordered Banach space with generating cone (normal-
ity is automatic in finite dimensions) and let A : X — X be a linear operator such
that e’ is positive for each ¢ > 0 (equivalently: A is resolvent positive). Stern proved
in [63, Corollary 1.6] that s(A) < 0 if and only if

Ax #0 forall x e X\ {0}. (3.2)

Due to the occurrence of similar conditions in so-called small-gain theorems for the
stability of networks (see, for instance, [20,36,49]), we call (3.2) a small-gain condi-
tion.

In infinite dimensions, the condition (3.2) is not sufficient to guarantee that s(A) <
0, as each of the following simple examples shows:

Examples 3.3.  (a) Equip the space L*>(R) with the pointwise almost everywhere
order and let (¢4),>( denote the left shift semigroupon X = L*(R),i.e.e'4 f =
f(-+1)forall f € L2(R)andeachs > 0. The domain of A is the Sobolev space
H'(R)andonehas Af = f’foreach f € H'(R).Ifafunction0 < f € H'(R)
satisfies f/ = Af > 0, then f is increasing and hence f = 0 as f € L*(R).
Therefore, Af # 0 for all nonzero 0 < f € dom (A). Yet, one has s(A) = O:
by using the Fourier transform one can see that o (A) = iR.

(b) Endow X := ¢2(N) with the pointwise order, let R € L£(X) denote the right
shift and let A := R — %id. As R is positive it is resolvent positive and hence,
A is resolvent positive, too. If x € X * satisfies Ax > 0, then

1
0, x1,x2,...) > z(xl,xz,x&-.-),

so x = 0. This shows that A satisfies the condition (3.2). Yet, the spectrum of R
is the closed unit disc and hence s(A) = % > 0.

Yet, Theorem 3.1 shows that the small-gain condition (3.2) can be replaced with
the uniform small-gain condition (3.1), which is indeed equivalent to s(A) < 0. It is
worthwhile to explain the relation between the conditions (3.1) and (3.2) at an intuitive
level: for positive x, the condition Ax # 0 from the small-gain condition (3.2) can be
rewritten as dist(Ax, XT) > 0, and the uniform small-gain condition (3.1) is simply
a uniform version thereof.

In finite dimensions, it easily follows from a compactness argument that the con-
ditions (3.1) and (3.2) are equivalent (alternatively, this also follows from the above
quoted [63, Corollary 1.6] and from Theorem 3.1 since both conditions are equivalent
tos(A) < 0).

3.3. Single operators vs. Co-semigroups

Theorem 3.1 gives characterizations for the negativity of the spectral bound of resol-
vent positive operators and thus in particular for generators of positive Cp-semigroups.
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Those characterizations are the counterparts for the small-gain criteria of stability of
discrete-time semigroups shown recently in [33]. In particular, a counterpart of The-
orem 3.1 says (among other statements) the following (see [33, Theorem 3.3]):

Theorem 3.4. Let (X, XT) be an ordered Banach space with generating and normal
cone and assume that T € L(X) is a positive operator. Then, the following assertions
are equivalent:

(i) The spectral radius of T satisfies r(T) < 1.
(ii) There is a number ¢ > 0 such that one has

Wd-T)x=y = lxl=clyl.

forallx,y € XT.
(iii) There exists a number n > 0 such that for each x € X+

dist (T —id)x, X¥) > nlx] .

Note that, since in Theorem 3.4 the cone X is generating and normal, the positivity
of T implies that r(T') is a spectral value of T (see, for instance, [60, paragraph 2.2
on p. 311]), and hence r(T) = sr(T) = s(T). Hence, the condition r(T) < 1 1is
equivalent to (7" —id) < O.

After this reformulation, looking at Theorems 3.1 and 3.4, we see that the statements
of Theorems 3.1 are “translated” into the statements of Theorems 3.4 by substituting
T — id instead of A. This difference can be understood by noting that mimicking the
definition of the infinitesimal generator of a strongly continuous semigroup, the role of
the “infinitesimal generator” for the discrete-time semigroup {7* : k € Z.} is played
by T —id.

3.4. Equality of the spectral and growth bound

Let (e'4),>0 be a positive Co-semigroup on an ordered Banach space with nor-
mal and generating cone. Theorem 3.1 characterizes the property s(A) < 0. This is
equivalent to /4 — 0 in operator norm as r — oo if the semigroup has the spectral
determined growth property s(A) = w(A). As explained in Subsection 2.5 this prop-
erty is, for instance, satisfied for positive semigroups on L”-spaces. The following
theorem gives another sufficient condition for this property. A set S in an ordered
Banach space (X, X ™) is called order bounded if there exist points x, y € X such that
S < [x,yl

Theorem 3.5. Let (X, X ) be an ordered Banach space with generating and normal
cone and let A : X D dom (A) — X generate a positive Co-semigroup on X. Let
0 < 19 < t; and assume that the set {etAf . t € [ty, 111} is order bounded for each
f € X. Then, s(A) = w(A).
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Proof. Since replacing A with A — cid for any number ¢ € R does not change the
order boundedness assumption, it suffices to prove that if s(A) < 0, then w(A) < 0
(by a similar argument as in Corollary 4.9). So assume that s(A) < O.

First, we will show that the orbit {e’ Ayt > 0} is norm bounded for every x € X +.
From this fact and the assumption that X is generating, it then follows that the orbit
of each vector in X is norm bounded and by the uniform boundedness principle, we
thus get boundedness of the semigroup, so w(A) < 0.

So fix x € XT. We will use the following known result: since the cone X is
assumed to be normal and generating, the resolvent R (0, A) is given by

o0
R0, A)x = / ¢Ax ds foreach x € X,
0
where the integral converges as an improper Riemann integral [12, Theorem 2.4.2(2)].

Due to the order boundedness assumption, there exists a vector y € X such that
0<edy < y forallt € [ty, t1]. For every ¢t > t1, this implies

A 1 i A sA 1 i A
e'x = f U4 AY (s < / =94y ds
I — 1o Jy I — 1o Jy
1 4 1
< e"yds = ——R(0, A)y.
h—1o Jo h—1

As the cone is normal, this implies that {e’ Ax it > t1} is norm bounded and hence,
{e! Ayt > 0} is norm bounded, too, as claimed. O

In the special case where X is a Banach lattice and #y = 0, Theorem 3.5 was proved
in [32, Theorem 3.1]. Our proof is an adaptation of the proof in this reference, which
is in turn an adaptation of the proof of [6, Theorem 1]. Theorem 3.5 contains various
known results as special cases:

Examples 3.6. Let (e’ A)tzo be a positive Cp-semigroup on an ordered Banach space
(X, X*) and assume that the cone X is normal and generating. Each of the following
conditions implies that s(A) = w(A).
(a) The cone X has non-empty interior. In this case, proofs of s(A) = w(A) can,
for instance, be found in [4, Theorem 5.3] or [2, Corollary 2.3].
The result is a special case of Theorem 3.5 since the existence of an interior
point of X+ implies that every norm bounded set in X is order bounded, see
Lemma 4.1. We will give another proof of the equality s(A) = w(A) for XT
with non-empty interior in Corollary 4.9.
Typical examples of spaces X in which the cone has non-empty interior are
spaces C(K) of continuous functions on compact Hausdorff spaces K and the
self-adjoint parts of unital C*-algebras.
(b) Every compact set in X is order bounded.
This is equivalent to so-called a-directedness of X, see [70, Theorem 1], and the
equality s(A) = w(A) on such spaces was proved in [11, Theorem 4] and [12,
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Corollary 2.4.5]. The equality is also an immediate consequence of Theorem 3.5
since the set {e’ A f : t €0, 1]} is compact and thus, due to the assumption on
X, order bounded for each f € X.

Typical examples of such spaces X are spaces Co(L) of continuous functions
that vanish at infinity on locally compact Hausdorff spaces L and the self-adjoint
parts of arbitrary C*-algebras.

(c) There exists a time 7o > 0 and a vector 4 € X such that the range 04X is
contained in the so-called principal ideal X := U.c(o.00)[—Ch, chl.

In the special case where X is a Banach lattice, a proof of s(A) = w(A) in this case
can be found in [52, Theorem C-IV—1.1(b) on p. 334]. In the general case, the equality
follows from Theorem 3.5 by the following argument:

Since X is normal, one can show that X}, is a Banach space with respect to the
so-called gauge norm | - ||;, given by ||x||;, := min{c > 0 : x € [—ch, ch]} for all
x € Xj. Moreover, also by the normality of the cone, X; endowed with this norm
embeds continuously into X. It thus follows from the closed graph theorem that ¢4
is a continuous operator from X to X. So we conclude from the semigroup law that,
for each f € X, the set {'Af : t € [tg, to + 1]} is norm bounded in X, and hence
order bounded in X.

We point out that the equality s(A) = w(A) for generators of positive semigroups
does not hold on general ordered Banach spaces with normal and generating cone;
see, for instance, [3, Example 5.1.11] for a counterexample.

4. Stability if the cone has interior points

In this section, we consider the case where the cone in an ordered Banach space
(X, X™) has non-empty (topological) interior and show a similar result as Theorem 3.1
for this case; the point is that the additional assumption on the cone allows for char-
acterizations of s(A) by a priori weaker statements. Moreover, it gives us equality of
the spectral and the growth bound of positive semigroups, as pointed out in Exam-
ple 3.6(a).

Note that the assumption that the cone X has non-empty interior is rather strong;
it is, for instance, satisfied for spaces of continuous functions over compact sets, and
for L®-spaces, but it is not satisfied on L”-spaces for p < oo, unless the space is
finite-dimensional.

We will need the following well-known equivalences. For a more detailed discus-
sion, we refer, for instance, to [34, Definition 2.4(iii) and (v) and Proposition 2.11].

Lemma 4.1. Let (X, X ™) be an ordered Banach space and let 7 € X . The following
statements are equivalent:

(i) The vector 7 is an element of the topological interior of X T.
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(ii) The vector z is an order unit, i.e. for each 'y € X there exists ¢ > 0 such that
7= €y.
(iii) There is ¢ > 0, such that for all y € X with ||y| < ¢, we have —7 <y < z.

For two vectors x, y € X, we write x < y (or y > x) if there exists an interior
point z of X such that x +z < y.
We will need the following result about the existence of dual eigenvectors:

Proposition 4.2. Let (X, X) be an ordered Banach space and suppose that the cone
X is normal and has non-empty interior. Let A : X D dom (A) — X be a densely
defined resolvent positive linear operator.

Then, the spectral bound s(A) satisfies s(A) > —oQ, it is an eigenvalue of the dual
operator A’, and there exists a corresponding eigenvector 0 < 7/ € dom (A/ )

Our proof of the proposition is a simple adaptation of an analogous result for pos-
itive operators in [58, Eigenvalue Theorem on p.705]. We need the following simple
observation: we can identify the square X’ x X’ with the dual of the Banach space
X x X by identifying each pair (x’, y') € X’ x X’ with the functional

XxX30x, )= &, x)+ O,y eR.

By means of this identification, X’ x X’ carries a weak*-topology, which is easily seen
to coincide with the product topology of the weak*-topology on X'.

Proof of Proposition 4.2. 1t was shown in [4, bottom of page 174] that o (A) is non-
empty, so s(A) > —oo. As A is densely defined, the dual operator A’ : X' D
dom (A’) — X’ is well-defined. Furthermore, 0 (A’) = o (A) and thus s(A’) = s(A)
(see [71, Theorem 2 on p.225]). As for . € (s(A’), +00) we have that R(u, A") =
(R(u, A)) [71, Theorem 2 on p.225], and since the dual of a positive operator is
again positive, we obtain that A’ is resolvent positive on the ordered Banach space
(X', (X")"), with s(A") = s(A).

Since the dual cone (X’)" is generating and normal, it follows from Proposition 2.1
(d) that s(A") = sr(A’). Hence, it follows from Lemma 3.2 that s(A’) is even an
approximate eigenvalue of A’ with an approximate eigenvector (x/,) in (X')*.

As ||lx/|| = 1 foralln € N, by the Banach—Alaoglu theorem [16, Theorem V.3.1 on
p. 130] there is a weak*-convergent subnet of (x],), whose weak™*-limit we denote by
7/ € (X’)*. Since the graph of A’ is weak*-closed in X’ x X’ [65, Proposition 1.1.1],
it follows that 7/ € dom (A/) and A'7 = s(A)7.

So it only remains to show that z’ is nonzero. To this end, fix an interior point z € X
of XT. Then, there exists a number ¢ > 0 such that the order interval [—z, z] contains
B. :={x € X : ||x|| < &}; see Lemma 4.1(iii). This implies that for each x" € (X’)™
and each x € B,

(x/9 _Z> S <-x/7x) S (x/y Z)9
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and thus

(', z) > sup [ x) = |x'].

Hence, we have (x,, z) > e for each n and thus, (z/, z) > ¢, so 7’ is indeed nonzero.
O

Resolvent positivity does not guarantee that the resolvent maps the interior of X
into itself. The next proposition gives a simple yet useful characterization of this

property.
Proposition 4.3. Let (X, X*) be an ordered Banach space with int (X*) # (. Let
A : X D dom (A) — X be a resolvent positive linear operator and ). > sp(A). The
following statements are equivalent:

(i) R(r, A) maps int (XT) into int (X7T).

(ii) D(A) Nint (XT) # @.

Proof. “(i)=>(ii)” This is clear, as D(A) = R(A, A)X and int (XT) # 0.

“(i))=(i)" Let z € D(A) Nint (XT). Then, there is x € X such that R(A, A)x = z.
Let y be an arbitrary interior point of X. By Lemma 4.1(ii), there is & > 0 with
y > ex. As A is resolvent positive, by Proposition 2.1(a), R(A, A) is a positive
operator, and thus

R(A, A)y > eR(A, A)x = e7 > 0,

which proves (i). O

Note that, if X+ has non-empty interior, every densely defined operator A (and thus,
for instance, every generator of a Co-semigroup) satisfies condition (ii) in Proposi-
tion 4.3. On the other hand, it is easy to find operators that do not satisfy the equivalent
conditions of the previous proposition (and are thus not densely defined). Here is an
example:

Example 4.4. Endow the space £ with the usual cone £ of sequences that are non-
negative in each component. Clearly, £Z, has non-empty interior. The multiplication
operator A : o, 2 dom (A) — { that is given by

dom (A) = {x = (Xp)neN € oo : (—NXp)neN € €oo} s

Ax = (=nxp)peN

has spectral bound s(A) = —1 and is resolvent positive, but dom (A) does not contain
any interior points of £ .

We note in passing that, as the operator A in the previous example is not densely
defined, it does not generate a Cp-semigroup. (And in fact, all Cy-semigroups on £*°
have bounded generator [52, Theorem A-11—-3.6(2)].)

We will exploit also the following result, which is closely related to [4, formula (5.2)
in Theorem 5.3] and [33, Proposition 3.9]:
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Proposition 4.5. Let (X, XT) be an ordered Banach space with int X+ # () and let
A : X Ddom (A) — X be adensely defined resolvent positive linear operator. Then,

sr(A) > inf {1 € [0, 00) : Ix € int (XT) Ndom (A) s.t. Ax < Ax}.

Proof. Let . > sgp(A). Then, A is in the resolvent set of A and, as A is a resolvent
positive operator, Proposition 2.1(a) implies that R(A, A) is a positive operator.

Take an arbitrary point y € int (XT) and define x := R(A, A)y € dom (A)*.
As A is densely defined, clearly D(A) Nint (XT) # @, so by Proposition 4.3, x €
dom (A) Nint (XT). Now, we estimate Ax as

Ax = (A= 2id+A1id) R(A, A)y = —y + AR (A, A)y = —y + Ax K Ax.

This completes the proof. O

Remark 4.6. If the cone X7 is in addition normal, then a stronger counterpart of
Proposition 4.5 holds, see [4, Theorem 5.3].

The following theorem, which characterizes the stability of resolvent positive oper-
ators in case that X has non-empty interior, complements [33, Theorem 3.10], where
powers of positive operators are considered.

Theorem 4.7. Let (X, X™) be an ordered Banach space and suppose that the cone
X is normal and has non-empty interior. Let A : X 2 dom (A) — X be densely
defined and resolvent positive linear operator.

Then, A generates a positive Cy-semigroup on X, and the following assertions are
equivalent:

(i) Spectral stability: The spectral bound of A satisfies s(A) < 0.
(ii) Dual small-gain condition: For each nonzero 0 < x" € dom (A’), we have

A'x" #0.
(iii) Interior point small-gain condition, first version: For every interior point z of
X7, there is a number n > 0 such that

Ax # —nllxllz  forall nonzero x € dom (AT “.1)

(iv) Interior point small-gain condition, second version: There exists an interior point
z of Xt and a number n > 0 such that

Ax # —nlxllz  forall nonzero x € dom (A)*. 4.2)

(v) Strong decreasing property, first version: There exists an interior point 7 of X+
belonging to dom (A) such that Az < 0.

(vi) Strong decreasing property, second version: There exists an interior point z of
X belonging to dom (A) and a number ). < 0 such that Az < Az.

(vii) Strong stability: For each x € X we have "4 x — 0 ast — oc.
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(viii) Weak attractivity on the cone: For each x € X, we have inf;>¢ ||e’Ax || =0.
(ix) Uniform exponential stability: The growth bound of the semigroup (e'*);=¢
satisfies w(A) < 0.

Proof. The factthat A generates a positive Co-semigroup is shown in [4, Theorem 5.3].
Let us now prove that claimed equivalences.

“(i)=(ii)” Since s(A) = s(A") < o0, it follows from Proposition 2.1(a) that
R(0, A") = R(0, A)’ > 0. Assume now that 0 < x” € dom (A’) and that A’x’ > 0.
By applying the positive resolvent R(0, A’) to this inequality, we obtain —x" > 0, so
x" < 0. Since x" was assumed to be positive, it follows that x" = 0.

“(il)=(i)” Assume that the number s(A) = s(A’) is at least 0. According to Propo-
sition 4.2, s(A’) is an eigenvalue of A" with an eigenvector 0 < 7z’ € dom (A’).
Hence,

A =s(Ah7 =0,

which contradicts (ii) since 7’ is positive and nonzero.
“(i)=-(ii1)” In view of Theorem 3.1(iv), the condition s (A) < O implies the uniform
small-gain condition, i.e. there is 77 > 0 such that

dist(Ax, XT) > n x|l for all x € dom (4)™T . “4.3)

Let z be an interior point of X. We show that (4.1) holds with 7 := % Indeed,
suppose that (4.1) fails for this 5. Then, there exists a nonzero vector x € dom (A)™
such that Ax + n ||x|| z > 0. Hence,

dist(Ax, X*) < | Ax = (Ax 4 lx)2) | = J Il

This together with (4.3) can only hold if x = 0, so we arrived at a contradiction.

“(@ii)=-(iv)” This implication is obvious.

“(iv)=(@1)” In view of Theorem 3.1(iv), it suffices to show that the uniform small-
gain condition holds. Solet z € int (X*) and > 0 be as in (iv). For the interior point
z of X pick a corresponding number ¢ > 0 as in Lemma 4.1(iii). We show that the
uniform small-gain condition (4.3) holds with 7 := c¢n. Indeed, suppose that this is
not the case. Then, there is x € dom (A)™ such that

dist(Ax, XT) < en x| .

Thus, x # 0 and thereis y € X such that ”’:)ﬁ;”y” < c. By the choice of ¢, we obtain

Ax = Ax —y = —nllx]z,

which contradicts (iv).

“(i)=(v)” This implication follows by Proposition 4.5.

“(v)=>(vi)” Take z as initem (v). As —Az € int (X*), by Lemma 4.1 thereis A < 0
such that —Az > —\z, which implies that Az < Az.
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“(vi)=-(vii)” Let z be an interior point of X that is an element of dom (A) and
assume that Az > Az for a real number A < 0. From this estimate, we first de-
rive a corresponding estimate for the resolvent of A, and then—by means of Euler’s
formula—an estimate for the semigroup generated by A:

For each real number © > max{s(A), 0} the resolvent R(u, A) is positive by
Proposition 2.1 (a), so we obtain

AR, A)z > R, A)Az = —z + uR(u, Az,

which implies that

n n
Fzz pR(u, Az andhence  (——) 2= (WR(u,4)) =
A nw—A
for each n € Ny. Now, fix a time ¢ > 0. If n € N is such large that n/t > s(A), then
the preceding inequality yields, by substituting u = n/t,

(1-3) = Grea)

The left hand side converges to ¢/*z as n — oo, and the right-hand side converges to
e'4z as n — oo by Euler’s formula for Co-semigroups [26, Corollary I11.5.5].

Hence, e!4z < e'*z for each r > 0. Since A < 0, this implies that ¢’4z — 0 as
t — o0.

As z is an interior point of X +, there is a nonzero multiple of the unit ball in X
which is contained in the order interval [—z, z], see Lemma 4.1. Tshe normality of the
cone thus implies that we even have ¢’4x — 0 as r — oo for each x from the unit
ball, and by linearity of the semigroup, the same holds for all x € X.

“(vii)=>(viii)” This implication is obvious.

“(viii)=(ix)” Let z be an interior point of X*. By multiplying z with a positive
scalar if necessary, we may assume that the unit ball in X is contained in the order
interval [—z, z], see Lemma 4.1. Moreover, due to the normality of the cone, there
exists anumber C > 0 for which the inequality (2.2) holds. Now, choose a time 7y > 0
such that ||e’0Az H < % For each x in the unit ball of X we have by positivity of the
semigroup that e04 Az e4z], so

x € [—e0z,e

1
>

e x H <C

]
Hence, the operator ¢/4 has norm at most % which proves that the n-th powers of e04
converge to 0 with respect to the operator norm as n — co. Since the Cp-semigroup
(e A)tzo is operator norm bounded on the compact time interval [0, 7o], we thus obtain
e'4 — 0 with respect to the operator norm as t — 00.

“(ix)=-(1)” This implication is a consequence of the general fact that the spectral
bound of a semigroup generator is dominated by the growth bound of the semigroup
[26, Corollary 11.1.13]. O
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The fact, mentioned in the theorem, that a resolvent positive and densely defined
linear operator generates a positive Co-semigroup, is a consequence of the normality of
the cone and of the existence of an interior point of the positive cone [4, Theorem 5.3];
this is not true for more general ordered Banach spaces.

The equivalent condition (ii) in Theorem 4.7 is particularly nice since it does not
require any kind of uniform estimate (in contrast to condition (iv) in Theorem 3.1).
The following simple example, which is an adaptation of Example 3.3(a), shows that
the equivalence of (i) and (ii) in Theorem 4.7 does not hold in general, if X has empty
interior.

Example 4.8. Let (e’A),zo denote the right shift semigroup on X = L2(R), ie.
eAf = f(- —1) forall f € L2R) and all r > 0. Here, we endow L2(R) with
the pointwise almost everywhere order. The domain of the generator A is the Sobolev
space H'(R) and A acts Af = — f' forall f € H'(R). The dual operator A’ also has
domain H'(R) and one has A’ f = f’ foreach f € H'(R).

Soif 0 < f € HY(R) satisfies f' = A’f > 0, then f is increasing and hence
f = Osince f € L?(R). This shows that condition (ii) in Theorem 4.7 is satisfied.
However, one has s(A) = 0 since one can see by a Fourier transform argument that
o(A) =iR.

As animmediate consequence of Theorem 4.7, one re-obtains the following classical
result which we already discussed in Example 3.6(a) since it can also be derived as a
consequence of Theorem 3.5.

Corollary 4.9. Let the assumptions of Theorem 4.7 hold. Then, s(A) = w(A).

Proof. Assume for a contradiction that s(A) < w(A). Then, there exists a number
¢ € R such that

s(A—cid) <0 < w(A — cid).

This contradicts the equivalence of items (i) and (ix) of Theorem 4.7 since the operator
A — cid satisfies the assumptions of the theorem. g

5. A Krein-Rutman type theorem and its consequences for stability

In this section, we consider resolvent positive operators A for which the essential
spectral bound is strictly negative; for such operators we first discuss an analogue of the
Krein—Rutman theorem, and then give a version of the stability result in Theorem 3.1;
the advantages if A has strictly negative essential spectral bound, are that we obtain
a simpler characterization of (spectral) stability and that, at the same time, we need
fewer assumptions on the underlying space.
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5.1. The essential spectrum

Let us first recall a few facts about the essential spectrum of unbounded operators. A
bounded linear operator T between two Banach spaces W and X is called a Fredholm
operator if its kernel has finite dimension and its range has finite co-dimension (and
as a consequence of the latter property, the range of 7 is then automatically closed;
see, for instance, [35, Corollary XI.2.3 on p. 187]). Obviously, if T is bijective, then
it is Fredholm. One can prove that the set of all Fredholm operators from W to X is
open ( [35, Theorem XI.4.1 on p. 189]).

Now, let A : X D dom(A) — X be a closed linear operator on a complex
Banach space X. Then, dom (A) is a Banach space with respect to the graph norm,
and a complex number A is said to be in the essential spectrum oegs(A) if the mapping
A id — A from the Banach space dom (A) to the Banach space X is not Fredholm (here,
id : dom (A) — X denotes the canonical injection). Let us recall a few standard facts
about the essential spectrum in the following proposition.

Proposition 5.1. Let A : X O dom (A) — X be a closed linear operator on a
complex Banach space X.
(a) The essential spectrum of A is closed and it is contained in the spectrum of A.
(b) If A has non-empty resolvent set and compact resolvent, then oess(A) = 0.

Proof. (a) The closedness of oess(A) follows from the fact that the set of Fredholm
operators is open, and the inclusion oegs(A) € o (A) follows from the fact that every
bijective operator is Fredholm.

(b)Fix u € p(A). Then, u id — A is bijective from dom (A) to X and thus a Fredholm
operator. Moreover, id : dom (A) — X is compact since A has compact resolvent and
thus, for every A € C the operator

Aid—A = (A — ) id +(nid —A) : dom (A) — X

is a compact perturbation of a Fredholm operator and thus also Fredholm [35, Theo-
rem X1.4.2 on p. 189]. O

For a closed operator A : X © dom (A) — X, we call
Sess(A) :=sup{Re X : A € gess(A)} € [—00, 00].

the essential spectral bound of A. Assume that sess(A) < 0o and that the right half
plain

Q:={LeC: Rei > se55(A)}

has non-empty intersection with the resolvent set of A. Then, it follows from so-called
analytic Fredholm theory that A has at most countably many spectral values in €2, that
all these spectral values are isolated in 2 (though some of them might accumulate
at 0€2), and that all spectral values of A in Q are poles of the resolvent of A with
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finite-rank spectral projections. Indeed, this follows immediately by applying [35,
Corollary X1.8.4 on p.203] to the operator mapping

W:Q — L(dom (A); X), A= Aid —A.

5.2. A Krein—Rutman type theorem

Let us first recall the Krein—Rutman theorem for positive linear operators. In one of
its rather general versions, it says the following: if (X, X ) is an ordered Banach space
with total cone and 7 : X — X is a positive and bounded linear operator such that the
essential spectral radius of T satisfies ress(T) < r(T), then r(T') is an eigenvalue of
T and of the dual operator T’, and both T and T” have a positive eigenvector for this
eigenvalue. The main difficulty in the proof is to show that »(7) is in the spectrum of
T'; this is quite easy if the cone is even assumed to be generating and normal, but it is
more involved in the general case.

Still, a variety of different proofs is known for the theorem, see, for instance, [44,
Theorem 6.1 on p.262] for Krein and Rutman’s classical proof based on a pertur-
bation argument, [72, Theorem 1] for an argument that reduces the theorem to the
finite-dimensional case, [53, Corollary 2.2 on p.324] for a proof based on nonlinear
arguments, [45, Theorem 6.1] for an argument based on the (Iong-time) behaviour of
the powers 7", and [60, 2.4 on p. 312] for a proof based on Pringsheim’s theorem from
complex analysis.

A version of the Krein—Rutman theorem for resolvent positive operators reads as
follows:

Theorem 5.2. (Krein—Rutman for resolvent positive operators) Let (X, X 1) be an
ordered Banach space with total cone and let A : X D dom (A) — X be a resolvent
positive linear operator. Assume that Sess(A) < s(A).

Then, s(A) < oo, the number s(A) is an eigenvalue of A, and there exists a cor-
responding eigenvector in X*. If A is, in addition, densely defined, then s(A) is also
an eigenvalue of the dual operator A’ and there exists a corresponding eigenvector in
X"

This theorem can essentially be found in [37, Corollary 2.9(ii)], where it was shown
by applying the Krein—Rutman theorem for positive operators to the resolvent of A and
invoking a spectral mapping theorem; however, the property s(A) < oo is assumed
(rather than proved) there, and the existence of a positive dual eigenvector is not
mentioned. A very similar result can also be found—though only under the additional
assumption that the cone be generating and normal—in [64, Proposition 3.10].

It appears worthwhile to give an alternative and more direct proof of Theorem 5.2,
which does not rely on the Krein—Rutman theorem for positive operators. We present
such a proof below; it is based on Bernstein’s representation theorem for completely
monotone functions. This argument is close in spirit to the aforementioned proof of
the Krein—Rutman theorem that relies on Pringsheim’s theorem. It is also loosely
reminiscent of the proof of [51, Theorem 4.3].
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Proof of Theorem 5.2. The first part of the proof is to show that s(A) < oo and
s(A) € o(A). Afterwards, we will derive the remaining assertions from standard
spectral theory.

So assume to the contrary that either s(A) = oo or that s(A) is < oo but not in the
spectrum. As sp(A) € [—o0, 00) is either —oo or in the spectrum of A, this means
that sp(A) < s(A). Thus, after a translation of A by a real number we may, and will,
assume that ses(A) < 0 < s(A), but that the set [0, 0o) is in the resolvent set of A
(i.e. sp(A) < 0).

So we find a spectral value A of A whose real part is strictly positive; since sess(A) <
0, we know from the properties listed in Subsection 5.1 that A¢ is an isolated spectral
value of A and a pole of the resolvent R(-, A); let k > 1 denote pole order. Then,
the limit Q _ := limy ., (A — 10)¥R (A, A) exists with respect to the operator norm,
and is equal to the —k-th coefficient of the Laurent series expansion of the resolvent
about Xg; in particular, Q_ # 0.

Now fix a vector 0 < x € X and a functional 0 < x” € X’. We will show next that
(x’, Q_jx) = 0; this yields a contradiction to Q _; # 0 since the span of XV is dense
in X and the span of (X’) is weak*-dense in X’.

As explained in Subsection 5.1, A has at most countably many spectral values with
strictly positive real part, and all these spectral values are isolated. Hence, the open set
D :={k € p(A) : Re X > 0} is connected. Now consider the holomorphic mapping

f:D—C,
A= (X, R, A)x).
The restriction of the mapping f to the interval (0, 0o) is completely monotone, i.e.

its derivatives satisfy (—1)" f ™) > 0 forall n € Ny and all A € (0, 0o). Indeed,
for A € (0, co) we have

DM@ = @ ED"RM G, Ax) = (6 nIR G, A ),

and the operator R(A, A) is positive as shown in Proposition 2.1(a).

Since f|(0,00) is completely monotone, we can apply Bernstein’s representation
theorem for completely monotone functions (see, e.g. [61, Theorem 1.4]), which tells
us that f|,oc) 1S the Laplace transform of a positive measure on [0, o0) —more
precisely, there exists a positive (and o -finite) measure 1 on the Borel o-algebra on
[0, o0) such that

o= f e du(n)
[0,00)
for each A € (0, 0o). This readily implies that the integral

g == / e du(r)
[0,00)
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even converges for every complex number A with real part > 0, and that g is an analytic
function on the right half plane in C.

By the identity theorem for analytic functions, f coincides with g on D (due to
the connectedness auf D) and thus, in particular, in a pointed neighbourhood of 1.
Therefore,

(', Q) = lim (. =20)"f () = lim (. =20)'g() = 0,

where the last equality follows from k£ > 1 and from the fact that g is analytic in Xo.
So we arrived at our desired contradiction and have thus proved that s(A) is finite and
a spectral value of A.

The rest of the proof is now standard spectral theory:

Since sess(A) < s(A), the number s(A) is a pole of the resolvent and hence an
eigenvalue of A. Let j > 1 denote its pole order and R_; the — j-th coefficient of
the Laurent series expansion of R(-, A). Then R_; is nonzero and all vectors in its
range, except for 0, are eigenvectors of A for the eigenvalue s(A). Since

R_j = lim (A—s(A)/RH,A) = lim (A —s(A) R, A),
A—s(A) als(A)

were the limits exist in operator norm, we conclude from the positivity of the resolvent
on the right of s(A) (Proposition 2.1(a)) that the operator R_; is positive.

The span of X% is dense in X and R_; is nonzero, there exists a vector x € X T
such R_;x # 0. Hence, R_x is a positive eigenvector of A for the eigenvalue s(A).

Finally, assume in addition that A is densely defined, so that the dual operator A’
is well-defined. Then, A" has the same spectrum as A, and R(A, A") = R(x, A)’ for
each A in the resolvent set of A. Hence, s(A) is also a pole of the resolvent of A’,
and by repeating the previous argument (where we use now that the span of (X')*
if weak*-dense in X”) we also obtain a positive eigenvector of A’ for the eigenvalue
s(A). O

In the next subsections, we show general results on how the Krein—Rutman type
Theorem 5.2 can be used to derive information about the location of the spectral bound.
Before this, we find it worthwhile to demonstrate the use of Theorem 5.2 in a simple
toy example.

Example 5.3. Endow the Banach space Cper([0, 1]) of continuous functions f on
[0, 1] that satisfy f(0) = f(1) with the pointwise order. Let (e’A)te[o,oo) be the
periodic right shift semigroup on X. Its generator is given by

dom (A) = {f € X : f is differentiable and f’ € X},
Af =—f'.
LetV : [0, 1] — R be acontinuous function that satisfies V (0) = V (1) and denote the

bounded linear operator X — X, f > V f also by V. We will show that s(A+ V) =
Ji Vi) dr.
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Note that this is relevant for the stability of the perturbed semigroup (¢! ‘4+")),-¢:
due to the choice of the space X, the growth bound w(A + V) of this semigroup
coincides with s (A + V) (see Example 3.6(a)). Thus, the semigroup converges to 0 in
operator norm if and only if fol V(x) dx < 0.

Proof. First note that A + V generates a positive semigroup and that A, and thus
A + V, has compact resolvent due to the Arzela—Ascoli theorem. Hence, oess(A + V)
is empty.

Set s := s(A + V). Since the cone X is normal and has non-empty interior, it
follows from Proposition 4.2 (or from [52, Theorem B-III.1.1]) that s > —oo. Hence,
s is an eigenvalue of A + V with an eigenvector f € X according to Theorem 5.2.
Sowehavesf = (A+V)f =—f"+ Vf. Thus,

fx) =exp(—sx +/0 V(y) dy) f(0)

for all x € [0, 1]. Since f # 0 we conclude that f(0) # 0. We now substitute
x = 1 and use that f(0) = f(1). This gives ¢* = exp (fo1 V(y) dy) and hence
s = fol V(y) dy, as claimed. O

We note in passing that the proof did not use the fact that the eigenvector f is in
X . However, it used the fact that the spectral bound s is indeed in the spectrum (and
hence an eigenvalue).

5.3. Spectral stability for operators with small essential spectrum

As a consequence of the preceding Theorem 5.2, we easily obtain the following
characterization of spectral stability for resolvent positive operators.

Corollary 5.4. Let (X, X™) be an ordered Banach space with total cone and let A :
X 2 dom (A) — X be a resolvent positive linear operator; assume that sess(A) < 0.
Then, the following assertions are equivalent:
(i) Spectral stability: The spectral bound of A satisfies s(A) < 0.
(ii) Positive resolvent at 0: The operator A is invertible and the resolvent —A~! =
R(0, A) is positive.
(iii) All O-super-eigenvectors of A are negative: If x € dom (A) satisfies

Ax >0

then x < 0.
(iv) Small-gain condition: For each nonzero 0 < x € dom (A), we have

Ax # 0.

Proof. “(i)=>(i1)” This is a consequence of Proposition 2.1(a).
“(ii)=>(iii)” Since —A~ ! is positive, it follows from Ax > 0 that —x > 0.
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“@ii)=(@{v)” Let 0 < x € dom (A). If Ax > 0, then it follows from (iii) that x < 0
and hence, x = 0.

“(iv)=(1)” Assume that s(A) > 0. Since sess(A) < 0, we can then apply Theo-
rem 5.2 and conclude that s(A) is finite and an eigenvalue of A with an eigenvector
0 < x € dom (A). Thus, Ax = s(A)x > 0, so (iv) fails. O

Note that Stern’s finite-dimensional results from [63, Theorem 1.4] can be seen as
a special case of the equivalence of (i) and (iv) in Corollary 5.4 since the essential
spectrum is always empty in finite dimensions.

5.4. The spectral bound of operators with small essential spectrum

While Corollary 5.4 contains a characterization of the property s(A) < 0, more
generally one can instead also give a precise formula for the value of s(A) as a conse-
quence of the Krein—Rutman type Theorem 5.2. We do so in the following corollary.

Corollary 5.5. Let (X, X ™) be an ordered Banach space with total cone and let A :
X D dom (A) — X be a resolvent positive linear operator; assume that oegs(A) = 0
or that sess(A) < s(A). Then, s(A) < o0 and

s(A) =sup{r € R: 30 < x € dom (A) such that Ax > Ax}.

If s(A) > —o0, the supremum is even a maximum.

Proof. In each of the cases gess(A) = @ and ses(A) < s(A) it follows from Theo-
rem 5.2 that s(A) < oo.

“>"Letd € Randlet 0 < x € dom (A) such that Ax > Ax,ie. (A —A)x < 0.
Assume for a contradiction that A > s(A). Then, the resolvent R(A, A) is positive
according to Proposition 2.1 (a) and hence, 0 < x = R(A, A)(A— A)x <0,s0x = 0;
this contradicts x #% 0. So we conclude that A < s(A).

“<” If s(A) = —oo0, there is nothing to prove, so assume that s(A) > —oo.
According to the assumptions, we then have s(A) > sess(A). Thus, it follows from
Theorem 5.2 that s(A) is an eigenvalue of A with an eigenvector 0 < u € dom (A).
Hence, Au = s(A)u, so s(A) is an element of the set under the supremum on the right,
and we thus conclude that s(A) is indeed the claimed maximum. O

Another formula for s (A) under similar (though slightly stronger) assumptions than
in the previous corolllary will be given in Theorem 7.4. For self-adjoint semigroups
on Hilbert spaces, related results can also be found in Theorem 7.5 and Corollary 7.7.

6. A Collatz—Wielandt formula

For matrices 0 < A € R?*¢ (where the inequality is meant entrywise) recall the
so-called Collatz—Wielandt formula

r(A) = max min St/ 6.1)

d jell...dy  Xx;
0<xeR g ]
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for the spectral radius r(A) of A, see, for instance, [48, formula (8.3.3) on p.670].
This can be easily generalized to yield a formula for the spectral bound of matrices
whose off-diagonal entries are non-negative (i.e. matrices A that satisfy e’4 > 0 for
allr > 0):

Proposition 6.1. Let A = (Ajk)‘;’k:1 € R4 and assume that Ajx > 0 for all
indices j # k. Then ‘

S(A) = max min
0<xeRd Jelld) X

Xj F
The proposition can be derived by applying the classical Collatz—Wielandt for-
mula (6.1) to the matrix A + cid for a sufficiently large real number ¢. However,
we prefer to include a direct proof, since it will serve as a blueprint for an infinite-
dimensional generalization of the formula in the sequel.

Proof of Proposition 6.1. Let m(A) denote the maximum on the right-hand side.
“<” The number s(A) is an eigenvalue of A with an eigenvector 0 < y € R? (this
well-known fact is a finite-dimensional special case of Theorem 5.2). Hence,

s(A) = min <m(A).

“>"Tet0<x € R4 and assume for a contradiction that

(Ax);
je!l ..... d} Xj

= A.

Note that we have Ax < Ax. Indeed, for those indices j which satisfy x; # 0, the
inequality Ax; < (Ax); follows from the definition of A; and for those j which satisfy
xj = 0, we have Ax; = 0 < 27‘:1 Ajrxp = (Ax)j, where the inequality in the
middle is true since A j; > 0 for k # j.

As ¢4 > 0 for all + > 0, it follows from A > s(A) that R(x, A) > 0, see
Proposition 2.1 (a). We apply this to the inequality (A — A)x < 0 and thus obtain
x < 0; this is a contradiction since x > 0. U

Now we prove an infinite-dimensional version of this Collatz—Wielandt type for-
mula. It holds, for instance, for operators whose essential spectrum is empty (which
is, for instance, satisfied for every operator with compact resolvent, see Proposi-
tion 5.1(i1)).

Let (X, X™) be an ordered Banach space, let A : X O dom(A) — X be a
closed linear operator, and let n > 0 be an integer. We call a continuous functional
x" : dom (A"™) — R (where continuous means continuous with respect to the graph
norm on dom (A™)) positive if (x’, x) > 0 for all x € dom (A") N X+,
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Definition 6.2. Let (X, X ™) be an ordered Banach space, let A : X D dom (A) — X
be aclosed linear operator, and letn > 0 be an integer. We say thata set F’ of continuous
and positive functionals on dom (A™) determines positivity if the following implication
holds for each x € dom (A"):

(x',x)>0forallx’ € F = x>0.

Remark 6.3. If F is as in the preceding definition and 0 < x € dom (A") is nonzero,
then there exists at least one functional x’ € F such that (x’, x) > 0. Indeed, if
(x',x) =0forall x’ € F, thenx > 0 as well as —x > 0 and hence x = 0.

If (X, XT) is an ordered Banach space, then the set of all positive functionals in
X' always determines positivity (independently of the choice of A). Let us list a few
examples of smaller sets that also determine positivity.

Examples 6.4. (a) If L is a locally compact Hausdorff space and X = Co(L), then
the set F' = {8, : @ € L} of all point evaluations determines positivity (no
matter the choice of A).

(b) If X = £7 for p € [1, oo], then the set of coordinate functionals {e; : k € N},
where ¢y, is defined as (ey, x) := xj foreach x € X, determines positivity (again,
for any operator A).

(c) Let p € (1,00), let Q C R4 be a bounded domain with, say, C*°-boundary
and let A : LP(Q) D dom(A) := W2P(Q) N Wol’p(Q) — LP(2) denote
the Dirichlet Laplace operator on L”(S2). For sufficiently large n € N, the
domain dom (A"™) embeds into the continuous functions Cy(£2) that vanish at
the boundary of Q.

In this case, the set of point evaluations {5, : x € 2} determines positivity. This
is an example where the choice of the operator matters since the point evaluations
3, are not well-defined on L?(2), but only on dom (A™) for sufficiently large n.

(d) Let H be acomplex Hilbert space and let L(H )g, denote the (real) Banach space
of self-adjoint bounded linear operators on H, endowed with the cone of positive
semi-definite operators.

For every x € H, define the functional ¢, : L(H)sas — R by (¢, C) =
(x|Cx) for all C € L(H)g,. Then, the set {¢; : x € H} determines positivity
(independently of the choice of A).

The following is our Collatz—Wielandt formula. It is reminiscent of the Donsker—
Varadhan formula for the principal eigenvalue of second-order differential operators
[22]; see also [21].

Theorem 6.5. Let A : X D dom (A) — X be the generator of a positive Cy-
semigroup on an ordered Banach space (X, X ™) with total cone X*. Assume that
the essential spectrum ess(A) is empty or that Sess(A) < s(A). Let n > 0 be an
integer and let F # () be a set of positive and continuous functionals on dom (A™)
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that determines positivity. Then, s(A) < oo and the formula

: (x/, Ax)
s(A) = sup 1/nf -
0 xedom(Arth) FF, (s x)

holds.

Note that, in case that oees(A) = ¢, it may happen that both sides of the equality
are equal to —oco. We remark that Collatz—Wielandt type results for positive linear
operators (rather than for generators of positive semigroups) are studied in [27,28,46].

Proof of Theorem 6.5. Firstnote thatindeed s(A) < 00:if sess(A) < 5(A) this follows
directly from Theorem 5.2; and if 05 (A) = @, then segs(A) = —00, so it also follows
from Theorem 5.2 that s(A) < oo.

Now let m(A) denote the supremum on the right-hand side. We essentially follow
the proof of Proposition 6.1.

“<”Ifs(A) = —o0, this inequality is trivial, so assume that s(A) > —oo. Then, we
have sess(A) < s(A) in any case. So according to the Krein—Rutman type Theorem 5.2,
s(A) is an eigenvalue of A with an eigenvector y € X*. Since every eigenvector of A
is in dom (A”Jrl ). it follows that

.. (X Ay)
s(A) = inf ——— <m(A).
ver (W)
(', y)7#0

Here, we used that, as mentioned in Remark 6.3, there exists at least one functional
x" € F such that (x’, y) # 0.
“>" Assume for a contradiction that there exists 0 < x € dom (A”“) such that

/
A
s(A) < inf oA
x'eF (x/,x)
(x/ ,x)#£0

Then, we have Ax < Ax. Indeed, for those x’ € F that satisfy (x’, x) # O the
inequality (x", Ax) < (x’, Ax) follows from the definition of A. And for those x" € F’
that satisfy (x’, x) = 0, it follows from the positivity of the semigroup (e’4),>¢ that

(x/’ el‘Ax)

(x’, Ax) = lim >0=(x, Ax).

t]0 t

A .
a +—= with respect to the graph norm

in dom (A") since x € dom (A"‘H). As F determines positivity, it thus follows that
Ax < Ax, as claimed.

By assumption, s(A) < X. Hence, Proposition 2.1(a) ensures that the resolvent
R (X, A) is positive. We now apply this operator to the inequality (A — A)x < 0 and
thus obtain x < 0, which is a contradiction to x > 0. O

For the first equality, we used that Ax = lim, ¢

Let us describe three more concrete situations where this result can be applied. The
first one is a direct generalization of Proposition 6.1 to sequence spaces.
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Corollary 6.6. Let A be the generator of a positive Co-semigroup on £ for1 < p <
00, and assume that oess(A) = 0 or that sess(A) < s(A). Then, s(A) < o0 and

.. (Ax);
s(A) = sup inf ——.
0<xedom(A) /<N X;j
- xjyéO

Proof. This follows directly from Theorem 6.5 if we chose n = 0 and F € (£P)' to
be the set of all canonical unit vectors. O

Note that, in the situation of the corollary, the inequality s(A) < oo follows not
only from Theorem 6.5 but also more directly from Proposition 2.1 (c) (as the cone in
£? is generating and normal).

The second concrete situation that we discuss are semigroups on spaces of contin-
uous functions.

Corollary 6.7. Let A be the genereator of a positive Co-semigroup on Co(L), where L
is alocally compact Hausdorff space. Assume that oess(A) = B orthat sess(A) < s(A).
Then, s(A) < oo and

A
s(A) = sup inf M
0<uedom(4) 2oL u(®)

Proof. This follows directly from Theorem 6.5 if we chose n = 0 and F C (Co(L))’
to be the set of all point evaluation maps. 0

As in the previous corollary, the inequality s(A) < oo can also be directly inferred
from Proposition 2.1 (c) (alternatively to Theorem 6.5) here, as the cone in Co(L) is
normal and generating.

The third situation that we consider is a more specific example: We perturb the
Neumann Laplace operator on a bounded interval by a potential and give criteria for
its spectral bound to be strictly positive, even if the potential has a large negative part.

Example 6.8. Let § # (a,b) € R be a bounded and open interval and let A :
Lz(a, b) O dom (A) — Lz(a, b) denote the Neumann Laplace operator with domain

dom (A) := {u € H*(a,b) : u'(a) = u'(b) =0}

given by Au = u”. Let V € C([a, b]) and consider the operator A := A + V with
domain dom (A) := dom (A). Then,

s(A) = sup inf (u

n V(a))). (6.2)
0<uedom(a2) slet) \ u(@)

To see this, first notice that A generates a positive Co-semigroup. Indeed, it is well
known that the Neumann Laplace operator A generates a positive semigroup on
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Lz(a, b).Since V is abounded perturbation, A also generates a Co-semigroup (e’ A)tz()
( [26, Theorem III.1.3 on p. 158]) and this semigroup is positive since we have

A = o7 HVlleo gt (A+V+IViioo) >0

for all # > 0, where the inequality at the end follows from the Dyson—Phillips series
expansion since the operator V + ||V | is positive (see, e.g. [10, Proposition 11.6
and Corollary 11.7] for details).

Since the semigroup generated by A is positive and since A has empty essential
spectrum (indeed, A has compact resolvents as dom (A) € H 2(a, b) embeds com-
pactly into L?(a, b)), we can apply Theorem 6.5: in this theorem, choose n = 1 and
let F be the set of all point evaluations at points in [0, 1]; then we immediately obtain
the claimed formula (6.2). (Note that it is useful here to have the case n = 1 available
in the theorem: point evaluations are not well-defined on L2(O, 1), but they are well
defined on dom (A) = dom (A) € H2(0, 1).)

In the rest of this example, we will study the following question in two interesting
cases, and formula (6.2) will turn out to be useful in the second case:

Under which conditions on the potential V
does the operator A have strictly positive spectral bound?

Ist case: V has integral 0 but V # 0.

We will show that always s(A) > 0 in this case. This might be slightly surprising
at first glance since the Neumann Laplace operator does have spectral bound 0—so
due to the assumption that V has integral 0, it does not seem clear at first glance how
V influences the spectral bound.

To prove that s(A) > 0, first note that, as the constant function 1 is in the kernel
of A and in the domain of A, we have (A1, 1) = fah V(w) do = 0. So 0 is in the
numerical range of A, and since A is self-adjoint it follows, for instance, from the
spectral theorem for self-adjoint operators, that 0 is in the convex hull of o (A). So
s(A) = 0.

Now assume for a contradiction that s(A) = 0. Then, for instance, by considering
the spectral expansion of A (for self-adjoint operators with compact resolvent) we
see that the equality (A 1, 1) = 0 implies that 1 is an eigenvector of A. Hence,
0=A1= V1=V, whichis a contradiction since we assumed that V # 0.

2nd case: V is bounded above and its integral is close to —oo.

For this case, we are going to show the following existence result: For the interval
(a,b) = (—m/2,m/2), we can find a C*°-function V on [— /2, 7t /2] whose integral
is arbitrarily close to —oo and which satisfies V < 3 and s(A) > 1.

Again, this is somewhat surprising since one might expect a very negative integral
value of V to draw the spectral bound of A to the left rather than to the right.

A specific class of examples where this occurs can be obtained as follows. For the
potential V', which is yet to be determined, consider the function

h:o—

—— — 4+ V()
sin- w



12 Page 34 of 49 J. GLUCK, A. MIRONCHENKO J. Evol. Equ.

for w € [—m/2, /2] \ {0}. Close to O the function @ +— §m22w

singularity at O (as it behaves asymptotically like % there).

Hence, we can choose a C*°-function V on [—m /2, /2] which has the following
properties: (a) V < 3 everywhere; (b) h(w) > 1 for all  # 0; (¢) V has a sharp
negative peak close to 0 and its integral is arbitrarily close to —oo.

In order to estimate s (A) for our choice of V', we use formula (6.2) with the function
u := sin?. By a brief computation one can check that ¥ € dom (A) as well as
Au € dom (A) and Vu € dom (A) (since V is smooth and since both u and its

derivatives vanish at the boundary of the interval). Hence, formula (6.2) yields

has a non-integrable

u// (0))
s(A)> in ( + V(w)) =1,
wel-7/2,7/21 \ u(w)
w#0 _—
=h(a))

as claimed.

Of course, numerous results about the spectral bound of the operator A 4+ V (or
equivalently, about the ground energy of the Schrodinger operator —A + V, with
V := —V, to use the sign convention that is common in mathematical physics) are
available in the literature. For instance, with regard to the first case in the example
above, we also point to a result by Simon on the whole space R rather than on bounded
intervals [62, Theorem 2.5].

Remark 6.9. Theorem 6.5 can be generalized to operators which do not generate
semigroups, but are densely defined and resolvent positive and satisfy the Hille—Yosida
type estimate

lim sup |AR(A, A)|| < oo

A—00

Instead of the formula Ax = lim, o tAf_x in dom (A") for x € dom (A"*1) one

then has to use the subsequent Lemma 6.10 in the proof. (Note that the lemma can be
transferred to vectors x € dom (A"+1) and convergence in dom (A") by multiplying
with (u — A)" from the right and with R(u, A)" from the left, for an arbitrary point
1 in the resolvent set of A.)

e

Lemma 6.10. Let A : X O dom (A) — X be a densely defined linear operator on a
Banach space X, and assume that there exist real numbers M > 1 and Ao such that
every real number ). > A is in the resolvent set of A and satisfies |VR (A, A)|| < M.

Then for every x € dom (A), we have A>*R(L, A)x — Ax — Ax with respect to the
normin X as . — Q.

Proof. We first note that AR(A, A) converges strongly to 0 on X as A — oo. Indeed,
for y € dom (A) one has

M
IARG, Ayl = IR@G, Ayl = - [l Ayll = O
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as . — o0o. Moreover, the operators AR(A, A) € L(X) are uniformly bounded as

A — 00, since AR(A, A) = —id +AR(A, A) has norm at most 1 + M for large A.

Hence, the claimed strong convergence follows from the density of dom (A) in X.
Moreover, the equality AR (A, A) —id = AR(A, A) implies that, for x € dom (A),

AzR(A, A)x —Ax = AR\, A)Ax = Ax + AR(A, A)Ax — Ax

as A — 00, as claimed. O

7. Logarithmic formulas for the spectral bound

In this final section, we show how the spectral bound of the generator of a positive
semigroup can, under appropriate assumptions, be computed from a single orbit of
the semigroup. For self-adjoint positive semigroups on L2-spaces, this was shown
in [41, Theorem 2.1]; we will generalize this result in Theorem 7.5 to more general
classes of ordered Hilbert spaces, and we will give another version of the result in
Theorem 7.4 which does not need any Hilbert space structure at all, but requires
stronger assumptions on the semigroup instead.

In order to state and prove our results, we need to discuss several notions that are
related to the idea of “strict (or strong) positivity” of a vector. There are several ways
to make this concept precise, and we recall them in the following definition.

Definition 7.1. Let (X, X™) be an ordered Banach space.

(a) A vector u € X7 is called a quasi-interior point of X if the vector subspace
U, en[—nu, nu] of X is dense in X.

(b) Avectoru € X is called an almost interior point of X+ if (x’, u) > 0 for every
nonzero functional x’ € (X/)T.

(c) A functional u’ € (X™)" is called strictly positive if (u’, x) is nonzero for every
nonzero vector x € X,

The notions of quasi-interior and almost interior points are subtle. Itis easy to see that
every quasi-interior point is automatically almost interior, and the converse implication
is known to be false, in general, see [57, p. 136] and [43, Section 3.6]. However, in
all known counterexamples the positive cone is only total, but not generating. If the
cone is generating (or even more, generating and normal), it is, to the best of our
knowledge, open whether the concepts of quasi-interior points and almost interior
points coincide (see [34, Open Problem 2.5]). However, they are known to coincide in
each of the following cases: (a) if (X, X ™) is a Banach lattice [59, Theorem I1.6.3(a)
and (c)]; (b) if, more generally, (X, X*) has normal and generating cone and the
Riesz decomposition property [39, Theorem 6]; (c) if (X, X™) is the self-adjoint
part of a C*-algebra, endowed with the cone of positive semi-definite elements [34,
Example 2.15(1)]; (d) if the positive cone X has non-empty interior —in this case, a
point u € X is an interior point if and only if it is a quasi-interior point if and only
if it is an almost interior point [34, Corollary 2.8].
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The reason why quasi-interior and almost interior points are useful for our purposes
are the characterizations in the following two propositions. Recall that order intervals
were defined in Subsection 2.1.

Proposition 7.2. Let (X, X ) be an ordered Banach space. Foru € X, the following
are equivalent:
(i) The vector u is a quasi-interior point of X .
(ii) If a functional x' € X' vanishes on the order interval [0, u), then x’ = 0.
(iii) If' Y is a Banach space and a bounded linear operator T : X — Y vanishes on
the order interval [0, u], then T = 0.

Proof. All equivalences immediately follow from the fact that the span of the order
interval [0, u] is equal to the linear space U = UnGN[—nu, nu], and from the well-
known corollary of the Hahn—Banach theorem that U is dense in X if and only if for
every functional x’ € X’ the condition (x’, x) = 0 for all x € U impliesx’ =0. O

While the above proposition is almost trivial, it still sheds some light to the distinc-
tion between quasi-interior and almost interior points when compared to the following
characterization of the latter concept; the main difference is that, now, one has to restrict
the attention to positive operators and functionals in the equivalent conditions.

Proposition 7.3. Let (X, X ) be an ordered Banach space. Foru € X7 the following
are equivalent:

(i) The vector u is an almost interior point of X .
(ii) If a positive functional x' € (X')" vanishes on the order interval [0, u], then
x'=0.
(iii) If (Y, Y ™) is an ordered Banach space and a positive bounded linear operator
T : X — Y vanishes on the order interval [0, u], then T = 0.
(iv) If (Y, Y ™) is an ordered Banach space and a positive bounded linear operator
T : X — Y satisfies Tu =0, then T = 0.

Proof. “())=(iv)” Let (Y, YT) and T be as in (iv) and assume that Tu = 0. For every
positive y' € (Y’')*, we then have (T'y’, u) = (y', Tu) = 0 and thus, as 7'y’ is a
positive functional and u is an almost interior point of X*, we have have T'y’ = 0.
But since Y7 is a cone in Y, the span of the positive functionals on Y is weak*-dense
in Y’. Thus, 7'y’ = 0 for each y’ € Y’, so we conclude that 7’ = 0 and thus 7 = 0.

“(iv)=>(iii)” This implication is obvious.

“(iii)=>(i1)” This implication is obvious.

“(ii)=(1)” Let x’ € (X)T be a positive functional such that (x’, u) = 0. For every
x € [0, ul, it then follows from the positivity of x’ that

0< (' x) < u)y=0,

so (x’, x) = 0. According to (ii), this implies that x’ = 0, so u is indeed an almost
interior point of X . O
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Now we can prove the first main result of this section. Recall that a Cp-semigroup
(¢'*);>0 on a Banach space is called eventually compact if the operator e’4 is compact

for some ¢t > 0 (and hence, for all subsequent 7).

Theorem 7.4. Let (¢’ A)tzo be a positive and eventually compact Cy-semigroup with
generator A on an ordered Banach space (X, X1). If u € X is an almost interior
point and u' € (X')T is a strictly positive functional, then
_log(u/, e'u)
s(A) =w(A) = lim ———. (7.1)
t—00 t
Proof. The equality s(A) = w(A) is true for each eventually compact Cy-semigroup
on every Banach space, see [26, Corollary I'V.3.12 on p. 281], so we only need to show
the equality on the right.
Note that for every A > w(A) there exist numbers M, C > 0 such that

A

. log(u', e *u) log([lw/|Me [lul) . C+at
lim sup ——— < limsup <limsup —— =
1—>00 t t—00 t t—00 t

Thus, we have (for not necessarily eventually compact semigroups) that

1 ! tA
0(A) > lim sup 2EW- 1) (1.2)

t—00 14
This implies that if w(A) = —oo, then the right-hand side in (7.1) is equal to —oo as
well.
Assume now that w(A) € R. Let (¢,) C [0, oo) be a sequence of times that con-
verges to co. In view of (7.2), to prove (7.1) it suffices to show the existence of a
subsequence (f,,, ) such that

log(u’, e'r4

In

“ A,

To this end, we use the eventual compactness of the semigroup: it implies, see [26,
Corollary V.3.2 on pp. 330-331], that there exist finitely many numbers if1, ..., i €

iR, nonzero bounded linear operators Q7y, ..., Qy, and an integer k > 0, such that
14
ket (W) 1A Zeiﬁﬂ Q;+S0®
j=1

for all + > 0, where the S(¢) are bounded linear operators for + > 0 which satisfy
IS(®)|l — 0 ast — oo; moreover, for each j € {1, ..., £} the number w(A) +i8; is
an isolated spectral value of A and for the associated spectral projections P, ..., Py
we have P;Q, =0for j # hand P;Q; = Q; foreach j.

We can find a subsequence (%,,) of (¢,) such that, for each j € {1,..., ¢}, the

sequence (¢#i'r) converges to a point i ;j on the complex unit circle. Thus,

4
ke Wt d N0 = 0
j=1
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Clearly, the operator Q is positive as a limit of positive operators. Moreover, Q is
nonzero since, for instance, P1 Q = 1 Q1 # 0. As u is an almost interior point of X +
it thus follows from Proposition 7.3(iv) that Qu # 0; and as u’ is a strictly positive
functional, we thus conclude that (1’, Qu) # 0. Hence, the limit log({u’, Qu)) of

log ([n_rke_fnrw(A) (Lt/, Et”"AI/L)) — —k lOg tn,- _ tnr(l)(A) + log(u/, etnrAu)

is a real number (rather than —o0), and thus

log(u’, e Au)
Iy

r

converges to w(A), as desired. O

Now we come to the second main result of this section. By an ordered Hilbert
space, we mean an ordered Banach space (H, H *) endowed with an inner product
that induces the norm on H. If we identify H with its dual space by means of the
Riesz—Fréchet representation theorem, the dual cone (H’)* becomes a subset of H
and is thus given by

(Hh" ={xe H: (x]y)>0forally e HT}.

We use this identification in the formulation of the following theorem. Note that,
if H = L?(Q, ) for some measure space (2, u) is endowed with the pointwise
almost everywhere order, then H T = (H")T,i.e. the cone is self-dual. Self-dual cones
on Hilbert spaces have been studied on various occasions in the literature; see, for
instance, the classical paper [55].

The following theorem is a generalization of [41, Theorem 2.1], where the result
was prove for L?-spaces with their usual cone (see the discussion after the theorem
for more details).

Theorem 7.5. Let (e A)lzo be a positive and self-adjoint Cy-semigroup with gener-
ator A on a nonzero ordered Hilbert space (H, H™), and assume that HT C (H')™.
Let u,v € H™ and assume that there exists a quasi-intererior point w € H™ such
that u, v > w. Then,
—o0 < s(A) = w(A) = lim w.
t—00 t

A few comments are in order before we prove the theorem. The assumptions that
u,v > w and that w be a quasi-interior point immediately implies that u, v are
quasi-interior points, too. We do not know if, conversely, for all quasi-interior points
u,v € Ht there always exists a quasi-interior point w € H * that satisfies u, v > w.
However, if H = L2(2, u) for a o-finite measure space (2, ) is endowed with its
usual order, then the quasi-interior points of H ™ are precisely those functions which
are strictly positive almost everywhere. Hence, for two quasi-interior points u, v it then



J. Evol. Equ. Stability criteria for positive semigroups Page 39 of 49 12

follows that the infimum w := u A v is also a quasi-interior point, and this function
clearly satisfies u, v > w. The latter observation is the reason why, on L2-spaces, it
suffices to assume that 1 and v are quasi-interior points. Hence, the L?-version of the
theorem in [41, Theorem 2.1] has slightly simpler assumptions.

For the proof of the theorem, we need one more ingredient— namely, a version of
Proposition 7.2 for symmetric bilinear mappings:

Proposition 7.6. Let (X, X1) be an ordered Banach space, let Y be a Banach space,
andletb : X x X — Y be a continuous bilinear mapping which is symmetric (in the
sense that b(x1, x3) = b(xz, x1) forall x;, x; € X).

If b is nonzero and u € X7 is a quasi-interior point, then there exists a point
u € [0, u] such that b(u, u) # 0.

Proof. Assume that b(u,u) = O for all u € [0, u]. It immediately follows that
b(i,u) = 0 forall i € C := J,n[0, nul. Next we show that the same is true
even for all u € UneN[—nu, nu]. So fix such a it; we can write it as u = v — w for
some U, w € C. The real polynomial function

t— b0 —tw,v—1tw)

vanishes for ¢ € (—oo, 0] since v — tw € C for all these 7. By the identity theorem
for polynomials, we conclude that the polynomial is identically 0, so in particular for
t = 1 we obtain, b(iz, 1) = 0.

As u is a quasi-interior point of X, the set | J,x[—nu, nu] is dense in X. Due
to the continuity of b, it thus follows that b(x, x) = 0 for all x € X. Finally, as b is
symmetric, it follows from the polarization identity

2b(x1, x2) = b(x1 + x2, x1 + x2) — b(x2, x2) — b(x1, x1),

that b(x1, x2) = 0 for all x1, x, € X, which contradicts the assumption b # 0. O

Proof of Theorem 7.5. Self-adjoint operators on nonzero spaces always have non-
empty spectrum, so s(A) > —oo. Moreover, the equality s(A) = @w(A) holds for all
analytic semigroups and thus, in particular, for all self-adjoint semigroups. To prove
the remaining equality we may, and shall, assume that s(A) = w(A) = 0. We need to
show that

log(v | e'4u) log(v | e"4u)

lim sup < 0 < liminf

00 t 1—>00 t

The first inequality readily follows from w(A) = 0. To show the second inequality,

we follow the main idea of the proof given in [41, Theorem 2.1], although we present

the details in a somewhat different manner: by the multiplier version of the spectral

theorem for self-adjoint operators there exists a measurable space (€2, (t), ameasurable

function m : 2 — (—o0, 0], and a unitary operator U : H — L2($2, i) such that

A = U*M,,U, where M,, - L*(Q, ) 2 dom (M,,) — L%(S2, p) is the operator that
acts as the multiplication with m.
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Moreover, 0 is in the essential range of m since we assumed 0 = s(A).! 2

Let ¢ > 0 and let O denote the spectral projector of A associated with the real
interval [—¢, 0],i.e. Q := U*M1,U, where § := m_l([—s, 0]) € . Note that S has
nonzero measure since 0 is in the essential range of m, and hence Q is nonzero.

As w is a quasi-interior point of XT and Q is self-adjoint, Proposition 7.6 shows
the existence of a (nonzero) vector w € [0, w] such that (w|Qw) # 0, and thus
(W] QW) = (QW|0W) > 0 (as O is a self-adjoint projection). For all ¢ > 0, we have

letu) > (ble' ) > e (| QW),

where the first inequality follows from the positivity of the semigroup and the assump-
tion HT C (H’)* (which implies that (v|-) and (|- ) are positive functionals and
that the former dominates the latter), and where the second inequality follows from
the spectral theorem for A and its generated semigroup, i.e. from

(Dle D) = (Ub]e™ Ubh) 120

= / MO Ub(w))* du(w)
Q

v

| e 1@ W) duw)
Q

= e_ts(Uﬁ)|M]lsUﬁ))L2(Q‘M) = e_t8(17)|QII)).
As (w|Qw) > 0, we conclude that

1 tA
—>0o0

’

which proves the claim. O

As pointed out in [41, Example 2.4], the self-adjointness in Theorem 7.5 cannot be
dropped, even on L2-spaces with their usual order. Theorem 7.5 can be used to derive
a number of interesting consequences. The first one is another explicit formula for
s(A).

Corollary 7.7. Let (¢! A),Zo be a positive and self-adjoint Co-semigroup with gener-
ator A on a nonzero ordered Hilbert space (H, HT), assume that HY € (H')* and
that H contains a quasi-interior point. Then

—o0 < s(A) = w(A) =inf {A € R: Ju € gint (H") Ndom (A) s.t. Au < hu.},

where qint (H) denotes the set of quasi-interior points in H.

He. dom (Mp) = {f € L2, ) : mf € L2(Q, w)} and My, f = mf forall f € dom (My,).
2We note that the semigroup generated by M), on Lz(Q, W), 1.e. (M,tm);>0, is conjugate to (e’A)tzo via
U, but in contrast to (¢'4) >0 it does not have any positivity properties, in general.
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Proof. We only need to show the equality on the right-hand side.

“<”Let A € Rand let u € gint (HT) N dom (A) such that Au < Au. We need to
show that w(A) < A.

By the same argument as in the proof of “(vi)=-(vii)” in Theorem 4.7, one can see
that the inequality Au < Au together with the positivity of the semigroup implies that

A A

ety < ety

forall ¢ € [0, c0). By applying Theorem 7.5 (with u = v = w), we thus obtain

1 tA lo etk u 2
og(e Mlu)S lim g (e flull*)

w(A) = lim
t—00 t 1—00 t
“>"Let A > s(A); we show that A is an element of the set under the infimum. To
this end, let v € H™ be a quasi-interior point (which exists by assumption), and set
u :=R(X, A)v. Since the resolvent operator R(A, A) is positive and has dense range,
it follows that u is also a quasi-interior point of H™ [34, Proposition 2.21]. Moreover,
u € dom (A). Finally we note that

Au = AR, A)v = Au — v < Au.

This concludes the proof. O

We point out that the same formula as in Corollary 7.7 is true if (X, X*) is an
arbtirary ordered Banach space whose cone is normal and has non-empty interior (in
particular, without any self-adjointness assumption on the semigroup); this was proved
in [4, Theorem 5.3] (note that, if the cone has non-empty interior, the quasi-interior
points and the interior points coincide [34, Corollary 2.8]).

Another interesting consequence is the fact that, for self-adjoint positive semigroups,
there is no eigenvalue different from s(A) which has a quasi-interior point as its
eigenvector.

Corollary 7.8. Let (e’ A)zzo be a positive and self-adjoint Co-semigroup with gener-
ator A on a nonzero ordered Hilbert space (H, HT), assume that HT < (H')*.

Let A € R be an eigenvalue of A and assume that there exists a corresponding
eigenvector u € dom (A) which is a quasi-interior point of HY. Then ) = s(A).

Proof. Since Au = Au < A\u, the number cannot be smaller than s(A) according to
Corollary 7.7. U
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Appendix A. Stability of (non-positive) semigroups on Hilbert spaces

In this appendix, we give a, to the best of our knowledge new, characterization
of uniform exponential stability of general Cp-semigroups (without any positivity
assumption) on complex Hilbert spaces. We will show that one of the implications
in the theorem is a consequence of a classical result of Gearhart—Prii3—Greiner, and
that the other implication can either be obtained by using a solution to Lyapunov’s
equation (A.2) or by employing our Theorem 3.1.

Let H be a complex Hilbert space, endowed with an inner product (-|-). While no
order structure is assumed, a connection to positivity might not be too surprising to
readers familiar with the characterization of stability in terms of Lyapunov’s equation:

If A generates a Cp-semigroup on H, the growth bound of the semigroup satisfies
w(A) < 0 if and only if there exists a self-adjoint operator P € L(H) which is
positive semi-definite and injective (i.e. (Px|x) > 0 for x € H\{0}) and which solves
Lyapunov’s equation

(Ax|Px) + (Px|Ax) = —(x|x) forall x € dom (A): (A1)

see [18, Theorem 5.1.3]. This is intrinsically related to the mappings L(H) > S >
e'AS(e'*)* e L(H), which leave the positive cone in the self-adjoint part of £L(H)
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invariant and constitutes thus a positive semigroup (though this semigroup will not be
strongly continuous, in general). Clearly, (A.1) is equivalent to

1
Re(Ax|Px) = —3 for all x € dom (A) of norm ||x||g = 1. (A2)

The following theorem is the main result of this appendix. We will show that the impli-
cation “(i)=>(ii)” can either be obtained by directly employing (A.1), or by following
an approach related to the proof (A.1)— where we will, however, consider the action
of the operators S > e/4S(e’4)* on the space KC(H) of compact operators on H;
considering the action on KC(H) rather than on B(H) will give us strong continuity
with respect to the time variable.

Theorem A.1. Let A be the generator of a Co-semigroup on a complex Hilbert space
H. The following are equivalent:

(i) The growth bound of the semigroup satisfies w(A) < 0.
(ii) There exists a number n > 0 with the following property: for each x € dom (A)
of norm ||x|| g = 1 there is vector y € H of norm ||y|lg = 1 which satisfies

Re ((vl)(Ax[y)) < —n.

The advantage that we see in condition (ii) in the theorem compared to Lyapunov’s
equation (A.2) is that vector y in condition (ii) is not required to depend linearly (or in
any other structured way) on x. Assertion (ii) should also be compared to the stronger
energy estimate

Re(Ax|x) < —n  forall x € dom (A) of norm || x|z =1,

which is equivalent to the “quasi-contractive” exponential stability condition || e'4 || <
e~ forallt > 0.

Let us first show that the proof of the implication “(ii)=>(i)” in the theorem is
a consequence of a classical theorem on the stability of Cp-semigroups on Hilbert
spaces:
Proof of “(i1))=(1)” in Theorem A.1. Assume that w(A) > 0. Then, it follows from
the Gearhart-PriiB—Greiner theorem [26, Theorem V.1.11] that there exists a sequence
of complex numbers (1) in the resolvent set of A such that Re A, > 0 for each n
and [|[R(A,, A)|| — oo. We can thus choose normalized vectors z,, € H such that
ay = Ry, A)zyllg — o0, and we define vectors

1
X, = —R(A,, A)z, € dom (A)
Op

of norm ||x, ||y = 1. For each x,, choose a normalized vector y, as in assertion (ii)
of the theorem. Then

1
Axy = ——2zp + AnXy,
Qp

and thus
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1
—n = Re (O lxa)(Axal3m) ) = Re (= — () Galym) + 2 () el

—Re () Galyn) )

Qn

— 0,

which is a contradiction. O

We will now give two different proofs for the converse implication “(i)=(ii)” in
Theorem A.1. The first one is essentially an application of Lyapunov’s equation (A.2):
Proof of “(1)=(i1)” in Theorem A.1 via Lyapunov’s equation. Since the inequality
w(A) < 0holds, there exists a positive semi-definite and injective operator P € L(H)
that satisfies Lyapunov’s equation (A.2).

In order to show (ii), let x € dom (A) have norm 1. We choose y := Px/||Px| g
(which is well-defined since the denominator is nonzero due to the injectivity of P),
and with this choice

1
Re (10 (Ax1y) = - Re ((Palo) (4xP0)
H

_ (Paly)
- 2
| P17,

(Px|x)
20 Pxl

Re ((Alex)) =

In order to find an upper estimate for the latter term, define Q := P/ || P||. So the
self-adjoint operator Q is also positive semi-definite, and it has norm 1. For every
nonzero x € H, we have

_ (Px|x) :_L (Oxl|x)
2 Px% 1Pl 210x1%

Now we use the multiplier version of the spectral theorem for self-adjoint operators:
it allows us to represent x as an L2-function f (over a suitable measure space €2) and
Q is the multiplication with a real-valued L°° function m that takes values in [0, 1].
So

L 1 fomlfP 1
1Pl 21QxI1% IPI2 fom2 11>~ 20PI

the last inequality follows from that fact that m takes values in [0, 1] only— this implies
that m2 < m, so the function under the integral in the denominator is (pointwise)
smaller than the function under the integral in the numerator. So we proved that
assertion (ii) is satisfied with n = ﬁ. O

Finally, we give a second proof of the implication “(i)=-(ii)” in Theorem A.1 —but
this time we employ our Theorem 3.1 about positive semigroups for the proof. Readers
familiar with the proof of Lyapunov’s equality will probably not be too surprised about
the main approach in the proof; however, we find it worthwhile to give all arguments
in detail anyway, since they provide an interesting relation to the theory of positive
Cop-semigroups on ordered Banach spaces.



J. Evol. Equ. Stability criteria for positive semigroups Page 45 of 49 12

We will need the following lemma. Let JC(H) denote the C*-algebra of compact
linear operators on H and let KC(H )s, denote its self-adjoint part. As usual, we denote
by K(H)Z, the cone of those operators K in X that satisfy o (K) < [0, 00). Then,
(K(H)sa, K(H),) is an ordered Banach space with normal and generating cone, and
IC(H) is a complexification of KC(H)g,. We call an operator positive definite if its
spectrum is contained in (0, 00).

We have the following formula for the distance to the positive cone in X:

Lemma A.2. Let H be a complex Hilbert space. For every self-adjoint compact linear
operator K on H that is not positively definite 3, one has

dist(K, K(H)%) = sup | = (Kyly) : v € H, [yl =1},

Proof. “>": For every operator L € K(H){, and every vector y € H of norm 1 one
has

K —L| = (L= K)yly) = =(Kyly).

“<”: Let A € R denote the number on the right-hand side of the claimed equality.
Then, —A is the minimum of o (K), and —A < 0 since K is not positively definite. As
a consequence of the spectral theorem for self-adjoint compact operators we can split
K as K = K™ — K~ for operators K+, K~ € K(H){, such that the spectral radius
of K~ is equal to A. Hence,

dist(K, K(H)) < |[K — KT | = |k~ | =2
This proves the claim. 0

Now we give our second proof of the implication “(i)=>(ii)” in Theorem A.1. We
use the following notation: for all x, y € H the symbol x ® y € L(H) denotes the
rank-1 operator on H given by (x ® y)z = (z|y)x for all z € H; it has operator norm
Il iyl
Proof of “(1)=(i1)” in Theorem A.l via positive semigroups. For each t € [0, 00)
consider the operator T; on KC(H )g, that is given by

T,(K) = ¢"“ K (e'Y)*  forall K € K(H)s.

This operator is positive. The family (7});>¢ clearly satisfies the semigroup law. More-
over, it is strongly continuous, as can be seen be first checking strong continuity on
finite-rank operators K and then using a density argument. Hence, (77);>0 is a posi-
tive Co-semigroup on the ordered Banach space (C(H )ga, K(H );2); let us denote its
generator by L.

3The latter assumption is automatically satisfied due to the compactness of K if H is infinite-dimensional,
as in this case 0 € o (K).
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It follows from w(A) < O that w(L) < 0, and hence s(L) < 0. So we can apply
Theorem 3.1 and part (iv) of the theorem tells us that here exists a number n > 0 such
that

dist(L(K), K(H)E) = n|K|| forall0 < K € dom (L) .

Now let x € dom (A) of norm ||x||; = 1 and consider the rank-1 operator x ® x €

KC(H)Z; it has norm 1. Moreover, it is easy to check that this operator is in dom (L)

and that we have L(x ® x) = (Ax) ® x + x ® (Ax). Hence,
dist ((Ax) ® x +x ® (Ax), K(H)E) = n.

By Lemma A.2, we thus find an operator a normalized vector y € H such that
~(tlam @ x+x® (Avly[y) = 2

This means precisely that Re ((ylx)(Ax| y)> < /4 O
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