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Abstract. We present a new and very short proof of the fact that, for positive Cp-semigroups on spaces of

continuous functions, the spectral and the growth bound coincide. Our argument, inspired by an idea of

Vogt, makes the role of the underlying space completely transparent and also works if the space does not

contain the constant functions — a situation in which all earlier proofs become technically quite involved.
We also show how the argument can be adapted to yield the same result for semigroups that are only

eventually positive rather than positive.
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Positive semigroups

A classical question in the theory of positive Cy-semigroups is whether, on a function space E,
the spectral bound

s(A) :=sup{ReA: 1 is a spectral value of A} € [—00,00)
of (e'4) ;>0 coincides with its growth bound
wo(A) :=inf{w e R : (e"“™)) _, is bounded} € [-o0,00).

Recall that the inequality s(A) < wo(A) is true for all Cy-semigroups, and the question for which
semigroups equality holds is relevant in order to derive the long term behaviour of a semigroup
from spectral properties of their generator.

The answer to the above question is positive on spaces of continuous functions, but the proofs
that are known for this result (for instance, in [10, Theorem B-IV-1.4] or [2, Theorems 5.3.8]) tend
to be technical in case that the space does not contain the constant functions (a situation which
occurs most prominently for the space Cy(L) of continuous functions that vanish at infinity, on a
locally compact Hausdorff space L). Specifically, the proofs rely on the structure of the dual space
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E' and the corresponding semigroup (e”‘/) =0 Which, in general, is not Cy. Because of this reason,
the proofs employ the so-called sun-dual semigroup.
The first purpose of our paper is to provide a short and transparent proof of this classical result.

Theorem 1. Let (e'4);>¢ bea positive Cy-semigroup on an AM-space E. Then s(A) = wg(A).

We have used the following terminology in the theorem: an AM-space E is a Banach lattice
with the additional property [sup{f, g}l = sup{llfl,ligl} for all 0 < f, g € E. Typical spaces of
continuous functions, such as C(K) for a compact space K or Cy(L) for a locally compact space
L, are AM-spaces. For the proof of Theorem 1, we only need that every non-empty relatively
compact subset of an AM-space E has a supremum in E [13, Proposition I1.7.6].

Proof of Theorem 1. By arescaling argument, it suffices to show that (") ;>0 is bounded when-
ever s(A) < 0. Indeed, if this implication is true, then the rescaled semigroup (et(A_s))tzo is
bounded for all s > s(A). Consequently, wg(A) < s for all s > s(A) which yields wy(A) < s(A).

So suppose that s(A) < 0 and let 0 < f € E be fixed. Since the positive cone spans E, we only
need to show that the orbit of f is bounded. Boundedness of the semigroup will then follow from
the uniform boundedness theorem.

By the property of AM-spaces mentioned before the proof, the compact set {e’Af : t € [0,1]}
has a supremum g =01in E.

Fixatime t=1andlet I = [t—1,t]. Then e!A f = e¥4e(!=94 f < eSAg forall s€ I, thus

o0
OSetAf:fetAfdssfeSAgdssf egds=:geE;
T T 0

here the last integral exists as an improper Riemann integral due to the positivity of the Cp-
semigroup and the assumption s(A) < 0 (see, for instance, [2, Theorem 5.3.1 and Proposi-
tion 5.1.4]). The result now follows using [[e*4 f|| < ||g]| for all ¢ = 1. O

The main idea that we used above is an adaptation of an argument of Vogt, who recently
presented an intriguingly easy proof of s(A) = wo(A) on LP-spaces [14] (while earlier proofs
due to Weis were much more involved [15, 16]). For more historical details on the question
whether s(A) = wo(A) for positive semigroups, we refer for instance to [2, p. 389]. Recently, some
conditions were given in [11, Section 4] which ensure that the above equality holds for positive
semigroups on non-commutative L”-spaces. For a deeper connection between this question and
geometric properties of Banach spaces, see [12, Section 5].

Remark 2. The proof of Theorem 1 cannot directly be generalized to a larger class of Banach lat-
tices since AM-spaces are the only Banach lattices in which every non-empty relatively compact
set has a supremum (see, for instance, [17, p. 275]).

However, the argument directly generalizes to ordered Banach spaces with closed, normal, and
generating cones, under the assumption that every relatively compact subset is order bounded;
conditions for this latter property can be found in [17, Theorem 1]. For this reason, our argument
also yields a new and simple proof of [4, Theorem 4]. In particular, Theorem 1 is true on every
ordered Banach space which contains an order unit and has normal cone.

Remarks 3. Our proof of Theorem 1 uses two ingredients:

(a) The fact that every relatively compact set in an AM-space has a supremum.

For concrete functions spaces such as Cy(L), where L is locally compact, this is not
difficult to show by employing the Arzela-Ascoli theorem (and for general AM-spaces,
the proof is essentially the same). For C(K), where K is compact, the situation is even
simpler since every norm bounded set in C(K) is order bounded, which (as mentioned in
Remark 2) suffices for the proof of Theorem 1.
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(b) The fact that, if s(A) < 0 and g € E, then [5° e’4gds converges in E as an improper
Riemann integral.

This non-trivial result from the theory of positive semigroups is true on all Banach
lattices (and even on ordered Banach spaces with a normal generating cone); see the
above-quoted [2, Theorem 5.3.1 and Proposition 5.1.4]. Throughout the literature, proofs
that s(A) = wp(A4) holds for all positive semigroups on particular classes of function
spaces, require this result as an important ingredient. The same is true for our proof;
our main contribution is that we significantly simplify the rest of the argument, which is
the only place where the specific structure of the space is used.

Eventually positive semigroups

While the theory of positive semigroups can be considered a classical topic in analysis, many
evolution equations have been recently discovered to only exhibit eventually positive behaviour —
i.e., for positive initial values, the solution first changes sign but then becomes and stays positive.
This gives rise to the following notion:

A Cy-semigroup (e'4) ;¢ on a Banach lattice E is said to be individually eventually positive if
for every positive initial datum f € E, there exists f; = 0 such that e’ f is also positive for all £ > .
The semigroup is called uniformly eventually positive if t; can be chosen to be independent of f.

Many examples of eventually positive semigroups occur in the study of concrete PDEs; see
for instance [9, Proposition 2 and Examples 6 and 7], [1, Section 3], [5, Proposition 5.5], and [8,
Section 7] for recently discovered examples. The prevalence of eventually positive semigroups
in concrete differential equations makes it a worthwhile goal to understand their behaviour at a
general and theoretical level, an endeavour which started with the papers [6, 7]; general results
about the spectrum and long-term behaviour of eventually positive semigroups have recently
been obtained in [3].

In the rest of this article, we specifically study whether s(A) = w((A) in the eventually positive
case. The property of positive Cyp-semigroups mentioned in Remark 3 (b) surprisingly holds
even if the semigroup is only individually eventually positive; see [7, Proposition 7.1]. As a
consequence, it was shown in [7, Theorem 7.8] that on L'- and Lz—spaces, as well as on C(K),
the property s(A) = wo(A) is true for individually eventually positive semigroups. On LP for
other values of p, the aforementioned argument of Vogt carries over to uniformly eventually
positive semigroups [14]; the individually eventually positive case remains currently open on LP
for p € (1,00) \ {2}. In the following, we settle the question for all AM-spaces (while the proof given
for C(K) in [7, Theorem 7.8] does not work on spaces not containing an order unit). The following
argument even works for individually eventually positive semigroups.

Theorem 4. Let (e!?);>o be an individually eventually positive Cy-semigroup on an AM-space E.
Then s(A) = wo(A).

We point out that the argument given in [7, Theorem 7.8] for the special case E = C(K) assumes
that the generator A is real, while we make no such assumption. Furthermore, as mentioned
before Theorem 1, the proofs known for positive semigroups on Cy(L), for a locally compact
Hausdorff space L, employ the sun-dual semigroup on the dual space E'. This works since the
closure of the domain dom A’ of the dual operator can be shown to be an ideal in E’ when the
semigroup is positive. The proof does not carry over to eventually positive semigroups, and it is
unclear whether the same ideal property is still true for them.

On the other hand, the proof that we presented for Theorem 1 can be modified for the
eventually positive case, which is a major advantage of our approach. We are therefore able to
provide an affirmative answer to a question posed after [7, Theorem 7.8].
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Proof of Theorem 4. We adjust the proof of Theorem 1 to the present situation: Assume that
s(A) <0 and fix a vector 0 < f € E; again, it suffices to show that the orbit of f is bounded.

We can find a time # = 0 such that eAf =0forall t > tr, owing to the individual positivity
assumption on the semigroup. As in the proof of the previous theorem, the supremum g :=
sup{etAf : € [tf, tr + 1]} exists, since E is an AM-space. In addition, the vector g is positive (being
a supremum of positive vectors), so there exists fg = 0 such that edg=0forall t > Ig.

Note that the set P:= {g—e'df:te [tf, tr + 1]} is a compact subset of the positive cone in E,
and due to the individual eventual positivity of the semigroup, it is covered by its closed subsets

Pp:={heP:e*h=0forall t > n},

where n runs through N. Hence, by the Baire category theorem, there exists N € N such that (Py)°
is non-void; here, the interior is taken within the space P.

Letus now consider the map @: [#f, ty+1] — P defined by ®(¢) = g-efforallte [tf, tp+1]. 1t
is both continuous and surjective, therefore the pre-image J:= ®~! ((Pn)°) is non-void and open
in [tf, tr +1]. Consequently, there exist #p = 0 and 0 < £ < 1 such that [#, f{p + 4] = J < (£, tp +11.
Letting 11 = max{N, tg}, we conclude that the vectors eSA(g —el4 f) are positive for all s = #; and
all £ € [1g, 1o+ £].

Finally, fix t = 9+ 1 + ¢ and let I := [t -ty — ¢, t — tp] < [#1,00). With this notation, we have
e f =es4e=94f < oS4 gforall s€ I, and so

tA 1 tA 1 SA 1 b SA ~
O<e“f=-|e fdss—fe gdss—f egds=:g€kE;
lJ; 0 0 Jn
here we used that the integral on the right exists as an improper Riemann integral since (e’4) ;s is
individually eventually positive and s(A) < 0 [7, Proposition 7.1]; moreover, for the first inequality
we used that ¢ = # = 7, and for the last inequality we used #; = 7.

We conclude that ||etAf|| < ||gll for all £ = fy + t; + ¢, which proves that the orbit of f is

bounded. O
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