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Introduction

Prerequisites

This course was designed for postgraduate students (Masters and PhD) and advanced
Bachelor students with the following prerequisite knowledge:

* (Calculus/analysis in one and several variables;
 Linear algebra (in particular eigenvalues and the Jordan normal form of matrices);

* Anintroduction to real analysis, measure and integration theory (in particular, fa-
miliarity with LP spaces);

* An introduction to functional analysis (Banach spaces, Hilbert spaces, bounded
linear operators); and

* An introduction to complex analysis (holomorphic functions, complex path inte-
grals and Cauchy’s integral formula, Laurent series).

Acknowledgements

We thank Alexander Wierzba for sending us the font used in these lecture notes.



Nomenclature

The following table gives an overview of important symbols used in the lectures. This
table will be updated every week as we introduce new notation.

Elementary notation

N set of strictly positive integers, i.e. N={1,2,3,...}

Np set of integers that are = 0,i.e. Ny ={0,1,2,...}

R, alternative notation for the interval [0, co)

Cre>y open right-half plane {z€ C:Rez >y}

B.r(x) open ball with centre x and radius r, where the metric space is clear from
context

B<,(x) closed ball with centre x and radius r, where the metric space is clear from
context

Function spaces

1 the vector in R” whose entries are all 1, or the constant function with value
1 on a set that is clear from the context

F(S;R) real-valued analogue of any function space F(S) that occurs in the follow-
ing list and consists of complex-valued functions on a set S

F(§;X) space of functions on a set S with values in a Banach space X

C(K) space of complex-valued continuous functions on a compact metric space
(or compact topological Hausdorff space) K; endowed with the sup norm

Co(Q) space of complex-valued continuous functions on a non-empty open set
Q < R” which approach 0 at 0Q and at oo; endowed with the sup norm

C"™(<Q) space of complex-valued m-times continuously differentiable functions

on a non-empty open subset Q € R” for m € Ny

vi
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C(Q)
0 (9))
CZ )

C"™(Q)

C@)

LP(Q,v)

LP(Q)

P

loc

Q)

wkpr Q)

wyP (@)

H*(Q)

H{(Q)

short for C°(Q), where Q € R" is non-empty and open; in contrast to C(K)
for compact K we do not endow C(Q) with a specific norm or topology,
unless otherwise stated

the intersection (,en, C” (©2) for a non-empty open subset 2 < R”

the space of test functions on a non-empty open subset Q < R” —i.e. of all
functions in C*°(Q) whose support is a compact subset of

the space of m-times continuously differentiable functions such that every
derivative up to order m can be extended to a continuous function on Q,
for a non-empty, bounded, open set Q c R”; note that the space depends
on Q, not only on its closure Q

for m = 0, the space of bounded continuous functions on a non-empty set
Q < R" (not necessarily bounded); for m € N, the space of m-times contin-
uously differentiable functions on Q such that every derivative up to order
misin Cy(Q)

complex-valued L”-space over the measure space (Q,V) for p € [1,00]

complex-valued L”-space over a measurable subset Q) € R” that is endowed
with the Lebesgue measure for p € [1,00]

space of (equivalence classes of) complex-valued measurable functions on
a non-empty open set Q € R” that are locally in L”, for p € [1,00]

the Sobolev space of complex-valued functions on a non-empty open set
Q = R" whose weak derivatives up to order k all exist and are in L” (Q); for
pell,oo] and ke Ny

the closure of the space of test functions C°(Q) in W*P(Q), for p € [1,00)
and ke Nj

short for W*2(Q), for k € Ny

short for Wok’Z(Q), for k € Ny

Banach spaces and linear operators

id

X/

(@, x)

the identity matrix in C"**” or the identity operator on a normed space that
is clear from the context

norm dual space of a normed space X; depending on the context, elements
of X’ are denoted by x/,y/,... orby @, y,...

stands for ¢(x), where x € X and ¢ € X' for a normed space X

vii
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U P For a dual normed space X’ and ¢ € X', and a normed space Y and u€ Y,
u®@: X — Y is the rank-1 (or rank-0) operator defined by (u ® ¢)(v) ==
(p,v)uforallve X

A the dual operator A’: Y’ 2 dom(A’) — X’ of a densely defined linear op-
erator A: X 2 dom(A) — Y between to Banach spaces X and Y over the
same scalar field

A* the adjoint operator A*: H 2 dom (A*) — H of a densely defined linear
operator A: H2>dom (A) — H on a Hilbert space

19 inner product on a Hilbert space; antilinear in the first component

L(X,Y) space of bounded linear operators between two normed spaces X and Y
over the same scalar field

L(X) short for £(X, X), where X is a normed space

Y—X continuous embedding of a Banach space Y into a Banach space X, i.e.
Y < X and there exists C > 0 such that Hy||X =C ||y|| yforallyey

Spectral theory

o(A) spectrum of a closed linear operator A

Opnt(A) point spectrum, i.e. the set of eigenvalues of a closed linear operator A

p(A) resolvent set of a closed linear operator A, i.e. p(A) :=C\ o (4)

R(A, A) resolvent of a closed linear operator A at a point A € p(A), i.e. R(1, A) =
A-A)t

r(A) spectral radius of a bounded linear operator A, defined by the formula
r(A) :=max{|Al: 1€ o (A)} € [0,00)

s(A) spectral bound of a closed linear operator A, defined by the formula s(A) :=

supfRed: 1 € 0 (A)} € [—00,00]

Ordered structures on vector spaces

Vi

X<y
y=x
sup S
infS

xVy

viii

positive cone of a vector lattice V

cx < y for some number ¢ > 0 (equivalently, x < cy for some number ¢ > 0)
alternative notation for x < y

supremum of a subset S of a partially ordered space X

infimum of a subset S of a partially ordered space X

supix, y}
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dom (A)[R

-1l e

inf{x, y}

xvo0

xXAQO

XV (=x)

complexification of a real vector space V
real part of a complex Banach lattice E

the real part of the domain of a linear operator A: E 2 dom(A) — F be-
tween Banach lattices E and F, i.e. dom (A)r := dom (A) N Eg

f=0but f#0

alternative notation for f >0

principal ideal generated by a positive element u of a Banach lattice E
gauge norm on the principal ideal E,,

AL-space generated by a strictly positive functional ¢ on a Banach lattice
E

the norm (¢, |-|), where ¢ € E' is strictly positive

ix






Chapter 1

Positive matrices and matrix
semigroups

The topic of the ISEM 29 is the interplay between dynamical systems (more specifically:
differential equations), sign preservation, and operator theory. The material in the first
two chapters develops the essence of the theory in finite dimensions. In Chapter 1, we
study positive matrices and matrix exponential functions, and show how the positivity
affects their eigenvalues and eigenvectors. The titular subject, eventual positivity, makes
an appearance in Chapter 2.

1.1 Positive matrices and the standard order on R”

As a foundation for everything that follows, we endow the spaces R” and R"*" with the
following partial order.

Definition 1.1.1 (The order and the cone on R” and R™*"™).

(a) For x,y € R" we write x < y if this inequality holds componentwise, i.e. if x; < yx
for every index k. As usual we use the notation y = x synonymously with x < y.
Vectors x € R” that satisfy x = 0 1 are called the positive elements of R”, and the set
R = {x e R": x = 0} of all positive vectors is called the positive cone of R”".

(b) We use the same conventions for matrices: for A, B € R™*" we write A < B (or
B = A) if Aji < Bj for all indices j, k.

A matrix A € R"*" is called positive if A= 0, and the set R7"*" := {Ae R"*"": A= 0}

of positive matrices is called the positive cone in R""*",

Note that Definition 1.1.1(a) can be considered a special case of part (b) if we identify
R” with R"*!, The relation < is a partial order on R” and is compatible with its vector

lwe always write 0 for the zero vector when the corresponding space is clear from context.



1. POSITIVE MATRICES AND MATRIX SEMIGROUPS

space structure in the following sense: if x < y for x, y € R”, then
axsay and X+z<sy+z

for all numbers a € [0,00) and all vectors z € R”. Analogous statements hold for the
partial order < on R™*",

Remark 1.1.2 (Terminology: positive vectors). At first glance, it might be surprising that
our definition of ‘positivity’ is inconsistent with its common meaning for real numbers:
in English, a number «a € R is usually called positive if @ > 0. Yet, the vector 0 € R" is
positive in the sense of Definition 1.1.1. For n = 1 this means, in particular, that the real
number 0 is positive in the sense of Definition 1.1.1.

Nevertheless, our usage of ‘positive’ is standard in the theory of Banach lattices, which
we use frequently from Chapter 4 on. For readers who take pleasure in terminological di-
gressions, a more thorough discussion is provided in the notes at the end of this chapter.

From an operator-theoretic perspective, it is desirable to describe positivity of matri-
ces in terms of how they act as linear maps. We do this in the next proposition.

Proposition 1.1.3. For a matrix A € R™*", the following are equivalent:
(i) Ais positive, i.e. A RT™".
(i) AR?) SR
(iii) A acts monotonically, i.e. if x,y € R" satisfy x < y, then Ax < Ay.
Proof. “(i) = (ii)”: This is clear from the definition of the matrix-vector product.

“(ii) = (iii) > Assume that (ii) holds and let x, y € R" satisfy x < y. Then y — x € R” and
hence Ay — Ax = A(y — x) € R"?, which implies that Ax < Ay.

“(iii) = (1) Assume that (iii) holds. For j € {1,..., n} and the canonical unit vector e; €
R" one has 0 < e; and thus 0 = A0 < Ae;. Since Ae; is the j-th column of A and j was
arbitrary, we conclude that all entries of A are = 0. O

Since we defined the order relation < by comparing vectors (and matrices) entrywise,
it is natural to generalise the modulus from scalars to vectors in the same way:

Definition 1.1.4 (The modulus of vectors and matrices). For every vector x € C" and
every matrix A € C"™*" we define the matrix |A| € R7**" and the vector |x| € R’ by taking
the entrywise modulus of x and A4, i.e.

x| = |xj] and  |Aljr=|Aj
for all indices j and k.

The modulus has a submultiplicative property, which is very useful to prove esti-
mates for positive matrices.

2



1.2. The spectrum of positive matrices

Proposition 1.1.5 (Submultiplicativity of the modulus). Let A€ C"™*" and x € C".
(@) Onehas|Ax| <|Allx].
(b) In particular, if Ac RT"*", then |Ax| < Alx|.

Proof. (a) One can check the inequality entrywise: for every j € {1,..., m} one has

n n
|Ax]; = |(Ax)j| =) Ajrxi| < X |Ajk||xk|=(|A||x|)j.
k=1 k=1
(b) For positive A, one has |A| = A, so the claim follows from part (a). O

Remark 1.1.6 (Norms on C"). In the following we often work with norms on C". While
they are all equivalent, we assume throughout that C" is endowed with a norm that sat-
isfies [|[x|[l = [lx|| for all x € C" as well as ||x|| < || y|| for all x,y € R” with 0 < x < y — this
is sometimes more convenient in estimates. For instance, the p-norm has this property
for every p € [1,00].

1.2 The spectrum of positive matrices

An intriguing feature of positive matrices is that their eigenvalues and eigenvectors enjoy
a variety of remarkable properties. This is the content of the classical Perron-Frobenius
theorem, which we study in this section. This theorem is only a first instance of one
of the most important themes of the course: the interaction between positivity and the
spectrum of linear operators. We take this opportunity to introduce some fundamental
concepts and tools in spectral theory.

Definition 1.2.1 (Spectrum and spectral radius). Let A € C"*"". The set g(A) < C that
consists of all eigenvalues of A is called the spectrum of A, and the number

r(A) :=max{|A|: A € 0(A)} € [0,00)
is called the spectral radius of A.

The spectral radius determines whether the powers of a matrix converge to 0 as the
exponent tends to co. More precisely, one has the following equivalence.

Proposition 1.2.2 (Convergence to 0 of matrix powers). For every matrix A € C"*", the
following are equivalent:

i r(A)<1.
(i) A*—0ask— oo.

(iii) There exist numbersn € [0,1) and c = 0 such that | A¥|| < en*for each k € No.



1. POSITIVE MATRICES AND MATRIX SEMIGROUPS

Proof. “(i) = (iii)” The implication is clear if r(A) = 0, hence we assume r(A4) > 0. One
can then show, using the Jordan normal form of A, that | A¥|| = er(A)f@ + k™71 for
anumber ¢ = 0 and all k € Ny; see Exercise 1.4(c). So the claim follows by taking any

n € (r(A), 1) and using that r%k decays exponentially.

“(iii) = (ii)” This implication is obvious.

“(ii) => ()™ Let A be an eigenvalue of A with |1] =r(A) associated to an eigenvector z of
norm one. One has I/IIk = Mlk lzll = ||Akz|| —0as k— oco. Thus, r(A) = [A]| < 1. O

To formulate the statement of some parts of the Perron-Frobenius theorem we need
the following stronger notion of positivity.

Definition 1.2.3 (Strong positivity in finite dimensions). A vector x € R" is called strongly
positive if x; > 0 for all k€ {1,..., n}. Similarly, a matrix A € R"*" is called strongly posi-
tive if Aji > 0 for all indices j, k.

Observe that the strongly positive vectors in R” are precisely the points in the interior
of the positive cone R”. Similarly as in Proposition 1.1.3, strong positivity of matrices
can also be interpreted in terms of their actions as linear mappings: a matrix A € R”*" is
strongly positive if and only if it maps every 0 # x € R” to a strongly positive vector.

It is convenient to have a notation for strong positivity. The following has the advan-
tage that it can easily be generalised to the infinite-dimensional setting in later chapters.

Notation 1.2.4 (Inequality up to a factor).

(a) For two vectors x, y € R"” we write x < y or equivalently y > x if there exists a num-
ber ¢ > 0 such that cx < y (equivalently, if there exists a number ¢ > 0 such that
x=cy).

(b) Welet 1 € R"” denote the vector with every entry equal to 1. Hence, a vector x € R”
is strongly positive if and only if x > 1.

The main result of this section is the following classical theorem about the eigenval-
ues and eigenvectors of positive matrices.

Theorem 1.2.5 (Perron-Frobenius). Let0 < AeR"™ ",
(@) The spectral radiusr(A) is an eigenvalue of A with an eigenvector x = 0.

(b) Ifall diagonal entries of A are non-zero, thent(A) > 0, andr(A) is a radially strictly
dominant eigenvalue in the sense that |A| < r(A) for all other eigenvalues A of A.

(c) If A is even strongly positive, then r(A) > 0, the eigenvaluer(A) of A is algebraically
simple,® and its eigenspace is spanned by a strongly positive vector

2Recall that the algebraic multiplicity of an eigenvalue A of A is the dimension of the generalised
eigenspace UZ:I ker(A — A)%. The eigenvalue A is called algebraically simple if its algebraic multiplicity
is one.



1.2. The spectrum of positive matrices

The Perron-Frobenius theorem is useful to study the behaviour of A* of a positive
matrix A as k — oco. A concrete application to Markov chains is explored in Exercise 1.3.

Various proofs of the theorem and variations thereof are known; see e.g. the survey
article [Mac00] for some nice bedtime reading. The proof we present has a strong func-
tional analytic flavour and already anticipates several ideas and arguments that occur
again in the infinite-dimensional case — strongly relying on properties of the resolvent.
We define and study this object now and finally use it to prove Theorem 1.2.5.

Definition 1.2.6 (The resolvent of a matrix). Let A € C"**”", The complement of its spec-
trum, i.e. p(A) := C\ o(A), is called the resolvent set of A. The mapping

R(-,A): p(A) —C*"" A—RAA=A—- A"
is called the resolvent of A.

In the preceding definition, we used the notation A— A, which is shorthand for Aid — A;
where id € C"*", denotes the identity matrix of the same dimension as A.

To state the following proposition we need the concept of a vector-valued analytic
functions. In finite dimensions this is easy: a mapping from an open subset of C to C" or
to C""*" is called analytic or holomorphic if every component of the mapping is analytic.

Proposition 1.2.7 (Properties of resolvents). Let Ae C"*".
(@) TheresolventR(-,A): p(A) — C"*" is analytic.

(b) For A e C with|A| >1(A), the resolvent can be represented as the Neumann series

o) k
RAA) = k2=:0 T

which converges absolutely in C"" (with respect to any norm,).

Proof. (a) Itfollows from Cramer’s rule for the inverse of a matrix that, for all indices j, k,
the matrix entry R (-, A) jk: p(A)—Cisa rational function and thus analytic.

(b) Asr(A/A) <1, so by Proposition 1.2.2, there exist numbers 7 € [0,1) and ¢ = 0 such

that | A¥/A¥|| < cn® for every k € Ny. Thus, ¥° ” A% 1| < 0o, and hence the series

k=0 || Ak+1
converges absolutely in C**". To show the resolvent formula, we compute

00 Ak K k Ak+1 K+1
A-A = lim — - = lim (id———=|=id.
( )kZ:OMH K—"X’kzo(M Ak+1) ( AK+1)

Here we used that | A¥*1/A¥*1|| — 0 as k — oo according to Proposition 1.2.2 since
r(A/A) < 1. After multiplying by R (A, A), we obtain the claimed formula. O

Finally, we need the following lemma about simplicity of eigenvalues. It is illuminat-
ing to check explicitly how the assumption v u # 0 below fails for a 2 x 2 Jordan block.



1. POSITIVE MATRICES AND MATRIX SEMIGROUPS

Lemma 1.2.8 (Algebraic simplicity from geometric simplicity). Let A € C be a geometri-
cally simple eigenvalue® of some A€ C"". If there exist eigenvectors u and v of A and A"
respectively for the eigenvalue A satisfying v'u # 0, then A is even an algebraically simple
eigenvalue of A.

Proof. Let x € C". Tt suffices to show that if (1 — A)2x =0, then (1 — A)x = 0, so assume
that (1 — A)?x = 0. Since (A — A)x is in the eigenspace ker(A — A) which is spanned by ,
there exists a scalar a € C such that (A — A)x = au. Hence,

aviu=vTA-A)x= ((A—AT) v)Tx= 0.

As v u #0, this implies that & = 0, so (A — A)x = 0, as claimed. O
Now we have all the tools that we need to prove the Perron-Frobenius theorem.

Proof of Theorem 1.2.5. (a) We first consider the case o(A) = {0}. In this case, one has
1(A) = 0 € 0 (A). Moreover, there exists an integer k > 1 such that A* = 0. Choose any
non-zero vector y € R} and let j € {0,1,..., k— 1} be the maximal number for which
x:= Aly #0. Then x is positive since A/ is positive, and x € ker A.

Now we consider the more interesting case where o (A) # {0} and hence r(A) > 0.

Choose an eigenvalue A of A with modulus |1] = r(A) and let z € C" be an eigenvector
of norm 1 corresponding to A. For every s > 1 one has R(sA, A)z = ﬁz, and thus

1 © Ak
———— |zl = |——2| = IR(sA, Azl = | ) ———
(s—1Dr(A) . ‘s/l—/lz IR(sh, Azl kgo(m)k“z
= A s A .
= &t 47 &y Gy 14 S ROTA Dl

where the penultimate equality uses the positivity of A* (Proposition 1.1.5). Here
we have twice used the Neumann series representation of the resolvent (Proposi-
tion 1.2.7(b)), which is applicable because |sA|,[sT(A)| > 1(A).

If we take norms in the inequality m |z] = R(sr(A), A)|z| that we just proved,
we get m < [R(sr(A), A)ll (see the properties of the norm in Remark 1.1.6), so
IR(sr(A), A)ll — oo as s | 1. By continuity of the resolvent (Proposition 1.2.7(a)), it

follows that r(A) is not in the resolvent set and is thus an eigenvalue of A.

It remains to show the existence of an eigenvector x € R? for the eigenvalue r(A).
Consider any sequence (si) in (1,00) that converges to 1; for each index k we define

_ Risgr(A), Azl
T

ay = R(skr(A),A)lzll  and xi:

3Recall that the geometric multiplicity of an eigenvalue A of A is the dimension of the eigenspace
ker(A — A). The eigenvalue A is called geometrically simple if its geometric multiplicity is one.
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(b)

(©

We have already seen that a; — co as k — oo and that x; = 0 for each k. Moreover,

(A-1(A) Xk = (A= sk r(A)) Xk + (K 1(A) —1(A)) Xk

z
= —u + (s —Dr(A)x — 0.
Qg

Since | x|l = 1 for all k and as the unit sphere in C” is compact, there exists a subse-
quence (xkj) of (xx) that converges to a non-zero vector x € IR’j. Thus, (A-r(A)x =
lim ;.o (A—r(A))xg; =0, and so x is an eigenvector of A for the eigenvalue r(A).

Assume now that all diagonal entries of A are non-zero. Then we can find a number
& > 0 such that A—§ = 0.* Consider the spectral radius r := r(A— ) of A—§. Since
A -4 is positive, we can apply (a) to this matrix and thus see that r is an eigenvalue
of A—6 and so r + 6 is an eigenvalue of A. In particular, 0 < r + 6 <1(A).

On the other hand, as all eigenvalues of A —§ are contained in the closed disk B<;(0)
with radius r and centre 0, so all eigenvalues of A are contained in the disk B<, ()
with radius r and centre . Therefore, r(A) < r + 6. It follows that r(A) = r + 6. But the
circle with radius r + 6 and centre 0 intersects the disk B<,(0) only in the point r + §,
so A has no further eigenvalue of modulus r + 6 =r(A).

Finally, assume that A is strongly positive. For every eigenvector x € R of A cor-
responding to the eigenvalue r(A) — which exists according to (a) — one has r(A)x =
Ax>1.Hencer(A) >0and x = 1.

Next we show that the eigenvalue r(A) is geometrically simple. To this end, let x > 1
be an eigenvector of A for the eigenvalue r(A) and let y € R” be any other eigenvector
for the same eigenvalue. Then there exists a number y € R\ {0} such that x —yy is
positive, but has at least one component that is 0. If x — yy were non-zero, it would
be an eigenvector of A for the eigenvalue r(A), which would imply x —yy = 1, as we
have just seen. Thus, x —yy =0, so y is a multiple of x. This proves the geometric
simplicity of the eigenvalue r(A).

To see that r(A) is algebraically simple, we now use Lemma 1.2.8. By applying (a)
to the transposed matrix AT, one gets an eigenvector y = 0 of AT for the eigenvalue
r(A") =1(A). As y #0and x > 1, one has y'x > 0, so Lemma 1.2.8 is applicable and
shows that the geometric simplicity of r(A) implies the algebraic simplicity. O

1.3 Positive matrix semigroups

The powers A¥ of a square matrix give the solutions x: Ny — C" to the difference equa-

tion x(k) = Ax(k—1) for k € N. As in the scalar case, it is natural to study the continuous
time analogue of this dynamical system, i.e. the differential equation x(¢) = Ax(f) with
x: [0,00) — C". For this, one uses the matrix exponential function.

41et us recall here the convention A— 8 := A— §id that we first used Definition 1.2.6.
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nxn

Definition 1.3.1 (Matrix exponential function). For every A€ C one defines

o) k
et i=exp(A) =) —€ c
i=o k!

where the series converges absolutely in C*",

We first discuss a number of essential properties of the matrix exponential function,
in particular its relation to linear differential equations. Positivity takes the stage back in
Theorems 1.3.8 and 1.3.9.

Proposition 1.3.2 (Properties of the matrix exponential function). The matrix exponen-
tial function has the following properties:

(a) e%=id.
(b) The matrix exponential function exp: C"*" — C"™", A— e is continuous.

(c) For fixed A € C"™", the mapping C — C"™", z — e*4 is differentiable, and hence
analytic, with derivative d%eZA = Ae*d=e* 4 AateachzeC.

(d) Iftwo matrices A, B € C'"*" satisfy AB = BA, then e*B = e4eB,
Proof. (a) This follows readily from the definition of the matrix exponential function.
(b) Let A,B e C™*", An induction argument yields the geometric sum formula
k-1 .
AF-B¥=Y" Al(a-B)B*1
j=0
for all integers k = 1. On the right hand side, it is important to have A— B in the mid-
dle since A and B are not assumed to commute. Thus we can estimate || A* - B¥|| <
ka*~1||A— B| with @ := max{|| All, | Bl }. The continuity now follows from
00 k-1

&= (k—1)!

o0
et~ eP] < Y = |k~ B¥| <14~ — " |A-B.
k=1"™

(c) This can be shown in the same way as for the scalar-valued exponential function.

(d) One can prove this by using the Cauchy product formula for infinite series, as in
the scalar-valued case. Readers familiar with the uniqueness theorem for ordinary
differential equations might also find the following alternative proof insightful.

Consider the functions Xi, X, : R — C"*" that are given by

X () =e™B  and  Xp(r) = e'le’B
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for all £ € R. According to (a) and (c) the function X; solves the initial value problem
X(t)=(A+B)X(t) forallteR,
X(0)=1id.

On the other hand, as A and B commute, the definition of the matrix exponential
function implies that B also commutes with e’/ for all ¢ € R. This together with (c)
and the product rule for differentiation implies that X, solves the same initial value
problem. Hence, by the uniqueness theorem for linear initial value problems it fol-
lows that X; (#) = X,(t) for all £ € R. For ¢ =1 this gives the claim. O

Proposition 1.3.2(c) has the following consequence, which is the main reason why
one is interested in matrix exponential functions.

Corollary 1.3.3 (Solutions to linear differential equations). Let A € C"*"* and x, € C".
Then the function x : [0,00) — C", t — e'“x satisfies the initial value problem

X(t) = Ax(t) foralltel0,00),
x(0) = xg.

From the uniqueness theorem for ordinary differential equations, the function x is
in fact the only solution to the initial value problem in Corollary 1.3.3.

For a matrix A € C"**"*, Corollary 1.3.3 shows that the matrix family (e' >0 1S @ quite
fundamental object. Hence, it gets its own name, which is inspired by the property
e(T0A = o54ptA for all 5, t > 0 that follows from Proposition 1.3.2(d).

Definition 1.3.4 (Matrix semigroups and positivity).
(a) Let Ae C™", The family (e’4);s¢ is called the matrix semigroup generated by A.
(b) Let A€ R™". Then (e'?) ;¢ is called positive if !4 = 0 for all ¢ € [0,00).

We have seen (in Proposition 1.2.2) that the spectral radius of a matrix A determines
the long-term behaviour of the powers A*. For the matrix semigroup (e’4);s¢, a similar
role is played by the so-called spectral bound.

Definition 1.3.5 (The spectral bound of a matrix). Let A€ C"*". The number
s(A) :=max{Red:1eo(A)}
is called the spectral bound of A.

Proposition 1.3.6 (Convergence to 0 of matrix semigroups). For each matrix A€ C"*",
the following are equivalent:

(i) s(A)<o0.

(i) e4—0ast— oco.
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(iii) There exist numbers <0 and ¢ = 0 such that || et4 || < ce'# foreacht=0.

Proof. “(i) = (iii)” As in the proof of Proposition 1.2.2, this can be deduced using the
Jordan normal form of A. We refer to Exercise 1.4(d) for a detailed discussion; cf.
proof of Proposition 1.2.2.

“(iii) = (ii)” This implication is obvious.

“(ii) > ()™ Let A be an eigenvalue of A with real part Rel = s(A) and an associated
eigenvector z € C" of norm one. For every k € Ny one has Akz = AFz and thus,
e'4z = etz for every t = 0 by the definition of the matrix exponential function. So
e = e!Red || z| = | e!4z|| — 0 for each t — oo, which shows that s(A) < 0. O

The Neumann series representation of the resolvent of a matrix A (given in Proposi-
tion 1.2.7(b)) has the following analogue in continuous time.

Lemma 1.3.7 (Laplace transform representation of the resolvent). Let A€ C"*". For ev-
ery A € C that satisfies Re A > s(A) one has

R, A) = f e HelAdr,
0

where the integral converges absolutely.

Proof. Let ReA > s(A). Then s(A—- A1) < 0 and so by Proposition 1.3.6, there are num-
bers p < 0 and ¢ = 0 such that || e~ e?|| < ce’ for all ¢ = 0. Hence, the integral indeed
converges absolutely.

To prove that the integral equals R (A, A), observe that

e} T q
(A—A)f e e dt = lim - d—et(A_M dt= lim (-e™™ Y +id) =id;
0

T—oo Jo t T—o0
where the last equality uses again that s(A— 1) < 0, which indeed gives eTA-N 0 as
T — oo according to Proposition 1.3.6. O

Except in special cases in small dimensions, it is typically not possible to explicitly
compute e’ for a given matrix A. Fortunately, one can check positivity of the semigroup
@ =0 purely in terms of A, as condition (iv) in the following theorem shows.

Theorem 1.3.8 (Characterisation of positive matrix semigroups). Let A € R"*". The fol-
lowing are equivalent:

(i) ed> 0 for all real numbers t = 0.
(i) For all real numbers A > s(A) one has R(A, A) = 0.
(iii) For all sufficiently large real numbers A > s(A) one has R(A, A) = 0.

(iv) All off-diagonal entries of A are in [0,00), i.e. Aji = 0 for all indices j # k.

10
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Proof. “(i) = (ii)” This follows from the representation of the resolvent R(A, A) as the
Laplace transform of the semigroup (e’4);»¢ given in Lemma 1.3.7.

“(ii) = (iii)” This implication is obvious.

“(iii) = (iv)”: Consider numbers A € R that satisfy A > r(A). The Neumann series repre-
sentation of the resolvent (Proposition 1.2.7(b)) shows that

00 k

2 id =
ARA,A)-2Aid= ) 1A
k=1

as A — oo. For indices j # k one thus gets
. 2 . : 2
Ajk=llggo()t R(A,A)—/lld)jk:}ggol R(A,A)j 20,

where the last inequality follows from (iii).

”,

“liv) > (1) As (iv) holds there exists a number ¢ € R such that A+ cid = 0. So

t(A+cid) _ etmdetA — plic,tA

O<e e’e

for all t € [0,00), where the inequality at the beginning follows from A+ cid = 0
and the definition of matrix exponential function, and the first equality follows from
Proposition 1.3.2(d). Division by the numbers e’ € (0,00) yields (i). O

Several other equivalent conditions for positivity of matrix semigroups can be found
in Exercise 1.2. We conclude this lecture with a Perron-Frobenius type theorem for pos-
itive matrix semigroups. It is remarkable that in part (b) of the following theorem, no
additional assumption on A is needed. This is in sharp contrast to situation for single
operators, where we needed an additional assumption in Theorem 1.2.5(b).

Theorem 1.3.9 (Perron-Frobenius for positive matrix semigroups). Let A € R™*" and
assume the matrix semigroup (e 50 is positive.

(@) s(A) is an eigenvalue of A and there exists a corresponding eigenvector x = 0.

(b) s(A) is a strictly dominant eigenvalue of A in the sense that Re A < s(A) forall A €
o(A)\ {s(A)}.

Proof. Since (e =0 is positive, there exists ¢ € R such that A+ ¢ = 0 by Theorem 1.3.8.
Therefore by the Perron-Frobenius theorem for positive matrices (Theorem 1.2.5), the
spectral radius r(A+c) is an eigenvalue of A+ c with a positive eigenvector. Consequently,
itequals s(A+ ¢) and is a strictly dominant eigenvalue of A+ c. The assertions thus follow
fromo(A+c)=0(A) +c. O

We end this chapter by pointing out that a similar result as in Theorem 1.2.5(c) can
also be proved for matrix semigroups if e’/ is strongly positive for every ¢ > 0. We do
not discuss this further at this point, but a result in the next chapter, Theorem 2.3.1, will
contain this as a special case.

11



Exercises for Chapter 1

Exercise 1.1. Let A, Be C"*",

(@
(b)

Give an example to show that e4*8 = e“e? does not imply AB = BA.

If there exists £ > 0 such that e?4*B) = ¢! 40!B for all £ € [0, ¢), then show AB = BA.

Exercise 1.2 (Continuation of Theorem 1.3.8). Let A € R"”*" be given. Prove that the
following are equivalent:

(iv)

)

(vi)

(vii)

(viii)

All off-diagonal entries of A are in [0,00), i.e. A k=0 for all indices j # k.

The matrix A satisfies the positive minimum principle, i.e. for all u € R} and all
ke{l,...,n} with uy =0 one has (Au); = 0.

The matrix A is cross positive, i.e. for all u, v € R” with u"v = 0 one has u' Av > 0.

The matrix A satisfies the Beurling—Deny criterion, i.e. for every u € R" one has
(wu)TAu* =0, where

W)y = up ifur=0,
0 ifuk<0

forall ke {1,...,n}, and where u™ = (—u)*.

The matrix A satisfies the Arendt—Kato inequality, i.e. for all u € R" and all indices
k with u; =0 one has (Au™) = (Au)y.

Exercise 1.3. The koala (Phascolarctos cinereus) is a notoriously lazy animal, sleeping
up to 20 hours a day. It is also a very picky eater. Suppose that a particular koala has 3
favourite eucalyptus trees, arranged as in Figure 1.3.1.

For i, j € {1,2,3}, let P;; denote the probability that the koala will eat at tree i the
following day given that it has eaten at tree j today. Consider the following model:

ONONO

Figure 1.3.1: Eucalyptus trees in an Australian forest (some imagination is required).

12
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(a

(b)

(c)

With probability g € (0,1), the koala will stay at the same tree the following day.

Since it is lazy, the koala will only move to adjacent trees. Hence, if it has eaten at
tree 2 on one day;, it will move to either tree 1 or 3 the next day with equal proba-
bility (or otherwise stay in place). On the other hand, if it has eaten at tree 1 or 3, it
will only move to tree 2 (or otherwise stay in place).

For the probabilities P;; described above, write down the matrix P = (P;;)1<j,j<3,
which is called the transition matrix of the model, in terms of g. Explain what the
(i, j)-th entry of the matrix powers pk represents.

Show that r(P) = 1 and that 1 is a strictly dominant eigenvalue.

In the long run, what can you say about the proportion of days the koala spends at
each tree?

Exercise 1.4. Let Ay € C and let Jy € C"™*" denote the Jordan block

(@
(b)

(c)

(d)

A 1

Jo=
1
Ao

Find and prove a formula for the matrix ](’,C for every k € Np.

Find and prove a formula for the matrix e’/° for every t € [0,00).

Hint: First consider the case Ay = 0 and then use Proposition 1.3.2(d).

Let A€ C™" such thatr(A) > 0. Use the Jordan normal form of A to show that there
exists a number ¢ > 0 such that | A¥|| < cr(A)*(1 + k"~1) for each k € No.

Let A€ C"™", Use the Jordan normal form of A to show that there exists a number
¢ > 0 such that || e”‘” < ceSA (1 + " 1) for each 1 € [0,00).

13



Notes for Chapter 1

Positivity versus non-negativity

As promised in Remark 1.1.2, we now discuss the terminology positive and the related
question of whether 0 is considered positive in a bit more detail.

Real numbers: Itis remarkable that even for real numbers, the meaning of the term pos-
itive depends on the language. The convention that positivity of a real number a
means « > 0 — while the property a = 0 is often referred to as a being non-negative
—is common in English and, for instance, also in German. On the other hand, in
French the adjective positif typically refers to a number a = 0.

As the real numbers are defined as an ordered field with a number of additional
properties, it is worthwhile to also take a brief look at conventions in the theory
of ordered groups and fields. Unsurprisingly, the French meaning of ‘positive’ is
employed by Bourbaki in their definition of ordered groups [Bou07, p. A V1.4]. The
same convention is then used in the English translation [Bou03, p. A VI.4].

Linear algebra: A substantial amount of literature studies order properties of R and
matrices, in particular in relation to the Perron-Frobenius theorem and its appli-
cations. In this field, it seems to be most common to call a vector x positiveif x; > 0
for all indices k (note that we call this property strongly positive in Definition 1.2.3).
Vectors x = 0 are typically referred to as non-negative vectors in this part of the lit-
erature. This terminology has the advantage that it is consistent with the standard
conventions for real numbers in English.

Care must be taken, though, since the coordinate-wise relation < defines only a
partial order on R” when n = 2: there exist vectors x € R” that satisfy neither x = 0
nor x < 0. If one gives in to the temptation to call a vector x € R" negative if —x
is positive, then the common terminology in linear algebra leads to the following
situation: x is negative if and only if x; < 0 for all indices k and thus we have a
linguistically unpleasant situation where the assertion “x is non-negative” is in-
equivalent to “x is not negative”.

Real-valued functions: Some parts of the literature adopt a convention similar to the
one in linear algebra: a function f: Q — R defined on a set Q is called non-negative

14
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if f(w) = 0 for all w € Q or, for instance in the setting of L”-spaces, for almost all
w € Q. Accordingly, f is then called positive if f(w) > 0 for (almost) all w € Q.

This adaptation of the finite-dimensional perspective comes with an additional
caveat in infinite dimensions that only becomes apparent when one develops a
systematic theory of ordered spaces in infinite dimensions. The property f(w) >0
for (almost) all w € Q has very different consequences depending on the surround-
ing space. For example, in C(K) it implies that f dominates a strictly positive con-
stant on K, whereas in L”(Q) it does not. We elaborate on this later in Chapter 7,
when we have enough Banach lattice theory available.

Elements of ordered vector spaces and Banach lattices: In the theory of ordered vector
spaces and Banach lattices, which we introduce in Chapter 4, it is common to call
a vector x positive if x = 0; in particular, the zero vector is positive. We follow this
convention since we frequently use Banach lattice theory later on. To maintain
consistency throughout these notes, we have adopted the same convention in the
finite-dimensional setting, as can be seen in Definition 1.1.1.

Perron-Frobenius and friends

The story of the Perron-Frobenius theorem, and the theory of non-negative matrices”
in general, has a surprising beginning. At the turn of the 20th century, at the University
of Munich (LMU), Oskar Perron was studying the problem of convergence of continued
fraction algorithms (German: Kettenbruchalgorithmen), following the work of his col-
league Alfred Pringsheim. His breakthrough was to reduce the problem to a study of the
eigenvalue equation for specific matrices with positive entries (although he did not use
this terminology). Consequently Perron was able to simplify the convergence criteria
from earlier works (such as those of Pringsheim), and moreover, his methods could be
extended to treat the more general case of Jacobi algorithms. This became the subject of
his Habilitation paper [Per07a], published in Mathematische Annalen in 1907.

Clearly Perron recognised the utility of his methods beyond their original purpose
and the potential for a systematic theory, for he then followed up with the article Zur
Theorie der Matrices, which was also published in the Mathematische Annalen [Per07b].
In this work, Perron’s main theorem corresponds more or less to Theorem 1.2.5(c) in this
chapter. Moreover, he could derive the same conclusions under the weaker assump-
tion that A = 0 and AF is positive (in our terminology, strongly positive) for some k € N.
However, he expressed dissatisfaction with his rather convoluted argument to achieve
this generalisation, and in addition he left open the possibility that a larger class of non-
negative matrices could satisfy the conclusions of his theorem.

At this point, Frobenius enters the story. In a series of three papers [Fro08, Fro09,
Fro12], he manages to resolve the issues raised by Perron. In a 1908 paper and its se-
quel in 1909, he proves strengthened versions of Perron’s results for positive matrices

5In this historical account, we use the classical terminology from linear algebra as explained at the
beginning of these notes.
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using thoroughly linear-algebraic techniques, especially the properties of determinants.
Then, in the 1912 paper, Frobenius extends his investigations to encompass irreducible
non-negative matrices. Here, irreducible refers to matrices that cannot be put into block
upper-triangular form via simultaneous row or column permutations. We encourage
readers who are interested in further details (both mathematical and biographical) of
the history of the Perron-Frobenius theorem to consult the article [Haw08].

The study of non-negative matrices, stemming from the ideas of Perron and Frobe-
nius, has proved to be very fruitful, and has found diverse applications in the natural
and social sciences, from population models (e.g. Leslie matrices) to queuing theory, to
input-output models in economics (e.g. the Leontief model), to Google’s PageRank algo-
rithm. Thus, the literature on ‘Perron-Frobenius theory’ is vast. Two texts that are now
considered classical include [Sen06], which deals with applications to probability theory
and in particular Markov chains, and [BP94], which is notable for its systematic study of
positivity with respect to general cones in R”.

Finally, we cannot omit a mention of the fairly recent monograph [BKFR17], which
was based on the material of the 17th Internet Seminar (2013-2014). Part I of that book
contains an accessible exposition of the Perron-Frobenius theorem (in particular, Frobe-
nius’ contributions), properties of (positive) matrix exponential functions, and numer-
ous applications.

16



Chapter 2

Eventual positivity in finite
dimensions

In this chapter, we encounter our main protagonist, eventual positivity (Section 2.2). We
shall see that many spectral properties of positive matrix semigroups remain true for
eventually positive ones, but to prove this, we first need more advanced tools from spec-
tral theory (Section 2.1). Remarkably though, already in the finite dimensional setting,
there are significant differences between the positive and the eventually positive case.
The characterisation of eventual positivity of a matrix semigroup (e ;=0 in terms of A
(Section 2.3) has a different flavour than for positive semigroups, and the differences be-
come even clearer when it comes to perturbation theory (Section 2.4).

2.1 Prelude: Spectral decomposition of matrices

For the analysis of matrix powers and exponentials in Exercise 1.4, you have already en-
countered a very useful tool: the Jordan normal form. In this section, the same tool is
used to derive a variety of spectral properties, so let us fix the notation for it.

Let A€ C'"*", By a coordinate transform, one can achieve that A is in Jordan normal
form. This means that A can be written in block diagonal form as

1
A= 2.1.1)

Im
for matrices J € C"*"* that are called Jordan blocks, i.e. each of them has the form
A 1
=l (2.1.2)

Ak
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for anumber Ay € C. The numbers 14, ..., 1, are the eigenvalues of A, where the number
of occurrences of each eigenvalue in this list coincides with its geometric multiplicity. In
other words, the geometric multiplicity of 1 is the number of Jordan blocks associated
to Ag. On the other hand, the algebraic multiplicity of A is the sum of the sizes of all
Jordan blocks corresponding to 1. We set

Nkzzjk_/lk: ’ .. ,

which is nilpotent of index n.

For an open set ¢ # Q < C, a point A € Q, and an analytic function f: Q\ {1} - C"™*",
the point A is called a pole of f if for some p € N, the lim,_.;(u - A1)” f(u) exists and is
non-zero. In this case, p is unique and is called the pole order of A. By considering the
entries of f, one can see that a similar Laurent series expansion as in the scalar-valued
case continues to hold.

Proposition 2.1.1 (Eigenvalues are poles of the resolvent). Let A € C be an eigenvalue of
a matrix A€ C™". If the largest Jordan block of A corresponding to A has size p = 1, then

(@) A is a pole of the resolvent R(-, A) with pole order p, i.e. there exist matrices Q; €
C™™ for j = —p+1 such that Q-+ # 0 and'

w=-A""= 3 Q-2
J==pr

forall u# A that are sufficiently close to A.
(b) The range of Q-p+1 is contained in the eigenspaceker(A — A).

Proof. (a) We may assume that A is in Jordan normal form (2.1.1). For every u € p(A)
one then has

(u-J)7!
(u-A)"'=
(w=Tm) 7t

Foreach k € {1,..., m} the matrix Nj = J;—A € C"**"* is nilpotent, so by the Neumann
series representation of the resolvent (Proposition 1.2.7(b)) one gets from (u—J, k)_l =
(=2 ~" (id—(— A" Ni) ™ that

) ng—1 Né -1 —(j+1) j
w-Jplt=)y —~—=%Y N (=), (2.1.3)
jIO (M_/’Lk)]-'—l j:—nk k

INote that our enumeration of the coefficients Q j is shifted by 1 compared to the usual enumeration
of coefficients of Laurent series. A first indication that this index shift is a good idea can be found in for-

mula (2.1.3), where the same shifted index occurs. When we discuss the Laurent series of resolvents in
infinite dimension in Chapter 6 the shifted index will make many formulae much easier.
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One can see in (2.1.3) that g — (u— ]k)_1 does not have a pole at A if A # A1} and
that it has a pole of order ny at A if A = Ag. Thus, A is a pole of R(-, A) of order
max{ny: k €{1,..., m} with 1, = A} = p and the coefficients Q;, are block diagonal
matrices whose entries can be seen in (2.1.3). In particular, Q-1 # 0.

(b) For each index k, rg(N,’z_l) c ker(Ar — Ji) because
p-1_ p_
(Ak—]k)Nk __Nk =0.

From the proof of (a), we know that the non-zero blocks of Q-1 are the matrices
NI’:_I for exactly those k for which Ay = A and ny = p. SorgQ-p+1 Sker(A—-A4). O

The formula (2.1.3) has a number of useful consequences that we discuss now. We
need the following crucial observation about contour integration in complex analysis.
Proposition 2.1.2. Let A € C and lety be a closed ct -path in C\ {A}.

(a) Foreach integer j # 1 one has fy (N—;MJ du=0.
(b) Ify encircles A precisely once anticlockwise, then ﬁ ) ﬁ du=1.
(c) Ify does not encircle A, then fy u+/1 du=0.

Proposition 2.1.2 can be applied to every entry of (i — Ji) ™! in formula (2.1.3). Doing
this for all the Jordan blocks of A, one immediately obtains the following.

Corollary 2.1.3. Let A€ C"*" and lety be a closed C! -path in C\ g (A).
(@) Ify encircles each eigenvalue of A precisely once, then ﬁ fy (u—A)~ldu=id.
(b) Ify does not encircle any eigenvalue of A, then fy(p ~A) ldu=o0.

Corollary 2.1.3 now comes in handy to prove the representation formula, and hence
the uniqueness, in the following proposition.

Proposition 2.1.4 (Spectral decomposition). Let A€ C"*" and let 0y < 0(A). There exists
precisely one projection P € C"*" that has the following properties:

(a) P commutes with A.

(b) The restrictions of A to the range and the kernel of P have the spectra

U(A|rgp) =0y and U(A|kerp) =o(A)\oy.
Moreover, P is given by the formula
1
P=—¢u-A"'d 2.1.4
o fy(,u ) du ( )

for any closed C!-path y in C that encircles each element of o precisely once, but no ele-
ment of o (A)\ 0y.
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2. EVENTUAL POSITIVITY IN FINITE DIMENSIONS

Proof. Existence: After a coordinate transform, we may assume that A is in Jordan nor-
mal form, i.e. that it is given by the formula (2.1.1); we use the notation specified next
to this formula. After ordering the eigenvalues A,,...,A,, appropriately, we can find
anf€{0,1,...,m}suchthatog = {A;:1<k</¢}and 0(A)\og={Ak: ¢ <k < m}; we
allow ¢ = 0 to account for the case g9 = @. Now, let P € C""*" be the projection onto
the first n; + - - - + ny components of C"*. Then P has the required properties.

Uniqueness and integral formula: Let P € C"*" be a projection that satisfies (a) and (b)
and let the complex path y have the properties specified at the end of the proposi-
tion. It suffices to show that P is given by the claimed path integral.

Since P commutes with A, it also commutes with (u— A)~! for every u € p(A) and one
has (1 — AL ligp = (u— A|rgP)_1 for all such y; the same also holds for the restriction

to ker P. So Corollary 2.1.3(a) applied to A|rg p gives”

1 1 1 1 . 3
ﬁﬁ(u—m d“|rgp_ﬁ£/(“_A|rgp) d/.t—ldrgp—P|rgP

and similarly, Corollary 2.1.3(b) applied to A, gives

1 1 1 4
g 00 A7 Wiy = 527§ 04 )™ =0 = Pl
This shows the claimed formula for P. O

Definition 2.1.5 (Spectral projections). In the situation of Proposition 2.1.4, the projec-
tion P is called the spectral projection of A associated to oy.

In the situation of Proposition 2.1.4, note that the complementary projection 1 — P
also commutes with A and satisfies rg(1 — P) = ker P and ker(1 — P) = rgP. Hence, it
follows that 1 — P is the spectral projection of A associated to o (A) \ 0.

Recall that an eigenvalue A of a square matrix A € C"**" is called semisimple if the
generalised eigenspace Uj._, ker(A — A)¥ coincides with the eigenspace ker(A — A), i.e. if
the geometric and algebraic multiplicities of A coincide.

Proposition 2.1.6. Let A€ C™*" and let P be the spectral projection of A associated to an
eigenvalue A € o(A).

(@) P isequal to the coefficient Qg of the term (u—A)~! in the Laurent series expansion
of (u— A vin Proposition 2.1.1(a).

(b) rgP=Uj_, ker(A - A)X, i.e. the range of P coincides with the generalised eigenspace
of A. In particular, dimrg P is the algebraic multiplicity of the eigenvalue A.

2Note that we are slightly imprecise here. We use several notions and properties for linear maps between
finite dimensional vector spaces now, although we introduced them only for matrices. This does not cause
problems since all those concepts are consistent with linear changes of the coordinates and can thus be
transferred to linear maps by choosing a basis of the underlying vector space.

3This is an informal way of saying that P is the spectral projection associated to the set {A}.
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2.1. Prelude: Spectral decomposition of matrices

(c) The following are equivalent:

(i) The eigenvalue A is a first order pole of the resolvent R (-, A).
(ii) The eigenvalue A is a first order pole of the dual resolvent R (-, A").
(iii) The limitlim, . (u—A)R(u, A) exists.
(iv) The eigenvalue A is semisimple.

(v) Therange of P consists of eigenvectors, i.e.1g P = ker(1 — A).

If the equivalent conditions ()—(v) are satisfied, then lim .2 (u—A)R(u, A) = P.

(d) Ifker(A— A) = span{u} and v € ker(A — A") satisfy viu=1, then P = uv?'.

Proof. (a) This follows from the integral representation of P in Proposition 2.1.4 and

(b)

from the integration formula in Proposition 2.1.2(a).

This follows from how P was constructed in the existence argument in the proof of
Proposition 2.1.4.

(c) If Ais afirst order pole, then limuﬁ (= ANR(u, A) = Qo by the Laurent series expan-

sion of R(-, A) about A (Proposition 2.1.1(a)). Moreover, Qp = P according to (a). Let
us now prove the claimed equivalence.

“i) © (i) One has R(u, A") = R(u, AT for all u € p(AT) = p(A), so one can see the
claimed equivalence by taking the transposition operation out of the Laurent
series expansion in Proposition 2.1.1(a).

“(i) & (iii)” For a scalar-valued holomorphic function f that has an isolated singu-
larity at A it is a standard result from complex analysis that A is a first order pole
of fifand only iflim,_. (1 — A) f () exists. The claim now follows from applying
this fact to all components of the resolvent.

“(i) @ (iv)” Since A is semisimple if and only if every Jordan block corresponding to
A has size 1, which is equivalent to A having pole order one by Proposition 2.1.1.

“i) > (v)” Note that ker(1 — A) crgP =rg Qo by (b) and (a). If the pole order at A is
1, the converse inclusion rg Qg < ker(A — A) follows from Proposition 2.1.1(b).

“wv) > (iv)”:  The geometric multiplicity of A is dimker(A — A) and the algebraic mul-
tiplicity of A is dimrg P, according to (b). It follows from (v) that the two are equal.

The assumptions ensure that A is even algebraically simple (hence, semisimple) due
to Lemma 1.2.8. Now (c) implies rg P is spanned by u. By applying the same ar-
gument to A" — whose spectral projection for the eigenvalue A is PT due to for-
mula (2.1.4) — we also see that rgPT is spanned by v. Thus, P = auv? for a scalar
. As P is a projection and v'u = 1, it follows that a = 1. O

Theorem 2.1.7 (Spectral mapping theorem for the matrix exponential function). Let A€
C™" and let t € R. Then one has o(e'?) = e More precisely:
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2. EVENTUAL POSITIVITY IN FINITE DIMENSIONS

(a) IfA € C is an eigenvalue of A with eigenvector z € C", then e'*

e!d with eigenvector z.

is an eigenvalue of

(b) Ifueo(e'), then there exists A € o (A) such that = e

Proof. (a) It follows from Az = Az that (tA)/ z = (tA)J z for all integer j = 0, hence

o tAJ x (t1)d
:Z ) —Z( ,') z=e"z.
j=0 j=o0 J:

(b) Afteracoordinate transformation we may assume A is in Jordan normal form (2.1.1).

Then by Exermse 1.4(b), e is an upper triangular matrix whose eigenvalues are
etM, .. et where Ay,..., A, are the eigenvalues of A (counted with their geometric
multiplicity). Hence u = e for some A € o (A). O

2.2 Eventually positive matrix semigroups

Our main objects of study for the rest of Chapter 2 are matrix semigroups (e’“) ;> which
are positive for all sufficiently large times.

Definition 2.2.1 (Eventually (strongly) positive matrix semigroups). Let A€ R"™*".

(a) The matrix semigroup (etA)tzg is called eventually positive if there exists 7y = 0
such that e’ = 0 for all £ € [y, 00).

(b) The matrix semigroup (e’?) ;s is called eventually strongly positive if there exists
o = 0 such that eAx=1forall0#xe R” and all £ € [£p,00).

This definition uses Notation 1.2.4 again, i.e. for a given ¢, the inequality e’4x > 1
means that there exists a number ¢ > 0 such that e’4x > ¢ 1. Observe that ¢ can a priori
depend on .

Examples 2.2.2.
(@) The matrix
01 -1
A=10 0 1
0 0 O
is nilpotent and satisfies AK =0 for all k = 3. Moreover,
00 1 1 ¢ L1
2 tA
A°=10 0 O0f, SO e"=10 1
0 0O 0 0

for all £ > 0. Thus, (e/?);o is eventually positive but not eventually strongly posi-
tive. Since %2 —t < 0 for t € (0,2), the semigroup is not positive. Alternatively, this
follows from the characterisation of positive semigroups in Theorem 1.3.8 since
the off-diagonal entry A;3 = —1 is strictly negative.
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2.2. Eventually positive matrix semigroups

(b) Consider the matrix

0 -2 -1 3
A:=U -1 ul=|-1 -2 3|,
-9 3 3 -6

where U := (uy, Uz, uz) € R¥*3 is the orthogonal matrix with the columns

T 1 T 1 T
u=—I(1 1 1), w=—(1 -1 0), uz=—(1 1 -2).
=001 ) = 0 w1
Let P € R%*3 be the projection onto the first component of R3. Then e’ — UPU" =
uiu; as t — oco. Since every entry of uj ] is 3, it follows that (e’) > is eventually
strongly positive. However, A has some negative off-diagonal entries, so by the
characterisation of positive semigroups in Theorem 1.3.8, (') ;>0 is not positive.

Parts (a) and (b) of the following result show that Theorem 1.3.9 about positive semi-
groups continues to hold in the eventually positive case. We also add a third property (c)
which we will use to study perturbation theory in Theorem 2.4.2.

Theorem 2.2.3 (Perron-Frobenius for eventually positive matrix semigroups). Let A €
R™ " be such that (e'?) ;=g is eventually positive. The following assertions hold:

(@) The spectral bound s(A) is an eigenvalue of A with an eigenvector x = 0.
(b) s(A) is a strictly dominant eigenvalue of A, i.e. Re A < s(A) forall A € a(A) \ {s(A)}.
(c) Ifs(A) is semisimple, then its associated spectral projection is positive.

Proof. We may replace A with A —s(A). This does not affect the eventual positivity of
the semigroup since e/(4=5(4) = g=5(A ¢l4 for all £ € [0,00) by Proposition 1.3.2(d), and it
allows us to assume s(A) = 0. Let #y € [0,00) be such that e!4 = 0 for all ¢ = .

(a) and (b) We first prove that 0 is an eigenvalue of A and that there are no non-zero
eigenvalues of A on the imaginary line. Since s(A) = 0, it follows from the spectral
mapping theorem for the matrix exponential function (Theorem 2.1.7) that e’4 has
spectral radius 1 for each ¢ = 0. Let i € iR be an eigenvalue of A. Again by Theo-
rem2.1.7, e is an eigenvalue of e'4 for each t € [0,00). We need to show that B=0.

For each index j € {1,..., n} one has (e°4) jj = 1, so by the uniqueness theorem for an-
alytic functions, the set L_J;l:l {t €10,00) : (e') jii= O} does not accumulate in [0, 00).
Thus, there exist times #, > #; = tp such that for each ¢ € [, 2], the diagonal en-
tries of e/ are strictly positive. According to Theorem 1.2.5(b) this implies, for each
such ¢, that the spectral radius 1 is a radially strictly dominant eigenvalue of e’4, i.e.
the matrix e’/ does not have eigenvalues on the unit circle except for the number 1.

Thus, ¢f? =1 forall t € [11, f,], which implies that § =0, as claimed.

Now we show the existence of a positive eigenvector of A for the eigenvalue 0. With
the notation of the Laurent series expansion of (u— A)~! about the eigenvalue 0 in
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2. EVENTUAL POSITIVITY IN FINITE DIMENSIONS

Proposition 2.1.1(a), one gets Q_p4+1 = limy_.¢o uP (u— AL Using the Laplace trans-
form representation of the resolvent (Lemma 1.3.7) yields

o0
e tHetA dt) =>0.
15}

[4)
Q_p+1 :lim(p”f e et dr+ P
uio = Jo )

J

-0 >0

Since Q_p41 is non-zero and R’ spans R", we can find a vector x € R such that
0 < Q-p+1x # 0. According to Proposition 2.1.1(b) that range of Q-+ is contained
inker A, so Q-p+1x is indeed a positive eigenvector of A for the eigenvalue s(A) = 0.

(c) Due to semisimplicity, Proposition 2.1.6(a) and (c) give P = Qp = Q- p+1=0. O

Example 2.2.4. In Theorem 2.2.3(c), the spectral projection can fail to be positive if s(A)
is not a semisimple eigenvalue. Indeed, let

01 O -1 1 0 01 2
A=T|0o 0 o|Tt=]l1 -1 0 for T:=(0 1 -2
0 0 -2 1 0 0 1 0 -1

Since all off-diagonal entries of A are = 0, the semigroup (e') ;=0 is positive (Theo-
rem 1.3.8). The given Jordan normal form of A shows that s(A) = 0 is not semisimple.
The spectral projection of A associated to the eigenvalue 0 is

100 2 2 0
1
P=T{0 1 0|T'=-{2 2 0|0
000 1 -1 4

2.3 Characterisation

By Theorem 1.3.8, positivity of (e/?) ;s is equivalent to the positivity of R(A, A) for all
A € (s(A),00). Parts (i) and (ii) of the next theorem provide a related characterisation
for eventual strong positivity. Parts (iii) and (iv) show that eventual strong positivity can
be characterised in terms of Perron-Frobenius like spectral properties. In this sense,
Perron-Frobenius theory is closer to eventual positivity than to positivity.

Theorem 2.3.1. Let A€ R"*". The following are equivalent:
i) (e =0 is eventually strongly positive.

(i) s(A) is a strictly dominant eigenvalue of A and there exists Ay > s(A) such that
R(A, A) is strongly positive for all A € (s(A), Ap).

(iii) s(A) is a strictly dominant eigenvalue of A and the associated spectral projection is
strongly positive.

(iv) s(A) is a strictly dominant eigenvalue of A and the eigenspaces ker(s(A) — A) and
ker(s(A) — A") are spanned by strongly positive vectors.
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2.3. Characterisation

If these equivalent assertions hold, then the eigenvalue s(A) is even algebraically simple.

Proof. As usual, we may assume s(A) = 0. Note that if the spectral projection P asso-
ciated to 0 is strongly positive, then the eigenvalue 0 of A is algebraically simple (and
in turn, semisimple): indeed, if P is strongly positive, then Perron-Frobenius (Theo-
rem 1.2.5(c)) guarantees that r(P) > 0 and ker(r(P) — P) is spanned by a strongly posi-
tive vector. On the other hand, r(P) = 1, as P is a non-zero projection. Consequently,
rg P = ker(1—P) is one-dimensional. As dimrg P is the algebraic multiplicity of the eigen-
value s(A) = 0 (Proposition 2.1.6(b)), it follows that 0 is algebraically simple.

“(i) = (iv)”: By Theorem 2.2.3 (Perron-Frobenius for eventually positive matrix semi-
groups) the spectral bound 0 is a strictly dominant eigenvalue of A. Choose %) > 0
such that the matrix e/ is strongly positive. Due to the spectral mapping theo-
rem for the matrix exponential function (Theorem 2.1.7(a)), one has {0} # ker A <
ker(1 — %), and the latter space is spanned by a strongly positive vector according
to the Perron-Frobenius theorem for strongly positive matrices (Theorem 1.2.5(c)).
Thus, ker A = ker(1 — e®4), which proves the claim for ker A. The same argument
applies to ker(AD), since eloA' = (e"MHT is also strongly positive.

“(iv) = (iii)”: By assumption, ker A and ker AT are spanned by strongly positive vectors
u, v respectively. Replacing u by a scalar multiple, we may assume that v’ u = 1.
Proposition 2.1.6(d) now yields P = uv" is strongly positive.

“(iii) > (i)™ We have seen that the strong positivity of P implies that 0 is semisimple.
This ensures rg P = ker A due to Proposition 2.1.6(c). The spectral mapping theorem
(Theorem 2.1.7) thus implies that e’/ acts as the identity matrix on rg P.

Also, since 0 is a strictly dominant eigenvalue of A, all eigenvalues of A}, , have
strictly negative real part by Proposition 2.1.4(b). Therefore, e”ﬂker p—0ast—oo
according to Proposition 1.3.6. Consequently, e’4 = AP + e!4(1 — P) — P as t — oco.

The strong positivity of P hence implies the eventual strong positivity of (e/4) ;.

“ii) = (iv)”: Let A €(0,1p) = (s(A), Ap). One has
(R, A) = {L ea(A)}
) = i ) .

As s(A) = 0€ o(A), it follows that r (R(A, A)) = % is an eigenvalue of R (A, A).

Observe that ker A = ker(/,—lL —R(A, A)) and the latter space is spanned by a strongly
positive vector according to the Perron-Frobenius theorem for strongly positive ma-
trices (Theorem 1.2.5(c)). The same argument can be applied to AT,

“(iii) = (i)™ Since P is strongly positive, 0 is semisimple as already shown. Proposi-

tion 2.1.6(c) thus gives lim,_.q uR(u, A) = P. As P is strongly positive, this implies
that R(u, A) is also strongly positive for all u > 0 that are sufficiently close to 0. O
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2. EVENTUAL POSITIVITY IN FINITE DIMENSIONS

2.4 Perturbations

We conclude this chapter with a sneak peek of the perturbation theory for eventually
positive semigroups. By perturbations — more precisely, additive perturbations — we
mean the following: given two matrices A, B € C"*"*, we study which properties of the
semigroup (e’4) ;=9 are inherited by the perturbed semigroup (e’‘A*®)) _ if B has suffi-
ciently nice properties. In other words, B is viewed as a perturbation of A, and our goal
is to determine which semigroup properties are preserved under such perturbations.

A simple instance of such a perturbation result is the fact that positive perturbations
do not destroy the positivity of a semigroup. This is a particular case of the following.

Proposition 2.4.1. Let A, B € R™" and assume that (e'?) ;s is positive. If all off-diagonal
entries of B are = 0, then the perturbed semigroup (e"““*P)) _ is also positive.

Proof. By Theorem 1.3.8, the semigroup generated by a matrix C € R"**" is positive if and
only if all off-diagonal entries of C are = 0. The assertion is now immediate. O

It is natural to ask whether a similar perturbation result holds for eventually positive
semigroups: if (e’4);s¢ is eventually positive and B € R"*" is a positive matrix, does it
follow that the perturbed semigroup (et(AJrB)) />0 18 also eventually positive? The answer
to this question is quite surprising (and perhaps disappointing): unless the unperturbed
semigroup is already positive, there always exists a positive perturbation that destroys
the eventual positivity. We prove this in the following theorem.

Theorem 2.4.2. Let A€ R™™". The following are equivalent.

t(A+B))

(i) Forevery B €R"*", the semigroup (e (=0 s eventually positive.

t(A+B))

(i) Forevery B e R " of rank <1, the semigroup (e (=0 s eventually positive.

(iii) The semigroup (e') ;s is positive.

et(A+B))

Proof. ‘(iii) = (i) In this case, ( />0 18 even positive (Proposition 2.4.1).

“) = (i)™ This is trivial.

“(ii) = (iii)” This is the surprising part. The key ingredient is the Sherman-Morrison—
Woodbury formula for rank-one perturbations of resolvents, presented in Exercise 2.3.

As before, we assume s(A) = 0 without loss of generality. According to Theorem 1.3.8,
it suffices to prove that R(u, A) = 0 for all 4 > 0. To achieve this, in fact it suffices to
prove that UTR(/J, A) =0forall v =1 and all i > 0, since strongly positive vectors are
dense in R’. Thus let us fix such a vector v > 1 and a number p > 0.

Firstly, observe that assumption (ii) with B = 0 implies that (e ;50 is eventually
positive. By Theorem 2.2.3, we deduce that s(A) = 0 is an eigenvalue of A with an
eigenvector u > 0. Thus v’ u > 0 and there exists a > 0 such that av’u = p.
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2.4. Perturbations

Consider the rank-one matrix B := auv’. By Exercise 2.3(b), we have s(A+ auv’) = W,
it is a semisimple eigenvalue of A + B, and formula (2.4.2) (with 1o = 0) yields

A-wRA,A+auv’) = A—wRW, A +auv R, A)

for all A > p. Due to semisimplicity, Proposition 2.1.6(c) ensures that the spectral
projection corresponding to the eigenvalue u of A+ B is given by

l/lifn(ﬂt —WRA, A+ auv’) = auv Ry, A).
u

By hypothesis, A+ B generates an eventually positive semigroup, so this projection is
positive by Theorem 2.2.3(c). As u = 0 and non-zero, it follows that vTR (u, A) =0. O

Theorem 2.4.2 is not quite the end of the story. The notion “perturbation” already
suggests that one is often interested in perturbations that are small in some sense. Fur-
thermore, the above theorem leaves open the possibility that perhaps a more positive
result (pun intended) holds for eventual strong positivity. As it turns out, one can show
that eventual strong positivity of a semigroup (e’?),s¢ is preserved by all perturbations
B = 0 that are sufficiently small in operator norm. In fact, such a result holds even in
infinite dimensions, as is shown in [DG18b, Section 4].
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Exercises for Chapter 2

Exercise 2.1. Consider the matrix
A=T 0 77! e pP*

for an invertible matrix T € R**4,

(a) Compute the Laurent series expansion of R(-, A) about the spectral value 1 and
the associated spectral projection. What is the pole order of R(:, A) at 12

(b) Compute the Laurent series expansion of R(-, A) about the spectral value 0 and
the associated spectral projection. What is the pole order of R(:, A) at 0?

Does one have equality of the subspaces in Proposition 2.1.1(b)?
(c) Find a T such that (e’4) =0 is eventually strongly positive.
Exercise 2.2. Prove the following assertions are equivalent for A € R™*":
i) (e r=0 is eventually positive.

(ii) ForeveryO < x € R", there exists fy = f(x) = 0 such that e4x=0forall t = t,.

(iii) Forevery0<xeR"and0 < y e R", there exists fy = fy(x, y) = 0 such that yTetAx >

0forall £t = ¢y.

Exercise 2.3 (Sherman-Morrison—-Woodbury formula). Let A€ C"*" and let u, v e C".

T

(a) If Aisinvertible, prove that A— uv" is invertible if and only if vTAlu#1,and in

this case it holds that

1
Ty-1_ 4-1 -1, T 4—1
(A—uv) " =A +—1—UTA‘1uA uv-A . 2.4.1)

(b) Let A € p(A) and let u be an eigenvector corresponding to an eigenvalue Ag € C of
A. Deduce that 1 € p(A+ uv") ifand onlyif A # Ap + vTu, and in this case

1
R, A H=RA A+ —uwv'"R(, A). 2.4.2
(A, A+uv’) =R( )+/1—()10+vTu)uy (A, A) (2.4.2)

Also show that in the other case, i.e. 1 = 1 + vTu, the number A is a semisimple
eigenvalue of A+ uv’.
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2.4. Perturbations

Exercise 2.4 (Another characterisation of eventual strong positivity). Let A€ R"*".

(a) Assume that there exists c € R and kg € N such that (A+cI )k is strongly positive for
all integers k = ko. Show that (e’4) s is eventually strongly positive.

(b) Suppose B € C"*" is a matrix such that r(B) > 0 is a semisimple and radially strictly
dominant eigenvalue (see Theorem 1.2.5(b)). Prove that (%)k converges to the

spectral projection associated with r(B) as k — oo. [Hint: Jordan normal form.]

(c) Assume that (etA)tzo is eventually strongly positive. Use part (b) to deduce that
there exists ko € N and c € R such that (A + ¢I)¥ is strongly positive for all k > k.

Exercise 2.5 (Eventual (2) positivity in two dimensions). Let A € R?*2. Show thatif (e’4) ;>
is eventually (strongly) positive, then (e“‘)tzo is (strongly) positive.
Hint: as a first step, think about what o (A) could look like.
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Notes for Chapter 2

Spectral projections

For the historical development of the functional calculus for linear operators — which
contains spectral projections as a special case — we refer to Section 5.2.1 in Pietsch’s
monograph [Pie07] about the history of Banach spaces and linear operators. A very ac-
cessible presentation of spectral projections of matrices and, more generally, of eigen-
value theory via complex analysis techniques can be found, for instance, in [CD13] (an
updated version with minor corrections is available on Daniel Daners’ webpage).

Eventual positivity in finite dimensions

Matrices with eventually positive powers

The predecessors of the eventual positivity theory in finite dimensions can be found in
various results about matrices A whose powers A are positive for some, or all sufficiently
large, k € N. Matrices with a positive power were, for instance, studied in [Bra61], and
more recently in [TCDF15]. Matrices for which a polynomial p(A) is positive are stud-
ied in [Sen06]. Some early papers on matrices with eventually positive powers, such as
[Fri78, ZT99], were motivated by inverse spectral problems, i.e. the question of which
sets in C can be realised as the spectrum of matrices with certain prescribed properties.

In the 21st century, the literature on eventually positive matrices has grown quickly.
Of particular interest were spectral properties of such matrices in the spirit of the Perron—
Frobenius theorem, e.g. in the papers [TRHO01, JT04, Nou06, ES08, ES09]. In particular,
in [Nou06, Theorem 2.2] one can find a discrete-time analogue of the equivalence of (i)
and (iv) in Theorem 2.3.1. Matrices with eventually positive powers did not occur in the
lecture notes, but they appear in Exercise 2.4. For further references about matrices with
eventually positive powers we refer to [Glii16, Section 6.4]; most of the preceding two
paragraphs is also taken from this reference.

Eventually positive matrix semigroups

As for the continuous-time case, eventual positivity of matrix semigroups was studied
by Noutsos and Tsatsomeros in [NT08]. The equivalence of (i) and (iv) in Theorem 2.3.1
as well as the characterisation of eventually strongly positive matrix semigroups in Exer-
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2.4. Perturbations

cise 2.4 appeared in [NT08, Theorem 3.3]; however, the approach outlined in the exercise
follows [DGK16b, Theorem 6.1]. The fact that eventual positivity implies positivity for
2 x 2 matrix semigroups (Exercise 2.5) was observed in [DGK16b, Proposition 6.2].

Perturbation theory

Perturbation theory for matrices with eventually positive powers was studied in [SA17].
In particular, [SA17, Proposition 3.6 and Theorem 3.7] contain discrete-time analogues of
the equivalence of (i) and (iii) in Theorem 2.4.2. For the continuous-time case, perturba-
tion theory was first studied in [DG18b], though with a focus on the infinite-dimensional
case that we consider later. A specific finite-dimensional result in this article is [DG18b,
Proposition 4.6], which shows that the set of all A € R"*” for which (e“‘)tzg is eventu-
ally strongly positive is open in R”*". Theorem 2.4.2 is a finite-dimensional version of
[DG18b, Theorem 2.3]; we were able to slightly weaken the assumptions in this theorem.
Example 2.2.2(b) is also taken from [DG18b, Example 2.1]. There, an explicit rank-one
operator B is given with the property that A + sB generates an eventually positive semi-
group for s € [0,4), but the eventual positivity is lost for s > 4.

Eventual positivity with respect to other cones

Positivity of matrices and matrix semigroups has often been studied with respect to gen-
eral cones. Naturally, this can also be done for eventual positivity; see, for instance,
[Kas17, KT17, Soo19]. The following phenomenon in this context is remarkable: Exer-
cise 2.2 suggests that eventual positivity for a dynamical system can be defined ‘indi-
vidually’ (i.e. for individual orbits x — e’4x) or ‘uniformly’ on the level of operators (as
in Definition 2.2.1). However, the result of that exercise states that these two notions
are equivalent for matrix semigroups. This is a product of two separate features: finite
dimensionality, and geometric properties of the positive cone R?. As we see later, the
equivalence of individual and uniform eventual positivity fails in infinite dimensions
(Examples 11.1.2 and 13.1.2). More surprisingly, it also fails in finite dimensions if we
consider positivity with respect to other cones, as was shown in [GH23, Example 3.1].
Remarkably, eventual positivity with respect to general cones also occurs in real alge-
braic geometry [dDS25, Section 6].
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Chapter 3

Unbounded operators and their
spectra

In Chapters 1 and 2 we studied (eventual) positivity properties for matrix semigroups
(e'4),>¢ and resolvents R(A, A) = (A — A)~! of matrices. These objects can be used to
solve different types of equations in R”. For x, € C", the mapping ¢ — e’/ x, solves a lin-
ear differential equation (Corollary 1.3.3) and the vector u := R(A, A) xy solves the linear
equation (A — A)u = xp in C".

From now on and throughout the rest of the course, we study the analogous equa-
tions in infinite dimensions. The equations of interest are typically partial differential
equations, so the matrix A will be replaced by a differential operator on a Banach space.
As we will see, these are typically unbounded operators, and hence it is the purpose of
the current chapter to give an introduction to the theory of unbounded operators.

3.1 Unbounded operators

Differential operators are operators that map every function f from a suitable function
space to a new function that involves the (partial) derivatives of f. Such operators cannot
be defined everywhere on classical function spaces such as C([0,1]), because not every
continuous function has a derivative. This motivates the definition of linear operators
that are only defined on a vector subspace of a given Banach space.

Definition 3.1.1 (Linear operators). Let X, Y be Banach spaces over the same scalar field.

(a) A linear operator, or briefly, an operator, between X and Y is a linear mapping
A: dom(A) — Y, where dom (A) is a vector subspace of X. We briefly write A: X 2
dom (A) — Y for such an operator. If X = Y, we say that A is an operator on X. The
space dom (A) is called the domain of A.

Now, let A: X 2dom (A) — Y be alinear operator.

(b) The operator A is said to be everywhere defined if dom (A) = X. It is said to be
densely defined or to have a dense domain if dom (A) is dense in X.
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3.1. Unbounded operators

(c) The operator Ais called closed if its graph {(x, Ax):xedom(A) } isclosedin Xx Y.

(d) Anorm on dom (A) is called a graph norm of A if it is equivalent to the norm

[Ila: dom(A) —[0,00),  x—lxllx+[Ax]y.

When the domain dom (A) of an operator is endowed with a graph norm, then the
inclusion map dom (A) — X is obviously continuous. Note that a linear operator A: X 2
dom (A) — Y is, in general, not a continuous map from dom (A) to Y if dom(A) is en-
dowed with the norm induced by X; hence, one often refers to such operators as un-
bounded operators. However, A is clearly continuous when dom (A) is endowed with
a graph norm of A. If one wants to apply the theory of bounded linear operators be-
tween Banach spaces to A, ideally dom (A) would be a Banach space with respect to
some (hence, every) graph norm of A. We now prove that this is the case if and only
if Ais closed.

Proposition 3.1.2 (Characterisation of closedness). Let X,Y be Banach spaces and let
A: X 2dom (A) — Y bea linear operator. The following are equivalent:

(i) The operator A is closed.

(i) Ifasequence (xi) indom (A) converges (with respect to the X -norm) to a point x € X
and (Axy) converges to a point y € Y, then x € dom (A) and Ax = y.

(iii) Thedomaindom (A) is complete (hence, a Banach space) with respect to some (equiv-
alently, every) graph norm.

Proof. “(i) « (ii)”: This follows directly from the definition of closed operators.

“(ii) = (iii))” Let (xx) be a Cauchy sequence in dom (A) with respect to || - || 4. Then (x)
and (Axg) are Cauchy in X and Y respectively, so there exist x € X, y € Y such that
(xx) — xin X and (Axg) — yin Y. By (ii), x e dom (A) and Ax = y, and thus

ot — %l 4 = k= xllx + I ACGeg — 01y = Nl — xlx + || Axg. — y||, — O

“(iii) = (ii)” Assume (iii) and let (x¢), x, y be asin (ii). Then (x;) and (Axy) are Cauchyin
X and Y respectively. Hence, (x) is Cauchy with respect to | - || 4 and thus converges
to a point w € dom (A) with respect to |- || 4. In particular, one also has x; — w with
respect to | | x, so w = x. Hence, x € dom (A).

On the other hand, the convergence of x; — x with respect to || - || 4 also implies that
Axy — Ax and therefore Ax = y. O

We briefly recall one of the fundamental results in functional analysis, the closed
graph theorem. In the terminology from Definition 3.1.1, it can be phrased as follows.

Theorem 3.1.3 (Closed graph theorem). Let X,Y be Banach spaces and consider a linear
operator A: X 2dom (A) — Y. If A is closed and everywhere defined, then A is continuous.
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

A simple but illustrative class of closed operators that are not everywhere defined
are operators that act by multiplication with an unbounded function. These are easy to
work with and thus useful to get a first intuition for many concepts in operator theory.
You will investigate this further in Exercise 3.2. Our actual objects of interest, though, are
differential operators. Let us start with two simple one-dimensional examples.

Examples 3.1.4 (Differential operators on an interval).

(@) Let A: C([-1,1]) 2 dom (A) := C!([-1,1]) — C([-1,1]) be given by Af := f' for all
f €dom (A). Then A is densely defined and closed.

(b) Let p€[1,00) andlet A: L”(-1,1) 2 dom (A) := CcY(-1,1]) = LP(-1,1) be given by
Af := f'forall f € dom(A). Then A is densely defined, but not closed.

Proof. (a) Itfollowsfrom the Weierstrald approximation theorem that Cl([-1,1]) is dense
in C([-1,1]), so A is densely defined. To show closedness, let (f;) be a sequence in
Cl([-1,1]) that converges uniformly to f € C([—1,1]) and assume that the derivatives
f{. converge uniformly to some g € C([-1,1]). For every x € [-1,1] it follows that

£ =F0) = lim (/0 - fi0) = lm [ fi1dy= [ gy
Thus, f € C'([-1,1]) =dom (A) and Af = f' = g, so Ais closed.

(b) As in (a) the Weierstral$ approximation theorem shows that Cl([-1,1]) is dense in
C([-1,1]) with respect to |- o and thus also with respect to ||-|l,. As C([-1,1]) is
dense in LP (-1, 1) it follows that the same is true for C}([-1,1]) = dom (A).

To see that A is not closed, let f € LP(-1,1) denote the modulus function, i.e. f(x) =
|x| for all x € [-1,1]. The sequence (fi) in dom (A) given by fi.(x) = (x2 + %)1/2 con-
verges uniformly to f, and thus, in particular, with respect to | - | ,. Moreover,

1 -1/2
(Afi)(x) = fi(x) =x x2+%) with |Afi(x)|=<1

for all x € [-1,1]. Since (A f}) converges pointwise almost everywhere to the signum
function, the dominated convergence theorem gives that this convergence also holds
in LP. As f ¢ dom (A), thus A is not closed. O

We wrap up this introductory section with another crucial tool in operator theory.

Definition 3.1.5 (Dual operators). Let X, Y be Banach spaces and let A: dom(A) € X —
Y be densely defined. The dual operator A’: Y' 2dom (A’) — X' is defined by

dom(A):={y'eY'13x e X": (y, Ax) = (X', x) Yx e dom(A)}
A/y/ — x/.
where x’ in the second line is the vector that occurs in the definition of dom (A’ ).1

We will see more of dual operators — and also their relation to adjoint operators on
Hilbert spaces — in Exercise 3.5 and from Chapter 6 onwards.

INote that x' is unique by density of dom (A4) in X.
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3.2. Weak derivatives and Sobolev spaces

3.2 Weak derivatives and Sobolev spaces

Example 3.1.4(b) illustrates that differential operators on LP are not closed when their
domain is a space of continuously differentiable functions. The proof showed that, for
instance, the modulus function causes such problems: it is not differentiable, but this
non-differentiability cannot be “seen” from within an L” space. To obtain closed differ-
ential operators on L”, one needs a weaker concept of differentiability. This is the topic
of the present section. Let us first recall the standard multi-index notation to denote
higher order partial derivatives.

Notation 3.2.1. Let n € N and let ¢ # Q € R" be open. A vector a = (a1,...,ay) € I\Ig is

called a multi-index, and its order is defined as |a| := 27:1 aj. We write

0% f=0% 0% f

for every function f : Q — C that is continuously differentiable of order |a|. With this
notation, we have 0% f = d; f, where e; € Njj denotes the j-th canonical unit vector.

To generalise classical derivatives to a larger class of functions, the following two
function spaces are useful.

Definition 3.2.2 (Test functions and local LP-spaces). Let @ # Q < R".

(a) By CZ(Q), we denote the space of all test functions on €, i.e. functions f: Q — C
that are differentiable of every order and vanish outside a compact subset of Q.

(b) Let pe[l,00]. By LI’; C(Q) we denote the space of all Lebesgue measurable f: Q — C
thatsatisfy f|, € L (K) for every compact set ¢ # K < Q; here we identify functions
that are equal almost everywhere on Q.

Let @ # Q <R be open. Note that for all p € [1,00] one has
L (@ 2L (©)2LP(Q)+CQ).

In particular, Llloc(Q) is the largest of all function spaces that we consider on Q. By in-
tegrating — i.e. “testing” — against test functions, one can determine the derivatives of a
smooth function.

Proposition 3.2.3. Let @ # Q < R" be open.

(@) Forf,ge Ll (Q) onehasf=gifandonlyif [o fodx= [, gy dx forallp € CX(Q).

loc

(b) LetaeNj and f € Cl*l(Q). Then 0 f is the unique element olelo (Q) satisfying

[ @ npdc=c0 [ rompax
o} o}
forallp e CT(Q).
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

Proof. (a) Thisresultissometimes called the fundamental lemma of the calculus of vari-
ations. Its proof relies on the fact that there exist sufficiently many test functions on
Q and on techniques from measure theory. For readers interested in the details we
provide a proof in supplementary Section 3.A.

(b) Let f € C'*(Q) and ¢ € CX(Q). By extending the function f¢ by the value 0 outside
of Q, we obtain a function in C'®(R") that vanishes outside a compact set. For fixed
ke{1,...,n}, (one-dimensional) integration by parts then shows that [, (0 f) ¢ dx =
— Jo f0xe dx. By applying this equality a; times for the index k = 1, then a, times
for the index k = 2, and so on, we obtain the required formula. The fact that 3% f is
the only function in LIIOC(Q) that satisfies this equality follows from (a). O

Proposition 3.2.3(b) characterises the partial derivatives of a function f by integrat-
ing f against derivatives of test functions. This shows us a path to defining generalised
derivatives for a large class of functions. Since properties that rely on testing against
functionals are often called weak properties in functional analysis, these generalised
derivatives are called weak derivatives.

Definition 3.2.4 (Weak derivative). Let @ # Q € R" be open, a € Ng and f e L Q.

loc

(a) We say that f has a weak ath derivative if there existsa g € LIIOC(Q) that satisfies

f gpdx= (—D'“'f fo%pdx
Q Q

for all ¢ € CZ°(Q). In this case g — which is unique due to Proposition 3.2.3(a)) —is
called the weak ath derivative of f and is denoted by g =: 90“ f.

As in the classical case, we also use the notation d; f := 0% f for weak derivatives;
cf. Notation 3.2.1.

(b) We often just write 0% f € Llloc(Q) as a shortcut for “f has an ath weak derivative”.
fvec LIIOC(Q) is any subset we write 0% f € V as a shortcut for “ f has an ath weak

derivative and 0% f e V.”

It follows from Proposition 3.2.3(b) that every function f € C'®/(Q) has a weak ath
derivative which coincides with the classical derivative d* f. Hence, the notation for
weak derivatives is consistent with the notation for classical derivatives. By using weak
derivatives we can now fix the issue observed in Example 3.1.4(b) that classical deriva-
tives are not closed operators on LP-spaces.

Example 3.2.5. Let ¢ # Q S R" be open, a € Nj and p € [1,00]. The differential operator
0%: LP(Q) 2dom (0%) — LP(Q) is closed when its domain is chosen as large as possible:
dom (0%) :=={f € LP(Q) | 0% f € LP ()}
={f € LP(Q) | f has a weak ath derivative and 8 f € LP (Q)}
(in the first line of this formula we used the shortcut introduced in Definition 3.2.4(b)).

In particular, dom (0%) is a Banach space when endowed with the graph norm | - |3« (or
any other graph norm of 6%).
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3.2. Weak derivatives and Sobolev spaces

Proof. Let (fy) be a sequence in dom (3%) that converges in p-norm to a function f €
LP(Q), and assume also that 0% fi. — g € L”(Q). For every ¢ € C2°(Q2) one has

f gy dx = lim f (0% fr) ¢ dx = lim (—1)'“'[ fio%pdx = (—1)'“'[ fo%p dx,
Q k—ooJ k—o0 Q Q

so f has an ath weak derivative and this derivative is g € LP(Q). In other words, f €
dom (0%) and 0% f = g. The completeness of dom (0%) with respect to every graph norm
of 0% is, according to Proposition 3.1.2, a consequence of the closedness of 6%. O

If one requires 6% f € L” (Q) not only for one multi-index «, but for all @ up to a given
order, one arrives at the following class of spaces.

Definition 3.2.6 (Sobolev spaces). Let @ # Q <R be open, p € [1,00] and k € Ny.
(a) The Sobolev space of order k with integrability index p is defined as
wkrQ) = {feLP(@|0%f € LP(Q) for all « € N§ of order |a| < k}

and is endowed with the norm

1/p
“f|” ifl1<p<oo,
17 e = (lalzskﬂ f||p) p<oo

maXa i<k [|0°f o if p = oo.

(b) When p = 2, we write H*(Q) := W*2(Q) and ||- Il g := Il - ll yx2. We endow H*(Q) =
wk2(Q) with the inner productz’3

(f18)m= 2 (0°f10%g) .

lal<k

(c) For p # oo, we define’ Wok'p (Q) as the closure of the space C2°(Q2) of test functions
in wkp Q). Again, when p = 2, we write H(’f Q) = Wok’2 (Q).

Note that one has WP (Q) = LP(Q). After Example 3.2.5 it should not come as a
surprise that the Sobolev spaces are Banach spaces.

Proposition 3.2.7. Let @ # Q < R" be open, p € [1,00] and k € Ny. The Sobolev space
WkP(Q) is a Banach space. In particular, H k(Q) is a Hilbert space.

Proof. For every a € N[, let dom (0%) be defined as in Example 3.2.5. Then wkrQ) =
MNjaj<k dom (%) and || [lyyx» is equivalent to the norm Hf” = Ylal<k Hf e ON wkpQ).
Since dom (%) is complete with respect to the graph norm |- |5« (Example 3.2.5), the
claim is an immediate consequence of the Lemma 3.2.8 below. O

2Which is indeed an inner product, as one can easily check, and which induces the norm | - | k-

3Throughout the course we will follow the convention from physics that inner products on complex
spaces are linear in the second argument (rather than in the first).

4We do not need to define the space Wok’oo (Q) in this course. The curious reader should note that there
are (at least) two non-equivalent definitions; see e.g. [Leo09, Remark 11.15].
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

Lemma 3.2.8. Let X be a Banach space and let V1,...,V,, < X be vector subspaces that
are Banach spaces with respect to norms |- |lv,,..., |- lv,, respectively. Assume that the
inclusion map (Vi, - lv,) — (X, |-l x) is continuous for each k. ThenV:=Vin---nV, isa
Banach space with respect to the norm |[vlly = [[v|y, +---+ vy, .

The proof of the lemma is a small exercise in functional analysis, which we omit. In
this section we have seen how to define some closed differential operators on L”. Closed-
ness of operators is important in spectral theory, as we explain in the next section.

3.3 Spectrum and resolvent

Similarly as for matrices and bounded linear operators on Banach spaces, one can also
define spectral values for unbounded operators. However, one must now be careful to
always take the domain of the operator into account.

Definition 3.3.1 (Spectrum and resolvent). Let X be a complex Banach space and let
A: X 2dom (A) — X be a closed linear operator.

(a) The spectrum of A is the set
0(A):={1e€C:1-A: dom(A) — X is not bijective},

where A — A:= 1id - A and with id: dom (A) — X denoting the inclusion map. The
elements of o (A) are called the spectral values of A.

(b) The complement p(A) := C\ o (A) of the spectrum is called the resolvent set of A.
For every A € p(A), the resolvent of A at 1 is the bounded operator R(A, A) : X —
dom (A) defined as R(1, A) := (A— A)~L.

Closedness of A was assumed in Definition 3.3.1 for the following reason: Endow
dom (A) with a graph norm; then dom (A) is a Banach space since A is closed. For A €
p(A), the bijection A — A: dom (A) — X is continuous. By the bounded inverse theorem,
the resolvent operator R (A, A) is continuous from X to dom (A) and thus, in particular,
from X to X since the inclusion map dom (A) — X is continuous.

Proposition 3.3.2 (Basic properties of the spectrum and the resolvent). Let X be a com-
plex Banach space and let A: X 2 dom (A) — X be a closed linear operator.

(@) Letue p(A). Each A e C with |/1 —u| < ||R(u, A) ||_l satisfies A € p(A) with
oo
RAA =Y (u—A)"R(u, A"
n=0

In particular, p(A) is open in C and one has ||R(u, A) || > m.

(b) The resolvent commutes with A, i.e. AR(u, A)x = R(u, A) Ax for each p € p(A) and
x € dom (A).
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3.3. Spectrum and resolvent

(c) ForallA,pu e p(A), one has the resolvent identity
R, A) —R(u, A) = (u—AVRA, AAR(u, A).
In particular, the resolvent operators commute.

Proof. (a) Let A € C with [A—p| < |R(1, A)|~". Then ||(u— V)R, A)|| < 1 and so the
operator id —(u— )R (u, A): X — X is invertible. Thus the identity

A=A=p-A+A-p=[id—(u-VDRW A - A

implies that A € p(A) and the claimed series expansion holds. This immediately
gives that p(A) is open. Moreover, it shows that every A € o(A) satisfies |)L— ,u| >

[ R, A) ||_1 and hence, dist(u, 0 (A4)) = | Rk, A) ||_1-

(b) Let A € p(A) and x € dom (A). Clearly, (A - AR, A)x =x=RA, AN - Ax and
AR(A, A)x = R(A, A)Ax. Adding those equalities gives the claim.

(c) The resolvent identity can be obtained immediately from the identities

R(A, A) = R(A, A[uR(, A) — AR (i, A)]
and Ry, A) = [ARA, A) - AR, AIR(u, A)

which hold for all A,z € p(A). O

Definition 3.3.3 (Spectral bound). Let X be a complex Banach space and let A: X 2
dom (A) — X be a closed operator. The spectral bound of A is defined as

s(A) :=sup{Red: A€o (A} € [-o0,00];
with the convention sup @ = —oco.

In general, studying the spectrum of multiplication operators is quite insightful; a
simple example is presented in Exercise 3.2. Meanwhile, in the rest of the chapter, we
consider the spectrum of a number of concrete differential operators.

Examples 3.3.4 (The spectrum of differential operators on an interval).

(a) Consider the closed operator A: C([0,1]) 2 dom (A) — C([0,1]), Af = f’ that we
already studied in Example 3.1.4(a).” One has o (A) = C and thus, s(A) = co.

(b) We now consider the operator from (a) on a smaller space: Let Cy((0,1]) denote
the space of continuous complex-valued functions on [0, 1] that vanish at 0 and let
A: Co((0,1]) 2dom (A) — Co((0,1]), Af := f’, where

dom (4) = {f € C'([0,1) N Co((0, 1]) : " € Co((0, 1D}

Then A is closed, o (A) = @, and thus s(A) = —oco.

5We work on a different interval now, but clearly this does not affect the proof of the closedness of A.
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

Proof. (a) Let A € C and consider the function f € cl(o, 1)), fx) = e’ Then (A — Af =
0, so A — Ais not injective. Hence, A € g (A).

(b) The closedness of A follows from the closedness of the operator in (a). To show
o(A) =¢@,let A € C and g € Cp((0,1]). A function f :[0,1] — C is in dom(A) and
solves the equation (1— A) f = g ifand only if f € C([0, 1]) and solves the initial value
problem

f'=Af-g and  f(0)=0.

From the theory of linear ordinary differential equations, f(x) = — ;' et Ng(y) dy
is the unique function with those properties. So 1 — A is bijective, i.e. 1 € p(A), and
R(A, A)gx) = — [ eM¥ Y g(y) dy for all g € Co((0, 11). O

As our final example in this section we consider the Laplace operator. For an open
set ¢ # Q € R" and a function u € C?(Q), the Laplace operator applied to u is defined as
the trace of the Hessian matrix of u:

n
o 2
Au:= Z osu.
j=1
We want to define A as an operator on L”(Q). To this end, we proceed analogously to
Definition 3.2.4 and define A in a weak sense.

Definition 3.3.5 (The weak Laplace operator). Let @ # Q < R" and u € LIIOC(Q). We say
that Au exists weakly or, briefly and by a slight abuse of notation, that Au € LIIOC(Q), if

there exists a (necessarily unique) function g € LlloC (Q) that such

fg(pdx:qu(pdx
Q Q

for every test function ¢ € CZ(Q). In this case we set Au:= g.

Similarly as in Example 3.2.5, we could consider the Laplace operator on all func-
tions u € LP(Q) that satisfy Au € LP(Q). There are two caveats though. First, the L
theory turns out to be substantially more involved. We thus stick to the simpler case
p =2 for now and return to the general case later. Second, without specifying additional
conditions, a similar phenomenon as in Example 3.3.4(a) occurs — the spectrum of the
Laplace operator is C in most cases. A common way to resolve this problem is to impose
boundary conditions on the functions in the domain of the operators. Many choices
of boundary conditions occur in PDE theory. For now, we focus on one of the simplest
cases, which is Dirichlet boundary conditions.

Example 3.3.6 (The Dirichlet Laplacian on L?(Q)). Let @ # Q € R” be open. We define
the maximal Laplace operator and the Dirichlet Laplace operator on L?(Q) by

dom (Amax) == {u € L*(Q): Aue L*(Q)}, Amaxlt = A,
dom (Apj) := dom (Amay) N Hy (), Apirld == Au.

They have the following properties:
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3.3. Spectrum and resolvent

(a) Both operators Apax and Apy; are closed and densely defined.
(b) Letu,ge L[2(Q). Then u € dom (Apj;) and Apiyu = gifandonlyifue Hé (Q) and®

(v1g)=-(Vv|Vuw;.  forall ve Hy(Q).

(c) Every A € (0,00) is in the resolvent set p(Apir)-

Note that the intersection with H& (Q) in the definition of dom (Apj;) means that we
consider only functions that “vanish” on the boundary 62. A precise formulation of this
reasoning requires the theory of boundary traces of Sobolev functions, which we do not
discuss in the main text. However, the interested readers can find a brief overview in
supplementary Section 3.B, in particular in Theorem 3.B.3.

Proof of Example 3.3.6(a)—(c).

(b) By definition, u € dom (Apj;) and Apju = g if and only if u € dom (Apax) N H& Q)
and Au = g. The latter is equivalent to u € Hé () and (v | g);2 = (Av | w2 for all
v € CZ(Q), since a function v € CZ°(Q) if and only if its complex conjugate v € C(Q).

Note that for each u € H& (Q), wehave (Av | w)p2 = - (Vv | Vu) 2 for all v e CT(Q) by
Definition 3.2.4(a). Whence u € dom (Apjy) and Apj;u = gifand onlyif u € H(} (Q) and

(v1g)=—-(Vv|Vu for all v e C(Q).

However, the validity of the above for all v € C(Q) is equivalent to its validity for
allve H& (Q), since both sides are continuous in v with respect to the H 1_norm and
since C°(Q) is dense in H (Q) with respect to this norm.

(a) Both operators Amax and Apj; are densely defined since their domains contain the
dense subspace C°(Q2). The fact that Ay is closed follows by precisely the same
argument as the closedness of the differential operator 3% in Example 3.2.5 (but using
Definition 3.3.5 in place of Definition 3.2.4).

Substituting v := u in the equality in (b), we observe that”-®
IVulZ, < llull g2 1Al 2 (3.3.1)

from the Cauchy-Schwarz inequality in L?(Q).

Since Amax is closed, dom (Apay) is complete with respect to the graph norm [ ulla,, =
IAull, + lull,. As the Sobolev space H& (Q) is also complete (by Proposition 3.2.7),
it follows from Lemma 3.2.8 that the norm u — ||Aull, + [[Vulls + lull» is complete
on dom (Apjr). Moreover, this norm is equivalent to every graph norm of Ap;; since
the inequality (3.3.1) implies that [Aull3 + [Vull3 + lull3 < (1Aullz + [|ull2)? for each

u € dom (Apjr). Hence, Apj; is also closed.

8For v e H'(Q) we use the same notation Vv = 1 v,...,0,v)T € L2(Q;C") as for classical derivatives.
"Here IIVulli2 = foIVu(x) II% dx, where |[Vv(x)|l2 is the Euclidean norm of the vector Vv (x) € C".
8This is a very simple example of an interpolation inequality.
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

(c) Let A€ (0,00) andlet g€ L%(Q). For every u € L?(Q) the conditions © € dom (Apj;) and
(A — Apir)u = g are - according to (b) — equivalent to u € H} (Q) and (v | Au—g),. =
— (Vv |Vuforalve Hé (Q), which is in turn equivalent to u € H& (Q) and

Al we+Vv|Vue=(vlg), foralveHjQ. 3.3.2)
Observe that for every u € HS (Q) one has
min{l, A} (llull?, + 1Vul?,) < Allulf, + 1Vull?, < max{1, A} (lul?, + 1Vul?,).
Hence the norm induced by the inner product
a(v,u) =AW | wp+NVv|Vu)

is equivalent to the standard H'-norm on H} (Q). As (- | g) ;2 is a continuous antilin-
ear functional® on Hé (Q), the Riesz representation theorem on Hilbert spaces gives
aunique u € H(} (Q) satisfying (3.3.2). Consequently, A € p(Apj;). O

The spectral information given in Example 3.3.6(c) is far from optimal. We shall see
more about the spectrum of Ap;; as we proceed.

9Recall that a map ¢: X — C from a complex Banach space X to C is called antilinear if ¢(x + ay) =
@(x)+ap(y)forall x,ye Xand alla e C.
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Exercises for Chapter 3

Exercise 3.1 (The derivative at a point is not closed). Define the operator
A: C([0,1)) 2dom (A) :=C'([0,1)) = C,  Af:= f'(1).
Prove that A is densely defined but not closed.

Exercise 3.2 (Multiplication operators). Let @ # Q < R” be open and let Cy(Q2) denote
the space of continuous functions f: Q — C with the following property: for every € > 0
there exists a compact set K < Q such that | f (x)| < e for all x € Q\ K. This is a Banach
space with respect to the sup norm | - [l oo-

Let h: Q — C be continuous and define the operator M}, on Cy(Q2) by

dom(Mp):={feCo(Q):hfeCo(Q)},  Mpyf:=hf.
(a) Show that My, is closed and densely defined.
(b) Prove that My, is everywhere defined if and only if / is bounded.
(c) Show that o(M},) = m

Exercise 3.3. This exercise applies the closed graph theorem (Theorem 3.1.3).

(a) Let X,Y, Z be Banach spaces and consider linear operators X EN Y A Z,where J is
injective. Show that if / and JT are continuous, then sois T.

(b) Let (Q, u) be a finite measure spaceand 1 < p < g <oco. Let T: LP(Q,u) — LP(Q, w)
be a bounded linear operator whose range is contained in L7 (Q, ). Show that T is
continuous from LP (Q, u) to L9(Q, w).

(c) Let X be a Banach space, let A: X 2 dom (A) — X be a closed linear operator and
T: X — X a bounded linear operator such that T'(X) < dom (A). Show that T is
continuous from X to dom (A) if dom (A) is endowed with a graph norm.

Exercise 3.4.

(a) Consider the function f € L! (R) given by f(x) = |x|. Show that f is weakly differ-

loc
entiable and compute its weak derivative.
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

(b) Let fe LIIOC(IR”) N CHR™\ {0)!1° and assume that there exist 81,---8n€ LIIOC(IR”) co-
inciding respectively with the classical partial derivatives 0, f,...,0,f on R" \ {0}.
Assume in addition that f” xlp=r | f (x)| do(x) — 0 as r | 0, where o denote the sur-
face measure of the ball with radius r in R”.

Show that f is weakly differentiable with weak derivatives g,..., gn-
Hint: Given a test function ¢ € C°(R"), let R > 0 be such that supp¢ < B<r(0).
Apply the divergence theorem on a ‘shell’ {x e R": r < ||x|l, < R}, and let r | 0.

() Let f: R" - R, f(x) = llxll,. Show that f is weakly differentiable and compute its
weak derivatives 01 f,...,0, f.

Exercise 3.5. Let X, Y be Banach spaces over the same field and let A: X 2dom(A) — Y
be a densely defined linear operator.

(a) Prove that the dual operator A": Y’ 2 dom (A’) — X’ (Definition 3.1.5) is closed.

(b) Give an example where A’ is not densely defined.

Suggestion: Take X = Y = ¢! and take A to be a multiplication operator, analogous
to Exercise 3.2.

(c) If X = Y, show that dom((A+ A)’) = dom(A’) and dom((aA)’) = dom(A’) and
that'!

A+A)'=A+A" and (@A) =ad
for all scalars A, @ with a # 0. What goes wrong if a = 0?

Assume now that X = Y, that the scalar field is C, and that A is closed.

(d) Show that if A € p(A), then also A € p(A") and R(A, A") = R(A, A)', where the latter
operator denotes the dual of R(A, A) € L(X).

(e) Conversely, show that if 1 € p(A’), then also A € p(A).

Hints: First show that || x| x < |(A - A) x| x ||R(/1, AN || for all x € dom (A). Then de-
rive that there exists a (1-dependent) number ¢ > 0 such that [ x| 4 < c[(A - A) x|l x
for all x € dom (A). Hence deduce that A — A is injective and has closed range.

10gtrictly speaking, this means that f € LllOC (R™ and f has a representative whose restriction to the set
R\ {0} is Cl.

HFor alinear operator A: X 2 dom (A) — Y and a scalar a one defines the operator a A: X 2 dom (¢ A) —
Y by dom (@A) := dom (A4) and (@A) x := a(Ax) for all x € dom (¢ A) = dom (4).
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Notes for Chapter 3

Unbounded operators and their spectra

It is a fact of life that many of the most important operators which occur in
mathematical physics are not bounded. — [RS80, p. 249]

As the above quote from the classic text of Reed and Simon suggests, unbounded
operators are among the most fundamental objects in functional analysis. Their impor-
tance was already recognised in the early days of quantum mechanics: the so-called po-
sition operator that describes — no terminological surprise here — the position of a parti-
cle, acts as a multiplication with an unbounded function on the space L2(R). And the so-
called momentum operator acts as a first order differential operator on the same space;
see [Hall3, Chapter 3] for an accessible introduction to the relevant physical concepts,
tailored to mathematicians. Similarly, motivated by the study of differential operators
arising in (classical and quantum) physics, the spectral theory of unbounded operators
has long been a fruitful subject. For applications in quantum physics, we again refer the
interested reader to [Hal13] and [RS80, Chapter VIII].

While we are in the realm of physics, we point out that the expression (Vv | Vu) 2
plays an important role in the study of the Laplacian in the weak formulation, as shown
in Example 3.3.6(b). The map (v,u) — (Vv | Vu) ;2 is a sesquilinear form, and the asso-
ciated quadratic form u — IIVulli2 often has the physical interpretation of an ‘energy’.
Sesquilinear form methods provide another approach to the study of differential oper-
ators, and unsurprisingly are widely used in mathematical physics and the calculus of
variations. We will discuss some basic aspects of these methods in Chapter 5.

A word on the closed graph theorem

The usual proofs of the closed graph theorem for Banach spaces (Theorem 3.1.3), found
in many standard texts on functional analysis, rely on the Baire category theorem. It
turns out that it is not necessary to use this theorem, as shown, for instance, in [Kes21]; cf.
[Kes17]. In addition, the latter reference illustrates the equivalence between closed graph
theorem, open mapping theorem, bounded inverse theorem, and the uniform bounded-
ness principle in Banach spaces. This shows that completeness is the underlying prin-
ciple in these foundational results. We also refer the reader to [Rot94], where a version
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

of the Hahn-Banach theorem is given and employed to prove the uniform boundedness
principle and the open mapping theorem.

Weak derivatives and Sobolev spaces

An alternative but quite natural way to define a space of weakly differentiable functions is
via limits of classically differentiable functions. To be precise, we define the norm || - Il yyx.»
exactly as in Definition 3.2.6, and let H k.p(Q) denote the completion of the space

{ueC™®Q): lullyry <oo}

with respect to the W*” norm. While the inclusion that H*?(Q) € W*P(Q) is straight-
forward to check, it took some time before the converse inclusion was finally settled in
1964 by Norman Meyers and James Serrin in their iconic paper [MS64]. We comment on
this further in the Supplement 3.A.

The weak derivative in Definition 3.2.4 is often also called the distributional deriva-
tive. This is a fundamental notion in the theory of distributions, also known as gener-
alised functions. The idea of extending differentiation beyond the classical setting orig-
inates well before the 20th century; a detailed historical account of this can be found
in [Lue82, Chapter 2]. From the perspective of the theory of distributions, elements of
a Sobolev space are simply ‘well-behaved’ distributions, where the element itself and all
its distributional derivatives up to a given order can be represented by L functions.

One can also define Sobolev spaces via the Fourier transform, as is typically done in
harmonic analysis. For readers interested in this approach, there is a wide selection of
good literature, including [Str03, Chapter 8], [Gru09, Part II], and [Gral4, Chapter 1].

46



Encore: if you want to know more...

3.A Regularisation of functions

In this supplementary section, we use the following notation: given a measurable func-
tion h:R" — R, for each ¢ > 0 we set

hy(x) = tinh()—;) B.A1)

Definition 3.A.1 (Mollifiers). A mollifier is a family {p’ : 7> 0} of functions p’: R" — R
satisfying the following properties for each ¢ > 0:

(1) p'eCX(R™ and p’ is supported in B<,(0); and
(2) p'=00onR" and fp. p'(x)dx=1.
We define a special test function 8 € CX(R") by
1
ce - x| <1
0(x) == xp (- ife) 1 3.A2)
0 x| =1,

where the constant ¢ > 0 is chosen so that fR,l 0(x) dx = 1. Then the family {6; : t > 0}
(using the notation (3.A.1)) is called the standard mollifier.

The key features of mollifiers are that they consist of very smooth functions, and most
crucially, by taking ¢ | 0, the support of p’ can be made as small as desired. This allows us
to regularise non-smooth functions via convolutions while maintaining precise control
of the support. We summarise some standard facts about convolutions and regularisa-
tions below, and refer to the literature (e.g. [Brell, Section 4.4]) for the proofs.

Proposition 3.A.2 (An analysis toolkit).

(a) (Young's inequality) Let f € LY(R™ and gelPRY) forl <p<oo. Then fxge
LP(R™) with supp(f = g) Ssupp f +supp g, and

I7=&l,=l51 lell,-
(b) (Regularisation) Forall g € LllOC (R™) and ¢ € C°(R™), one has ¢ x g € C*°(R") with

0%pxg) =(0%p)xg forallaeN.
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

(c) (Approximate identity) Let {p’ : t > 0} be a mollifier. Thenlim;_ ||pt * f— f||p =0
forall f € LP(R™) with1< p <oo.

(d) (Density of test functions) For every open set @ # Q = R", the space of test functions
CX(Q) isdensein LP(QQ) for1 < p < oo.

We can now complete the proof of Proposition 3.2.3 from the main text.
Theorem 3.A.3 (Fundamental lemma of the calculus of variations). Let @ # Q < R" be

open. Suppose f € LIIOC(Q) satisfies

/Qf(p dx=0 forallpeCZ(Q). (3.A.3)

Then f=0inQ.

Proof. Choose increasing compact subsets Q. so that Q = ey Qy; for instance, take
. 1
Qp = {xe Q : |x| < kand dist(x,0Q) = E}

It suffices to prove that f(x) = 0 for almost every x € Q for each k € N. We do this via an
approximation argument.

Since f € L} (Q), we have fi := f1q,,, € L'(Q) for each k € N. Denote by fi the
extension of fi by 0 outside Q. 1, and note that fi € L' (R"). Since Qj c Qi1 < Q with
strict inclusions, for all sufficiently small ¢ > 0 (depending on k) the support of 0;(x — -)
lies in Qg4 for all x € Qy, and therefore 0;(x — -) € CX(Q) for all x € Q. Consequently

(Ht*fk)(x):fwfk(y)et(x—y) dy=fo(y)9t(x—y) dy=0

for all sufficiently small ¢ > 0 and all x € Q, where we have used the property that fi. = f
on Q. 1, followed by assumption (3.A.3) in the last equality. By Proposition 3.A.2(c), we
conclude

0=1im(@, * fi) = fi
t10
in L' (R™), which implies that f|q, =0 as desired. O
The following theorem relies on a clever use of partition of unity and regularisation.

Theorem 3.A.4 (Meyers, Serrin). Let @ # Q2 < R" be open, and let k € N and p € [1,00).
Then C*®(Q) n W*P(Q) is dense in W*P (Q).

The original 1964 paper of Meyers and Serrin [MS64] arguably has one of the most
iconic titles in the field of analysis: H = W. Itis merely one-and-a-half pages long with an
extremely brief proof. The reader interested in a detailed proof is thus advised to consult
more recent literature, e.g. [GT01, Theorem 7.9] or [Leo09, Theorem 11.24]. Having said
that, the following simple yet important corollary is worth presenting in detail.
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3.B. Encore: Traces of WP functions

Corollary 3.A.5. LetkeNand p € [1,00). Then
WP R = WEP@R™).

Proof. The non-trivial inclusion to prove is W5? (R") < Wok’p (R™), i.e. to show that every
ue WEP(R") can be approximated in the WkP norm by a sequence (u,,) € C°(R").

By the Meyers-Serrin Theorem (Theorem 3.A.4), it suffices to prove the claim for u €
C®(R™) n W5P(R"). For this purpose, fix a function ¢ € C°(R") such that 0 < { <1 on R”
and { =1 for |x| < 1, and set

U (X) :z((%) u(x), xeR"

for m e N. Clearly u,, € CX(R") for each m € N, and the dominated convergence theorem
yields u,;; — uin LP (R"). The generalised Leibniz rule yields

=Y [T0P(CCrm)o Pu= Y [~ L(aﬁc)um)a“—ﬁu
p=a\B = \B) mlfl

for every multi-index |a| < k. If = (0,...,0), then again by dominated convergence we
obtain {(5;)0%u — 0%u in LP(R"). For  # 0, observe that

J.

as m — oo, where C := max|g|< ||aﬁ(||Loo(Rn) < 00. Altogether, we have shown that 6% u,,;, —

p
Gﬁ(((x/m))aa_ﬁu(x)r dx= < f

T Ga_ﬁu(x)|p dx—0
m

0%u in LP for every multi-index |a| < k, and thus u,,, — u in wkp R, O

3.B Traces of W7 functions

In Example 3.3.6, we introduced the Dirichlet Laplace operator Ap;; with domain con-
tained in H& (Q), a space which intuitively encodes the boundary condition ‘uz = 0 on 6.
In Theorem 3.B.3 below, we make precise the sense in which a function in the Sobolev
space WO1 ' (Q) ‘vanishes’ on the boundary Q. This is achieved via the theory of traces.
Before we proceed, we need to understand ‘regularity’ of the boundary of subsets of R”.

A rigid motion of R” is a map 7 : R"” — R” of the form T'(x) = Rx + ¢, for a rotation
R and fixed ¢ € R”. Using this notion, we can say what it means for the boundary of an
open set Q < R” to be Lipschitz continuous. Intuitively, this means that the boundary
looks locally like the graph of a scalar-valued Lipschitz function in 7z — 1 variables.

Definition 3.B.1. Let n =2, and let ¢ # Q < R" be open. We say that the boundary 0Q is
Lipschitz continuous (or simply Lipschitz) if for every ¢, € 0Q, there exists arigid motion
T with T'(¢p) =0, a Lipschitz continuous function f : R”! - R, and r > 0 such that

T(QQB<r(£O)) = {x€B<r(0) t Xp >f(x1w~;xn—1)}

where the local coordinates are given by x := T'({) for all { € QN B« (&o).
Likewise, given k € N U {oo}, we say that Q) is of class C¥ if the functions f occurring
above belong to C*(R""1;R).
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3. UNBOUNDED OPERATORS AND THEIR SPECTRA

When we assume boundary regularity in the main text we stick to C¥ since it has an
equivalent definition that is less technical to state (Definition 5.3.1). An example of a
region in R? with Lipschitz boundary is illustrated in Figure 3.B.1.

. X1
\_7’7/
Figure 3.B.1: A region with Lipschitz boundary and local coordinates around ¢j.
In the theorem below, the boundary 0Q is equipped with the (d — 1)-dimensional

Hausdorff measure.

Theorem 3.B.2 (Trace operator). Letn=2,1 < p < oo, and let  # Q cR" be an open
set with bounded and Lipschitz continuous boundary 0Q). There exists a unique linear
operator Tr: WYP(Q) — LP(0Q), called the trace operator, with the following properties:

(@) Tru= ulyq forallue WHP(Q) N C(Q).
(b) (Trace inequality) There exists C > 0 (depending only on Q) such that

ITrullrroq) < Cllulwirg — forallue WhP(Q).

For a proof, we refer to [Leo09, Theorem 18.1]. Note that in this reference, the result
is stated more generally for open sets with unbounded boundary, but it is easy to see that
it reduces to our statement when 0Q is bounded.

The space WO1 P (Q) can now be characterised as the kernel of the trace operator.

Theorem 3.B.3 (Characterisation of WO1 PQ). Letn=2,1< p <oo, and let p # Q c R"
be an open set with bounded and Lipschitz continuous boundary 8Q. For allu € WHP(Q),
the following assertions are equivalent:

i) Tru=0.
(i) uew,” Q.

We refer to [Leo09, Theorem 18.7] for the proof.
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Chapter 4

Ordered function spaces and Banach
lattices

After studying (eventual) positivity for matrices in Chapters 1 and 2, we encountered a
selection of unbounded operators in infinite-dimensional spaces in Chapter 3. It is our
goal to analyse positivity properties related to such operators. In particular, the question
of when the resolvent of an unbounded operator is positive will be important.

This requires an order structure on the underlying Banach spaces. All examples in
Chapter 3 were defined on function spaces, where it is natural to consider the pointwise
(almost everywhere) order. Yet, it turns out that this order behaves quite differently on,
for instance, LP-spaces compared to Cy(Q). In this chapter, we introduce the general
framework of Banach lattices that includes many classical function spaces and allows
us to develop the subsequent theory on all such spaces simultaneously.'

4.1 Real Banach lattices and function spaces

We recall a few elementary notions about partially ordered sets. Consider a set X to-
gether with a partial order < on X, which means that < is a reflexive, anti-symmetric
and transitive relation on X. Let S € X. An element b € X is called an upper bound of S
if x<bforall xe S, and b is called a lower bound of S if b < x for all x € S. The element
b € X is called the least upper bound or the supremum of S if b is an upper bound of
S and, in addition, b < c for all upper bounds ¢ of S.? Similarly, b is called the great-
est lower bound or the infimum of S if b is a lower bound of S and, in addition, b = ¢
for all lower bounds ¢ of S. It is not difficult to see that the supremum or infimum of a
set is unique if it exists. We denote the supremum and the infimum of S respectively by
sup S and inf S whenever they exist. Finally, for two elements x, y € X we use the notation
xV y:=supix, y} and x A y == inf{x, y} whenever they exist.

IEven beyond a unified treatment of different types of function spaces, there are good reasons to de-
velop the theory in the general setting of Banach lattices. We explain this later on.
2In other words, b is an upper bound of S and a lower bound of the set of all upper bounds.
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4. ORDERED FUNCTION SPACES AND BANACH LATTICES

Definition 4.1.1 (Real vector lattices). A real vector lattice® is a real vector space V to-
gether with a partial order < on V that satisfies the following properties:

() The order < is compatible with the linear structure of V, i.e. for all x, y,z € V that
satisfy x < y and all real numbers a € [0,00) onehas x+z< y+zand ax < ay.

(II) Any two elements x, y € V have a supremum x V yin V.
A vector subspace W of V is called a vector sublattice of Vifxv ye W forall x,ye W.

Note that property () implies that x < y if and only if —y < —x. One can easily deduce
from the definition of a vector lattice V that for all x, y € V the infimum x A y also exists
and is equal to —((—x) v (-)). We frequently use the following concepts in vector lattices.

Definition 4.1.2. Let V be a real vector lattice.

(@) Theset V, :={xe V:x =0} is called the positive cone or, briefly, the cone of V.

The elements of V. are called the positive elements of V.
(b) For all x € V, we call the elements
xTi=xv0,  x =(=x0%  xl=xv(-x)
of V, the positive part, the negative part, and the modulus of x respectively.

Observe that for elements x, y of a vector lattice V, one has x < yifand onlyif y—x €
V4. Moreover, for each x € V the negative part is given by x™ = —(x A 0).

Proposition 4.1.3 (Algebraic properties in vector lattices). Let x, y, z be elements of a real
vector lattice V. The following identities hold:

@ xvy=—((=x)A=y).
(b) Translation property: (xVy)+z=(x+2)V(y+z)and (xANy)+z=(x+2)A(y+2z).

(c) Scaling property: a(xVv y) = (ax) Vv (ay) and a(x A y) = (ax) A (ay) for all scalars
a >0, and|ax| =|a||x| for all scalars a € R.

(d) Distributive law: (xVy)Az=(xA2)V(yAzZ)and (xANy)Vz=(xVZ)A(yV z).
(e) Triangle inequalities: |x+ y| < |x| + |y| and |x—y| = ||x| - |y||.
) xvy=3(x+y+|x—y])andxny=3(x+y—|x-yl|).

(g x=x"—x"and|x|=x"+x".

3Also known as a Riesz space, especially in the Dutch tradition.
40ne can also call | x| the absolute value of x.
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4.1. Real Banach lattices and function spaces

Proof. (a)—(e) Assertions (a)-(c) and (e) are straightforward to verify directly from the
definitions. The non-trivial inequality in the distributive law (d) can be obtained® by
first showing that xv y+ x Ay = x+ y forall x, y € V; see (f) below.

(f) Using the definition of the modulus and properties (b) and (c), observe that
xX+y+ |x—y| =x+y+x-y)v(y-x)=02x)Vv 2y =2(xVy).
Similarly, using (a) in addition, we find
X+y-— |x—y| =x+y-[x—-py)Vv(iy—x)]
=X+y+(Y-—XANXx=-Y)=C2YAQ2Lx)=2(xNAY).

(g) Bysetting y =0 in part (f), we obtain

xt=xvo= %(x+|x|) and x =(=x)v0=—=(xA0) :—%(x—lxl).

Adding and subtracting these yields the claim. O
Examples 4.1.4. We discuss some standard examples of vector lattices.

(a) We consider R"” with the componentwise ordering introduced in Chapter 1. It is
easy to check that the supremum of any two vectors exists and is given by

(xvyi=xivy; Yx,yeR" i=1,...,m

where v on the right-hand side is simply the usual supremum in R, and likewise for
the infimum. With these operations, it is clear that R” is a real vector lattice. Equiv-
alently, one can use the definition of the modulus introduced in Definition 1.1.4
and recover the lattice operations via the identities in Proposition 4.1.3(f), which
of course hold for real numbers.

(b) The space C(Q;R) of continuous real-valued functions defined on @ # Q € R" is
a real vector lattice with the natural pointwise ordering and lattice operations, i.e.
f=gifandonlyif f(x) < g(x) forall x € Q, | f| (x) := | £ (x)|, and so on.

(c) Let (Q,u) be a measure space. The Lebesgue spaces L”(Q, ;R), p € [1,00] ad-
mit a partial order f < g if and only if f(w) < g(w) for p-a.e. w and a modulus
| f | (w) = | f (w)|. The lattice operations are again expressed via the identities in
Proposition 4.1.3(f), and thus we obtain a vector lattice structure on LP (Q, i; R).

(d) Now for a perhaps slightly surprising example: For each open set ¢ # Q < R” and
each p € [1,00], the Sobolev space W7 (Q;R) is a vector sublattice of L”(Q;R) and

0r(u™) =Tyys0; Ox s, Or(u™) = = Ly<oy Ok, O (lul) = sgn(u) Oru

5Note that the vector lattice structure is important here. There exist lattices (i.e. partially ordered sets
where each pair of elements has a supremum and an infimum) in which the distributive law does not hold.
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4. ORDERED FUNCTION SPACES AND BANACH LATTICES

(e)

for every u € WLP(Q;R) and every k € {1,..., n}. This is a famous result due to the
Italian mathematician Guido Stampacchia, often referred to as the Stampacchia
lemma. To avoid a detour, we do not prove this result here. Readers interested in
the details can find a proof in Supplement 4.B.

If p # oo, then the Sobolev space WO1 P (Q;R) (recall that we did not define Wol‘oo) is
a vector sublattice of WP (Q;R) (and thus of L”(Q;R) by (d)). The intuition here
is quite clear: we think of Wol'p (Q;R) as the subspace of those u € WLP(Q;R) that
vanish at the boundary 0Q. If u vanishes at the boundary, it seems plausible that
|u| does as well. A rigorous proof requires more theory of Sobolev spaces, so we do
not show it in the lectures. Readers interested in the details can find them in [AU23,
Theorem 6.37 and 6.39].

We now specialise to vector lattices which are also Banach spaces, so that all the stan-
dard tools of functional analysis are available at our disposal.

Definition 4.1.5 (Real Banach lattices). A real Banach lattice is a Banach space E over
R with a partial order < that turns E into a real vector lattice that is compatible with the
norm in the following sense: whenever x, y € E satisfy | x| < |y|, then || x| = ||y||

Norms on real vector lattices satisfying the above compatibility condition are called
lattice norms. Note that instead of the assumption that |x| < | y| implies [|x|| < ||y, one
can equivalently require that the following two properties are satisfied:

(@)
(b)

For all x € E one has | x|| = ||| x|l

Forall x, y € E the inequalities 0 < x < y imply || x| < || y|-

Let us now discuss which of the vector lattices in Examples 4.1.4 are Banach lattices.

Examples 4.1.6.

(@)
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For a given p € [1,00], it is easy to verify that the £” norm on R", defined by

(Z|xk|’9) ifl<p<oo
k=1

maXp=1..n kal ifp = 00,

.....

lxllp =

is a lattice norm on R”. Since R” is complete with respect to any of the above
norms, it follows that (R”, ||-|| p)isa real Banach lattice.

However, one can also construct norms on R” which are not lattice norms. For
instance, if n = 2, consider the norm

lxllw = lx1]+1x2 — x11.

Observe that the vectors a = (1,—-1)T and b = (1,1)T have the same modulus, but
lalw =3>Ibllw =1.
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(b) If Q = K is compact, then clearly the supremum norm H f ||oo = SUP ek | f (x)| is
a lattice norm on C(K;R). As C(K;R) is complete with respect to the supremum
norm, it is a real Banach lattice.

(c) Ttis also clear that the L” norms are lattice norms, and thus the L (Q, y;R) spaces
are real Banach lattices.

(d) The WP norms are not lattice norms. Since the W'? norm involves the (weak)
partial derivatives of functions, it is easy to see that it does not satisfy the lattice
norm property (e.g. one can consider smooth, bounded functions with oscilla-
tions). Thus the Sobolev spaces WLP(Q;R) are examples of real vector lattices
which are Banach spaces but not real Banach lattices.

As the definition suggests, the setting of a Banach lattice allows order, lattice, and
topological structures to fit together in a useful way. Let us makes this precise.

Proposition 4.1.7. Let E be a real Banach lattice.
(@) The mappings x — |x|, x — x*, and x — x~ are continuous from E to E.
(b) The mappings (x,y) — xV y and (x,y) — x A y are continuous from E x E to E.
(c) The positive cone E. is closed.

(d) Iftwo sequences (x,) and (yy) in E converge to points x, y € E respectively, such that
Xn < yn forallindices n, then x < y.

Proof. (a) The continuity of |-| is an immediate consequence of the reverse triangle in-
equality (Proposition 4.1.3(e)) and the fact that the norm is a lattice norm (Defini-
tion 4.1.5). The continuity of the positive and negative parts is then immediate, since

1

xt= %(x+ |x]) and x™ = 5(|x| — x) for all x € E (Proposition 4.1.3(g)).

(b) Thisfollows from (a) and the representation formula of v and A in Proposition 4.1.3(f).

(c) If (x5) c E4 is a sequence converging to x € E, then x;, = 0 for all » € N, and thus
x~ =lim, . X, =0by (a). Hence, x = 0.

(d) This is an immediate consequence of (c). O

4.2 Complex Banach lattices

In all the previous chapters, spectral theory has been a recurring theme, and for this
reason, it is important to consider vector spaces over C. The theory of vector lattices,
introduced in Section 4.1, is however a theory over the real field. To solve this issue we
now study how to complexify a real vector space and, in a particular, a Banach lattice.

Definition 4.2.1 (Complexification of a real vector space). Let V be a real vector space.
We give the Cartesian product V x V the structure of a complex vector space by defining:
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@) (x1,y1) + (x2, y2) = (x1 + X2, y1 + y2) for all (x1, y1), (X2, y2) €V x V;
(i) (a+if)(x,y)=(ax—By,Px+ay)forall (x,y)e VxVanda,feR.

The resulting vector space is called the complexification of V, and is denoted as V¢ or
V+iV. Furthermore, given (x, y) € V¢, we define complex conjugation by (x, y) := (x, — ).

Via the injective R-linear map V — Vg, x — (x,0), we identify V with an R-linear
subspace of V¢. Thus, V¢ becomes the direct sum (over R) of its subspaces V and iV. As
a consequence, every z € V¢ can be written uniquely in the form z = x+iy with x, ye V.
We make this explicit in the following.

Notation 4.2.2. In the setting of Definition 4.2.1, we denote each z = (x, y) € V¢ by
z=x+1iy.

The real and imaginary parts of z are defined by Rez = x and Im z = y, respectively. In
particular, z = x —1iy.

For a real Banach lattice E it is natural to extend the modulus function || : E — E, to
the complexification Eg, just as the modulus on R can be extended to C. We deviate from
the standard construction in the literature and follow a more axiomatic approach.

Definition 4.2.3 (Complex modulus function). Let E be a real Banach lattice and let
Ec be its vector space complexification. A complex modulus function is a function
|-|c : Ec — E that satisfies the following axioms:

() Compatibility with the real modulus: For all x € E one has |x|c = |x].
(II) Triangle inequality: For all z, w € Ec one has |z + w|c < |zlc + |wc.
(ITI) Absolute homogeneity: For all z € E¢ and all « € C one has |az|c = |a||z]c.

To obtain the existence of a modulus function on the complexification of a Banach
lattice, one takes inspiration from the following formulae in C. Given z € C, one can write
z in the polar form z = €'? | z| for a number ¢ € [0,27). On one hand, this gives

|z| = sup Re(eigz). 4.2.1)
0€l0,27]

and on the other,

2n X 2m . 2n
f (Re(elgz)) de = Izlf ’Re @0 qp = Izlf |cos(@)| d8 = 4|z|, 4.2.2)
0 0 0

where have we used the 2r-periodicity of cos for the second equality. As only the modu-
lus of real numbers occurs in (4.2.2), the formula shows us a potential way to construct a
complex modulus function on a Banach lattice.
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Theorem 4.2.4 (Existence and uniqueness of the complex modulus). Let E be a real Ba-
nach lattice and Ec its vector space complexification. There exists precisely one complex
modulus function|-|c : Ec — E;. Moreover, it can be represented by the formulae

1 27 . .
lzlc = —f )Re(elgz)| do= sup Re(’z)
4 Jo 0€l0,27)

forallze Ec.

The supremum in the theorem is understood within the vector lattice E (note that
it is not at all obvious that this supremum exists since it is a supremum over an infinite
set) and the integral can either be interpreted as a vector-valued Riemann integral or as
a Bochner integral. Since we will often need integrals of functions with values in Banach
spaces, we provide a brief overview of them in Appendix 4.A for readers who are not yet
familiar with this concept.

We prove the existence result in Theorem 4.2.4 by showing that the integral formula
in the theorem defines a complex modulus function. The proof of the uniqueness and
of the supremum formula require more advanced tools from Banach lattice theory. Thus
we do not prove it here and refer to [MW74, Theorem 2.2] instead.®

Proof of the existence and the integral formula in Theorem 4.2.4. For every z € E¢c we de-
fine |zlc = 1 7" |Re(e!’2)| dO for all z € C. Observe that the integral exists since 0 —
|Re(e19 z)| =|cosORe z —sinfIm z| is continuous from [0, 27] to E. We now prove that |- |¢
satisfies the axioms from Definition 4.2.3.

(I) For every x € E one has

1 21
Xlc=-
|xlc 4f0

(IT) This follows readily from the triangle inequality of the modulus on the real Banach
lattice E (Proposition 4.1.3(e)) since integration preserves the order structure on E.

. 1 21
Re(e‘ex)‘ dé = Zf |cos8||x| d8 = |x].
0

(ITI) This follows from the same substitution that we used in formula (4.2.2). O

Given the existence and uniqueness of the complex modulus we can now define
complex Banach lattices. Instead of using the notation E and E¢ from above, it is often
more convenient to write Eg and E. Moreover, since the complex modulus is consistent
with the real one by definition, we will simply use the notation |- | from now on.

Definition 4.2.5 (Complex Banach lattices).

(a) A complex Banach lattice E is a vector space complexification of a real Banach
lattice Eg together with a complex modulus function || : E — (Eg)+ and the norm
|-l on E given by ||zl := |||zl g

The real Banach lattice Ep is called the real part of E.

6Unfortunately this paper is only available in German and it seems that its results have not appeared in
abook...yet.
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(b) By a Banach lattice we mean a real or complex Banach lattice.

It is straightforward to check that the norm on a complex Banach lattice is indeed a
norm and that it is complete, i.e. a complex Banach lattice is indeed a Banach space. By
the definition of a real Banach lattice one has || x|l g, = llxlllg, = x|l for every x € Eg, so
we can actually denote the norms on E and Eg by the same symbol | - ||.

Remark 4.2.6 (Inequalities and the cone in a complex Banach lattice). Let E be a com-
plex Banach lattice. Its positive cone is defined as E, := (Eg)+. f we write x< yor y = x
for two vectors x, y € E, we mean tacitly that x, y € Eg.

Before we discuss some examples, let us note the following properties of the modulus
in a complex Banach lattice.

Proposition 4.2.7. Let E be a complex Banach lattice. Then one has |E| = |z| as well as
IRez| < |z| and|Imz| < |z| forall z€ E.

Proof. Let z € E. For all § € R one has Re(e! Z) = Re (e z) = Re(e™? 2), so it follows from
the integral formula for |z| in Theorem 4.2.4 that

_ 1 27
El=5 )

where the second equality uses the substitution ¢ := 27 — 6. By using the axioms of the
complex modulus (Definition 4.2.3) we thus get

. 1 2r X
Re(e“gz)| do = Z[o |Re(e'?2)| dg = zl,

_ —
2|Rez| = |z+z| < |z|+ |z| =2lz|,
and therefore, by axiom (III), |[Im z| = |[Re(—iz)| < |-iz| = |z]. O
Examples 4.2.8.

(a) Let K be a compact metric (or topological) space. Endowed with the pointwise
modulus function and the sup norm | - |l,, C(K) = C(K;C) is a complex Banach
lattice with real part C(K;R).

Indeed, C(K) is the vector space complexification (as in Definition 4.2.1) of C(K;R)
and the pointwise modulus function obviously satisfies the axioms from Defini-
tion 4.2.3. Finally, one clearly has ||f||OO = H |f| Hoo

(b) Let (2, u) be a measure space and 1 < p < co. Similarly as in (a) one can readily see
that LP(Q, u) = LP(Q, u; C) is a complex Banach lattice with real part L” (Q, u; R).

We close this section by introducing the following property of linear operators.

Definition 4.2.9 (Real operators). Let E,F be complex Banach lattices. Given a linear
operator A: E2dom (A) — F, set dom (A)g := dom (A) N Eg. Then A is called real if

dom (A) =dom (A)g +idom(A)rg and A(dom(A)r) < Fg.

Observe that if A is everywhere defined, then A is real if and only if A(Eg) < Fg. Typi-
cal examples of unbounded real operators are differential operators with real coefficients
on LP-spaces with a Sobolev space as domain.
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4.3 Positive operators

It follows from Proposition 1.1.3 that the following definition generalises positivity of ma-
trices to linear operators.

Definition 4.3.1 (Positive operators).

(a) Alinearmap T: V — W between two real vector lattices V and W is called positive
it TV, cW,.

(b) Similarly, a linear map T: E — F between two complex Banach lattices is called
positiveif TE, C F,.

Note that part (a) of the definition includes operators between real Banach lattices,
but it sometimes convenient to have the notion “positive operator” available in the more
general case of vector lattices. We distinguished the cases (a) and (b) in the definition
since we did not define the general concept of complex vector lattices.

Observe that a positive linear operator T preserves inequalities, i.e. if x < y, then also
Tx < Ty. If the scalar field is complex, every positive operator is real, since the positive
cone in a complex Banach lattice E spans the real part Ep.

The following generalises Proposition 1.1.5 from matrices to positive operators.

Proposition 4.3.2. Let E, F be Banach lattices over the same scalar field. For each positive
linear operator T € L(E,F) and each x € E one has |Tx| < T |x|.

Proof. First assume that the scalar field is R. For each x € E it then follows from +x < | x|
and the positivity of T that +Tx < T'|x|,so |[Tx|=TxVv (-Tx) < T|x|.

Now let the scalar field be C. By applying the real case to the restriction T| £, ONe gets
|Tx| < T|x| for every x € Eg. For the general case x € E we thus have

1 21
ITxlz—f
4 Jo

where the second equality holds since T is real, and the inequality in the middle uses the
established inequality for vectors in Eg. O

X 1 r2n X 1 r2n X
Re(e Tx)( de = Zf ‘TRe(e‘ex)‘ do < Zf T(Re(e“’x)) do = T|xl,
0 0

In the study of positive operators on Banach lattices, it is mandatory to present the
following delightful result.

Theorem 4.3.3 (Automatic continuity of positive operators). Let E,F be Banach lattices
over the same scalar field and let T: E — F be a positive linear map. Then T is continuous.

Proof. We consider the real case; the complex case is then an easy consequence. Assume
that T is not continuous. As every x € E is of the form x = x* — x~, we can find a sequence

(x,,) in E; such that || x,|l <1 and || Tx,|l = n? for all n € N. Observe that x := X0 % is

awell-defined element of E — as the series converges absolutely and E is complete — that

satisfies 0 < % < x for all n € N. Thus, using the positivity of T and the lattice norm

property, we find | Tx|| = || T (5%)

| = # -n3 = nforall neN, a contradiction. O
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4.4 Dual spaces of Banach lattices

Given a real Banach lattice E, we introduce a partial order < on E’ by defining ¢ < v for
two functionals if (¢, x) < (y, x) for all x € E,,. Functionals satisfying ¢ = 0 are called pos-
itive; these are precisely the functionals positive in the operator sense (Definition 4.3.1).
The set of all positive functionals in E’ is denoted by E/, and is called the dual cone of E/, .

Example 4.4.1 (The dual cone of R}). Endow E = R" with the standard order and the
Euclidean norm and identify E’ with the space R'*" of row vectors.

(a) Afunctional ¢ € E' is positive (in the sense defined above this example) if and only
if all its entries are = 0 when ¢ is viewed as an element of R'*".
Hence, the positive cone E'. agrees with the standard cone R1*". In particular, E’
is a Banach lattice.

(b) Foreveryy € E' andevery x € E; onehas (|¢|, x) = max{|(¢, y)| : y eR", |y| = x}.

Proof. (a) This follows immediately from the characterisation of positive matrices in
terms of the action in Proposition 1.1.3.

(b) Letpe E' = R'™>" and x € E; = R”. Since the order on E' is the standard order, the
lattice operations on it are given componentwise (see Example 4.1.4(a)).

To obtain the claimed equality, observe that for every y € R" with |y| < x one has
(|, x)=|p|x=|o||y| = |ey| = [{¢, ¥)| where the second inequality uses Propo-
sition 1.1.5(a). On the other hand, if one chooses y € R” with y; = xi if ¢ = 0 and
Yk = —xk if ¢ <0, then |y| = x and {|¢|, x) = (o, ¥). O

The preceding example motivates the following general result about duals of Banach
lattices. For a complex Banach lattice E with real part Eg, observe that a functional ¢ € E’
is real in the sense of Definition 4.2.9 if and only if ¢ (Eg) < R.

Theorem 4.4.2 (Duals of Banach lattices).
(@) IfE is a real Banach lattice, then so is E'.

(b) Let E be a complex Banach lattice with real part Eg. Then E' is a complex Banach
lattice whose real part consists of the real functionals in E' and can be identified
with (Eg)’ by restricting each such functional to Eg.

In both cases one has the Riesz—Kantorovich formula
(lpl, x) =sup{l[(p, y)| : y€E, |y| < x} = sup{Re(p, y) : y€ E, |y| < x}
forallg € E' and x € E.., and the inequality |p, z)| < {|¢| , |2|) forallp € E' and z € E.

For the proof of Theorem 4.4.2 in the real case, we refer to the classical books on
Banach lattices, e.g. [MN91, Theorem 1.3.2 and Proposition 1.3.7]. For the complex case
see e.g. [MN91, Proposition 2.2.6] and the sentence thereafter, or [Sch74, Corollary 3 to
Theorem IV.1.8].
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Remark 4.4.3 (The dual cone of complex Banach lattice). If E is a complex Banach lat-
tice, then by Remark 4.2.6 and Theorem 4.4.2(b), the cone E!, consists of the real func-
tionals ¢ whose restriction to Ep is positive. One readily checks that these are precisely
all the ¢ € E’ that are positive operators from E to C in the sense of Definition 4.3.1(b), so
E’, consists precisely of the positive functionals in the complex case as well.

Finally, we discuss how positivity of operators behaves with respect to duality. To this
end, we need the following consequence of the Hahn-Banach separation theorem.

Proposition 4.4.4. Let E be a Banach lattice. An element x € E is positive if and only if
(p,x)=0forallpeE,.

Proof. “=": This implication is obvious.

“<" Assume that x ¢ E,. Since the convex set E. is closed (Proposition 4.1.7(c)), the
Hahn-Banach separation theorem (see e.g. [Brell, Theorem 1.7]) shows that there
exists a functional ¢ € E’' that strictly separates {x} from E,, i.e. there exists a € R
such that (¢, x) <a < (¢, y) for all y € E,. In particular, taking y = 0, we get a <0.

We show that ¢ is positive. To this end, fix an arbitrary 0 # y € E.. Then A"y € E,
forall A >0, and thus Aa < (¢, y) forall A >0. As A | 0, we obtain 0 < (¢, y). Thus
@ € E, with (¢, x) <0. O

Corollary 4.4.5. Let E, F be Banach lattices over the same field and T € L(E,F). Then T is
positive if and only if T' is positive.

Proof. The implication “=" follows immediately from the definitions, and the implica-
tion “<” is a consequence of Proposition 4.4.4. O
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Exercises for Chapter 4

Exercise 4.1 (Getting acquainted with lattice operations).

(a) Let V be a real vector lattice and let x, y € V. Derive directly from the axioms (I)
and (II) in Definition 4.1.1 and from the definition of the modulus in Definition 4.1.2
that the triangle inequality |x + y| < |x|+|y| holds for all x, y € V (i.e. prove the first
part of Proposition 4.1.3(e)).

(b) Consider the real Banach lattice C([0, 1];R) and the functions f;, € C([0, 1];R) given
by fn(x) = x!/" for each n e Nand all x € [0,1].

Show that the set {f, : n € N} has a supremum f in C([0, 1];R). Does the equality
f(x) =sup,,cn frn(x) hold for all x € [0,1]?

(c) Find a sequence (g,) in C([0, 1];R) that satisfies 0 < g,, < 1 for all n and such that
the set {gn ‘ne N} does not have a supremum in the space C([0, 1];R).

Exercise 4.2 (C! is not a vector lattice). Endow the space C!([-1,1];R) with the partial
order < inherited from C([—1, 1];R), i.e. functions are compared pointwise. Note that this
space satisfies property (I) in Definition 4.1.1.

(a) Starter: Show that C!([—1,1];R) is not a vector sublattice of C([-1, 1];R).
(b) Show that C!([—1,1];R) is not a vector lattice.

Exercise 4.3 (Positivity of the resolvent for Ap;). Let @ # Q < R” be open and consider
the Dirichlet Laplacian Apj;: [%(Q) 2 dom (Apji) — L2(Q) from Example 3.3.6 given by

dom (Apyy) i={ue Hy(Q): Aue [*(Q)},  Apyu:=Au.

Let A € (0,00). According to Example 3.3.6(c) one has A € p(Apj;). In this exercise we show
that the resolvent R (A, Apir) : L?(Q) — L?(Q) is a positive operator.

(a) Let0<ge L[%(Q) and set u:= R(A, Apir) g € dom (Apj;). Derive from the description
of Apj; in Example 3.3.6(b) that

AWl wpe+ v | Ve =(v]g)e (4.4.1)

forall ve Hé (Q). Are we allowed to substitute v := u~ in this equation?
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(b)

Show that ¥~ = 0 and conclude that R (A, Ap;) = 0.

Exercise 4.4 (Range of a positive projection).

(@)

(b)

(©

(d)

Let V be a real vector lattice and P € £(V) a positive projection.” Show that rg P is
a vector lattice with respect to the order inherited from V and the corresponding
cone (rgP); :={vergP: v =0} satisfies tgP), =rgP NV, =P(V,).

Give an explicit formula for the modulus in rg P. Is rg P always a vector sublattice?
Let E be areal Banach lattice and P € L(E) a positive projection. Show that || x|l ¢ p :=

| P|x||| for all x € E defines an equivalent norm on rg P with respect to which rg P
is a Banach lattice.

Let E be a complex Banach lattice and P € L(E) a positive projection. Observe
that rg P is the vector space complexification of the Banach lattice P(Er) and thus
becomes a complex Banach lattice by Definition 4.2.5.

Give an explicit formula for the complex modulus function rg P — P(Eg) and for
the norm that turns rg P into a complex Banach lattice.

Let A < C([0,1];R) denote the two-dimensional subspace consisting of all affine
functions endowed with the norm and the order inherited from C([0, 1];R).

Show that A is not a vector sublattice of C([0, 1];R) but is itself a Banach lattice.

Exercise 4.5. In this exercise, we will use some general notions from order theory. A
directed set is a non-empty set J together with a reflexive and transitive relation < such
thatforall a, b € J, there exists c € J such that a < cand b < ¢. Anetin aset X is a function
x: J— X, where ] is a directed set; it is customary to write (x;) je; instead of x.®

Let E be a complex Banach lattice and let (T}) je; be a netin the space L(E) of bounded
linear operators on E. Assume that (7}) jes is an individually eventually positive net in
the sense that for each f € E., there exists jo € J such that T f = 0 for all j = jo.

(@
(b)

Show that for each f € Eg, there exists j; € J such that |ij| <T; |f| forall j = j;.

Assume now that there exists a countable set I < J that is majorising, meaning
that for each j € J there exists a j; € I that satisfies j; = j. Show that (T}) je; is
uniformly eventually real in the sense that there exists jo € J such that T is a real
operator for all j € J with j = jj.

Hint: Use Baire’s theorem.

7Recall that a linear map is called a projection if it satisfies P = P.
8Note that every sequence is a net with J = N, endowed with its usual order.
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Notes for Chapter 4

Vector lattices, Banach lattices, and ordered vector spaces

Standard literature

Vector lattices are also called Riesz spaces in the literature. The theory dates back to the
first half of the twentieth century, but we refrain from trying to give a historical account
of its development. Standard books on the topic include: the two volumes by Luxem-
burg and Zaanen [LZ71] and Zaanen [Zaa83] - the first of which focuses on vector lat-
tices without norms while the latter has more material about Banach lattices; Schaefer’s
classical monograph [Sch74] on Banach lattices; the reprint [AB06] of a classical book
by Aliprantis and Burkinshaw from the ’80s; the book of Meyer—Nieberg [MN91], which
might sometimes be a bit less heavy on notation and technicalities; and more recently,
the introductory textbook [Zaa97] by Zaanen. We should also mention the book [Wnu99]
by Wnuk which gives a comprehensive treatment of the important class of Banach lat-
tices with order continuous norm.

Terminological remarks

As Section 4.1 shows, the theory of vector lattices is most naturally developed over the
real field. It is thus customary in the literature to simply call “vector lattice” and “Banach
lattice” what we call a “real vector lattice” and “real Banach lattice”, respectively. Since
we use the complex scalar field frequently and also discuss a number of results that are
true over both scalar fields, we find it more natural to use the term “Banach lattice” for
both cases simultaneously and specify the field whenever necessary.

Ordered vector spaces and ordered Banach spaces

Many classes of vector spaces and Banach spaces carry a canonical structure that does
not turn them into vector lattices. Typical examples are spaces of differentiable func-
tions like CK(Q) (see for instance Exercise 4.2), higher order Sobolev spaces [AN09, Ex-
ample 2.3(d)], and the self-adjoint parts of non-commutative C*-algebras; the latter are
never lattice ordered by a classical result of Sherman [She51, Theorems 1 and 2]. Still,
these spaces are often Banach spaces. Important results on such ordered Banach spaces
can, for instance, be found in the first part of the classical paper [BR84] by Batty and
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Robinson, in the book [KLS89] by Krasnosel’skii, Lifshits, and Sobolev, and [AT07, Sec-
tion 2.5] of an excellent book by Aliprantis and Tourky. More recently, the German trans-
lation [Wul17] by Weber of two classical Russian books by Wulich appeared and contains
some notes on more recent development of the field.

A very recent topic is the study of ordered vector spaces by embedding them into
vector lattices — this is the theory of pre-Riesz spaces which is presented in the book
[KvG19] by Kalauch and van Gaans.

As pointed out in Example 4.1.4(d), the Stampacchia lemma implies that the first or-
der Sobolev spaces WLP(Q;R) are vector lattices. However, they are not Banach lattices
according to Example 4.1.6(d), and the same argument — considering quickly oscillating
functions — shows that they do not become Banach lattices with respect to any equiva-
lent norm. However, they are vector lattices and Banach spaces at the same time and
their positive cone is closed. It seems that, from an abstract point of view, such “lattice-
ordered Banach spaces” have not been studied systematically in the literature, but some
interesting results about them were proved by Borwein and Yost in [BY84].

Complexification

Existence of a complex modulus function

Complexifications of Banach lattices go back to Lotz who developed them to study the
spectrum of positive operators [Lot68]. His approach was based on the formula (4.2.1)
for complex numbers: For an element z of the vector space complexification E¢ of a real
Banach lattice E he defined the complex modulus as

lzlc:= sup Re(ez) (4.4.2)
0€[0,27]

and then showed that it has the properties (I)-(III) stipulated in Definition 4.2.3. The
approach still seems to be the most common one in the literature. Its main obstacle is
that it is not at all clear why this supremum exists — note that the definition of a vector
lattice only requires the existence of the supremum of sets of two elements (and hence of
finite sets). The most common way to solve this problem is to use a representation result
due to Kakutani about a class of Banach lattices, called AM-spaces. This result enables
reducing the situation to spaces of continuous functions where one can explicitly check
that the supremum exists. We refer for instance to [Sch74, Section I1.11] for the details of
this procedure. A different approach is used in [Zaa97, Chapter 6] where the existence of
the supremum is proved intrinsically — i.e. without employing a representation result —
by using a certain type of convergence that is often called relative uniform convergence.

By contrast, our existence proof for a complex modulus function relies on the integral
formula (4.2.2). To the best of our knowledge, this formula has not been used in the
construction of complex vector lattices so far — which is remarkable since it actually gives
existence under more general assumptions than the more common procedures which
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require the vector lattice to be relatively uniformly complete.’

While formula (4.2.2) does not seem to have found its way into the standard liter-
ature on Banach lattices, representing the modulus in this way is known to be a useful
technique in related parts of functional analysis. For instance, consider a bounded linear
operator T on a real-valued LP-space L”(Q, y;R) and let T¢ denote its canonical exten-
sion to the complex-valued space L”(Q, 1). Then we can prove that || T|| = || T¢|l. This is
not obvious at all, but it can be proved by using an LP-version of the integral representa-
tion of the complex modulus, see e.g. [Fen98, Proposition 2.1.1 and Remark 2.1.1]

Uniqueness of the complex modulus function

Uniqueness of the complex modulus function was proved by Mittelmeyer and Wolff in
[MW74, Theorem 2.2]. It is valid under much weaker assumptions than existence results
—one only needs the underlying real vector lattice to be Archimedean, a property that is
typically satisfied in non-pathological examples. Remarkably, the theory of complex Ba-
nach lattices can essentially be developed without discussing uniqueness. Indeed, the
standard books on Banach lattices define the complex modulus by the formula in (4.4.2)
(or a version thereof) and then derive the property that one would expect from a modu-
lus function without ever discussing uniqueness. From this perspective, one could anal-
ogously define the theory of complex Banach lattices by defining the complex modulus
in terms of the integral formula in Theorem 4.2.4 without bothering about uniqueness.

Apart from purely theoretical interest, the one point where knowledge of the unique-
ness of the complex modulus function is quite handy;, is to check that concrete exam-
ples of complex functions spaces are indeed complex Banach lattices. The efficiency of
this approach is demonstrated in Examples 4.2.8. Without the uniqueness result, show-
ing that the common function spaces are indeed complex Banach lattices requires a bit
more work. For LP-spaces one can for instance do this by showing that it suffices to
take the supremum in Supge(g 2z Re(e'?z) over a countable subset of [0,277] and then
by working pointwise almost everywhere. Alternatively, if one takes our integral for-
mula approach, it can be shown that L”-spaces are complex Banach lattices by using
results about the almost-everywhere evaluation of L”-valued Bochner integrals (see e.g.
[HVNVW16, Proposition 1.2.25 and Remark 1.2.26]).

More on complexifications

The norm on a complex Banach lattice is closely related to tensor products of Banach
spaces as shown in [VIN97].

Complexifications can be defined not only for Banach lattices, but also make sense
for real Banach spaces. In this case one does, of course, not define a complex modulus
function, but focuses on ways to extend the norm on a real Banach space to its vector
space complexification. We refer to the paper [MST99] for an overview.

9Note that we have not presented the results in the main text under optimal assumptions by any means,
to keep the presentation concise and accessible and in order to focus on the key ideas.
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Finally, we point out that our definition of the complexification of real vector spaces
(Definition 4.2.1) is rather explicit and not axiomatic. This makes the definition itself
rather straightforward to digest, but it has the disadvantage that it requires certain iden-
tifications when one considers a vector space that is not explicitly given as V' x V as the
complexification of the real vector space V. Such identifications already occur for in-
stance in Examples 4.2.8 and they become more explicit in Exercise 4.4(c) and, in partic-
ular, in Theorem 4.4.2(b). For a presentation of complexifications that is more axiomatic
and thus makes all identifications explicit, we refer to [Glii16, Appendix C].

The Riesz-Kantorovich formula(s)

The Riesz-Kantorovich formula from Theorem 4.4.2 also holds more generally for so-
called regular operators between a Banach lattice E and a Dedekind complete Banach
lattice F. For the case of real scalars, see e.g. [AB06, Theorem 1.18]; there, one can also
find similar formulas for the positive and the negative part of a regular operator. For the
complex case, we refer to [Sch74, Definition IV.1.7 and Theorem IV.1.8].
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Appendices

4.A Vector-valued integrals

In this appendix, we present some essential aspects of integration theory for functions
with values in a Banach space. A good overview of elementary concepts can be found
in [AEO1, Kapitel X.1 & X.2], and [HvYNVW16, Chapter 1] offers a comprehensive intro-
duction. The stochastically-minded reader can also consult [DPZ14, Section 1.1].

To keep things simple, we only consider o-finite measure spaces throughout this sec-
tion, although much of the theory can also be developed in more generality. Recall thata
measure space (Q, .7, ) is called o-finite if there exist countably many measurable sets
Ay € o with u(Ay) <ooand Uyen An = Q.

Measurability

As a first reaction, one might think: “what’s the big deal?” If (0, o) is a measurable space
and X is a Banach space, then surely it makes sense to say that a function f: Q — X is
measurable if and only if f~1(B) € .7 for every Borel subset B in X. It turns out that this
natural definition is not as useful as it looks. Often in functional analysis, the norm dual
X' is used to study problems on X by reducing to the case of scalar-valued functions.
This is supported by the following simple result.

Proposition 4.A.1. Let X be a separable Banach space, and let of be the o -algebra gener-
ated by all sets of the form

{xeX: (X, x)<sa}, ¥eX,acR. (4.A.1)
Then <f coincides with the Borel o -algebra % (X).

Proof. The inclusion & < #(X) is immediate, since each set of the form (4.A.1) is closed
and hence in Z(X). To prove the converse, it suffices to show that %7 contains all open
balls in X. Since X is separable, there is a countable norming sequence (x},) < X', i.e.

Ixll =sup|{x), x)| VYxeX.
neN

Consequently, for arbitrary x € X and r > 0, it holds that

B )= U B<ra—um@=U N{yeX: (x,y-x)|<sr(1-1)}ea. O
m=1 m=1n=1
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However, if the Banach space X is not separable, then it may happen that the o-
algebra generated by X' is strictly smaller than the Borel o-algebra %(X) (so in some
sense #(X) is ‘too large’). In this case, the measurability properties on X cannot be ef-
fectively determined via linear functionals.

On the other hand, we often study measurability and integrability of scalar-valued
functions via approximation by simple functions. These considerations motivate the fol-
lowing.

Definition 4.A.2. Let (Q, <7, u) be a o-finite measure space and X a Banach space.

(@) Afunction ¢: Q — X is called u-simple if it satisfies: (I) ¢(Q) is a finite subset of X;
(D ¢~ ({x}) € o for all x € X; and (I11) p(p~ 1 (X \ {0}) < co.

(b) Afunction f: Q — X is called strongly yi-measurable if there is a sequence (f;,) nen
of p-simple functions such that limep fi, (@) = f (w) for y-almost every w € Q.

In the case X = C, it is common to omit the word ‘strongly’ and simply speak of
p-measurable functions f: Q — C.

(c) A function f: Q — X is called weakly y-measurable if the C-valued map x'o f =
(x, f()) is p-measurable for all x’' € X'.

Remark 4.A.3. Let (0,7, u) be a g-finite measure space and X a Banach space. Every
p-simple function ¢: Q — X can be written uniquely in the form

N
@=> 1a xk (4.A.2)
k=1

with distinct elements {x1,..., Xy} < X, and where the sets Ay € o satisfy p(Ag) < oo for
each k =1,..., N and are pairwise disjoint, i.e. Aj N Ay = @ whenever j # k. Indeed, let
{x1,...,xn} < X be the disinct non-zero values of ¢, and set Ay := (p‘l({xk}). Clearly the
Ay’s are pairwise disjoint and p(Ax) < oo for each k =1,...,N. The uniqueness of the
representation (4.A.2) can then be easily verified.

Definition 4.A.2 does not require the Banach space X to be separable. This is impor-
tant, since non-separable Banach spaces (such as L*°(Q) for an open subset @ # Q < R")
are also useful and appear in many applications. Nevertheless, Proposition 4.A.1 gives a
hint that if we want a good integration theory, separability should not be far away.

Definition 4.A.4. Let (Q, o7, u) be a o-finite measure space and X a Banach space. A
function f: Q — X is called p-almost separably valued if there exists a separable sub-
set'” Xy of X such that f(w) € X, for y-almost every w € Q.

We can now formulate the fundamental theorem of Pettis.

10Naturally, we equip Xo with the relative topology inherited from X. Note that some texts require Xg to
be a closed, separable vector subspace of X. However, it can be shown that the two definitions are equiva-
lent.
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Theorem 4.A.5 (Pettis). Let (Q, <7, ) be a o -finite measure space and X a Banach space.
For a function f: Q — X, the following assertions are equivalent:

(i) f isstrongly u-measurable;

(i) f ispu-almost separably valued and weakly p1-measurable.

For the proof, we refer to [HVNVW16, Theorem 1.1.20].

The Bochner integral

For strongly p-measurable functions with values in a Banach space, one can define an
integral as follows.

Definition 4.A.6 (The Bochner integral). Let (QQ, <, u) be a o-finite measure space and
X a Banach space.

(a) Fora u-simple function¢: Q — X, ¢ = leyzl 14, xi, we define

N
f pdu=) p(Apxi. (4.A.3)
Q k=1

(b) Let f: Q — X be a strongly u-measurable function. We say that f is Bochner inte-

grable (with respect to p) if there exists a sequence (f;) en Of p-simple functions
such that

Jim | 1 fa= £l du=o.
In this case, we define

ffdp:: lim f Sfndu. (4.A.4)
Q n—o0 Jo

Remarks 4.A.7.

(a) Bytheuniquenessassertionin Remark 4.A.3, the integral for simple functions (4.A.3)

is well-defined. Moreover, it is clear that || [ ¢ du|| < [ [|¢|| dp. and it is straight-
forward to verify that additivity [, ¢ du+ [ v du = [, ¢+ dp holds for all simple
functions ¢, ¥: Q — X (cf. [AE0], Kapitel X.2, Bemerkungen 2.1] for details).

(b) To see that (4.A.4) is well-defined, first note that the map Q3 w — | fn(w) — f(w) | €
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[0,00) is u-measurable, since it is a composition of the strongly py-measurable func-
tion f;, — f with the continuous function || - || : X — [0,00). By the properties of the
integral for simple functions mentioned above, one has

| fucu= [

for all m, n € N. Hence if f is Bochner integrable, then the integrals [, f, du form
a Cauchy sequence in X, and thus converge to a unique element.

< [ V= full = [ =11 a1 1]
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Theorem 4.A.8 (Bochner). Let (Q, o7, u) be a o-finite measure space and X a Banach
space. A strongly u-measurable function f: Q — X is Bochner integrable if and only if

[0 du<co.

|y

We refer to [HVNVW16, Proposition 1.2.2] for the proof. In the case that the measure
space is an interval I < R with the Lebesgue measure, proofs of Theorems 4.A.5 and 4.A.8
can also be found in [ABHN11, Theorem 1.1.1] and [ABHN11, 1.1.4] respectively.

In this case, it holds that

< [ 171 dw

Example 4.A.9. Let A" be the Lebesgue measure on R”, K < R"” a non-empty compact
subset, and X a Banach space. Then every continuous function f: K — X is strongly
A"-measurable. Indeed, the image f(K) is a compact subset of X, and hence separa-
ble, so in particular f is A”-almost separably valued. (More generally, if Q < R" can be
covered by countably many compact sets, then every continuous function f: Q — X is
separably valued). For each x’' € X', the C-valued map x’ o f is continuous (as a compo-
sition of continuous maps) and hence A”-measurable. The conclusion now follows from
Theorem 4.A.5.

Moreover, Theorem 4.A.8 shows that every continuous function f: K — X is also
Bochner integrable, since one has

JIr@l ar" = sup] @275 <o

Finally, we present a useful result that explains how closed linear operators interact
with Bochner integrals.

Theorem 4.A.10 (Hille). Let (Q, <7, u) be a o -finite measure space and X, Y Banach spaces.
Suppose that f: Q — X is Bochner integrable, and A: X =2 dom (A) — Y is a closed linear
operator. Assume that f(w) € dom (A) for u-almost every w € Q and that Aec f: Q —Y
(defined for u-almost every w € Q) is Bochner integrable. Then f is Bochner integrable as
adom (A)-valued function, fo dy e dom (A), and

Affd,uzonfdu. (4.A.5)
Q Q

We refer to [HVNVW16, Theorem 1.2.4] for the proof. Observe that if A € £L(X,Y),
then (4.A.5) can be derived easily from Definition 4.A.6 alone.
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Encore: if you want to know more...

4.B The lattice structure of W17

In Example 4.1.4(d), it was mentioned that the Sobolev spaces W (Q) are vector lat-
tices. In this appendix, we give a proof of this fact, which is a consequence of Theo-
rem 4.B.3 due to Stampacchia. This is not merely a curiosity for vector lattice theory, but
it turns out to be a very useful property for PDE theory in general.

As preparation, we require a Sobolev space version of the chain rule (which is also a
very useful tool in itself).

Proposition 4.B.1 (A chain rule for W'P). Let ¢ # Q € R" be open, and u € WP (Q) for
some p € [1,00]. Let G € ClR;R) satisfy G' € L®°(R) and G(0) = 0. Then the composition
G o u belongs to WP (Q) and

0k(Gou) = (G ou)oyu, k=1,...,n. (4.B.1)

Proof. The assumptions on G and the mean value theorem imply that |G(x)| = M |x| for
all xe R, with M = H G/||L°°(|R)' Hence |G o u| < M |u|, which shows that Gou € LP(Q). Since
G’ € L*°(R), we also have (G'ou)d,ue LP(Q) forall ke {1,...,n}.

We treat the case p < oo first; this allows us to leverage the Meyers-Serrin theorem
(Theorem 3.A.4), and choose a sequence (u;) € C*(Q) N WbP(Q) such that u, — u in
WLP(Q). Hence, by the classical integration by parts and chain rule, we obtain

f (Goup)0rpdx = —f (G' o uy) (O un)p dx (4.B.2)
Q Q

for all » e N and all ¢ € CZ(Q). The inequality |Go u, — Go u| = M|u, — u| implies that
Gou, — Gouin LP(Q). Furthermore, since G’ is continuous, G’ ou,, converges pointwise
a.e. to G'ou, and hence (G’ o uy)du;, — (G' o )0 u in LP (Q) by dominated convergence.
By letting n — oo in (4.B.2), we therefore obtain

f(Go u)ak(pdx=—f (G ou)(@ru)p dx
Q Q

for all ¢ € CZ°(Q2). This proves (4.B.1) in the case p # co.

The case p = co is handled via a simple trick. Given ¢ € C°(Q), choose a bounded
subset Q' such that suppg < Q' and Q' € Q. Then it follows that u € WP (Q)') for any
1 < p < oo, and the previous arguments can be applied. O
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Remark 4.B.2. The assumption that G(0) = 0 in Proposition 4.B.1 is only needed to
obtain Gou € LP(Q) (as the proof readily reveals). If one is not concerned about p-
integrability, this assumption on G can be dropped; cf. [GT01, Lemma 7.5].

Theorem 4.B.3 (Stampacchia). Let @ # Q c R" be open and p € [1,00]. Ifu € wlr(Q),
thenu™,u",|ul € WHP(Q) with

3 0 0 0 oru onu>0
u onu> onu=
ap(ut) = {0’“ 0p(u) :{ dlul=1{0 onu=0

onu<o, —0ru onu<o,

—0ru onu<o,

forallke{1,...,d}. In particular, WLP(Q) is a vector sublattice of LP(Q).

Proof. For every € > 0, we define a smooth approximation of the function x — x* by

Ge(x) =

P+ed)2_e x>0
x<0.

We use Proposition 4.B.1 and then integrate by parts to find

udru f udiu
Geowdppdr=— | — X2 _pdx=—[ kL
fQ( eou)0rpdx [Q(uerEz)uz‘p X (us0) (12 + €2)112

for all ¢ € C(Q). Since G¢ o u — u* pointwise a.e. in Q and u(u? +¢
a.e. in the subset {u > 0} as € | 0, the above equalities in the limit yield

dx

2)=1/2 _, 1 pointwise

f u o dx:—f (Oru) ¢ dx.
Q {u>0}

This proves the required formula for 9 (u™).

The formulas for 0 (1~) and 9 |u| now follow immediately from the identities ™ =
(—w)* and |u|l = u* + u~. The lattice operations of supremum and infimum, naturally in-
herited from LP (Q), can then be expressed in terms of the modulus, as shown in Propo-
sition 4.1.3(f). This proves that W?(Q) is a vector sublattice of LP (Q). O

Remark 4.B.4. One can show that, for p € [1,00), the lattice operations u — u*, u—
u~ and u — |u| are continuous on WYP(Q) (this does not follow from Proposition 4.1.7,
which only yields continuity on L”(Q)). The curious reader may consult, for instance,
[AU23, Theorem 6.37], for the proof when p = 2 that can be easily adapted for p € [1,00).
Alternatively, see [BY84, Example 2 and the paragraph thereafter].

However, the situation is more complicated on W!®. This space coincides with
the space of bounded Lipschitz continuous functions, see e.g. [Eval0, Theorem 4, Sec-
tion 5.8]. The lattice operations on it are continuous at the point 0, but one can easily
construct examples to see that they are not continuous on the whole space.
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Chapter 5

Positive and eventually positive
solutions to PDEs

5.1 Positivity via sesquilinear forms

In Example 3.3.6(b), we described the domain and the action of the Dirichlet Laplacian
Apjr in terms of the expression fQW- Vu dx, defined for elements u, v € H& (Q). This is
a special case of a sesquilinear form. It is the purpose of this section to develop some
key aspects in the theory of sesquilinear forms, which yield useful tools to study linear
operators on Hilbert spaces. In addition, these so-called form methods are well-suited to
the study of positivity, as shown in Theorem 5.1.7 below.

Definition 5.1.1 (Sesquilinear forms). Let V be a complex Hilbert space.

(@) Amap a: VxV — Cis called a sesquilinear form if it is antilinear in the first com-
ponent! and linear in the second.

(b) A sesquilinear form a: V x V — C is called bounded if there exists a number ¢ = 0
such that |a(v, w)| < c|lviy lwly forall v, we V.

A fundamental result is that bounded sesquilinear forms can be represented by bounded
linear operators.

Lemma 5.1.2 (Lax-Milgram). Let V be a complex Hilbert space and leta: V xV — C be a
bounded sesquilinear form.

(@) There exists a unique A€ L(V) that satisfies a(w,v) = —(w | Av)y forallv,w e V.2

(b) Moreover, ifRea(v,v) =4 || UII%/fora number § >0 and all v € V, then A is bijective.

I This is consistent with our convention for inner products.
2We put a minus sign here to be consistent with Definition 5.1.3 below.
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Proof. (a) The uniqueness is clear. For existence, note that for each v € V, —a(-,v) is
a bounded antilinear functional on V. By the Riesz-Fréchet theorem, there exists
Av e V such that —a(w,v) = (w | Av)y for all v, w € V. Clearly, v — Av is linear and

(w | Av)yl=la(w, )| <clwlylvly foralweV
for some constant ¢ = 0. Hence, |Avlly < cllvl|y forall ve V, so A is bounded.

(b) We may assume that V # {0}. The boundedness of A ensures that o (A) is non-empty
and compact. Let A € 0(A) with maximal real part. It suffices to show that Re 1 <
0, since this implies 0 ¢ 0(A). As A lies on the boundary of o(A), there exists an
approximate eigenvector of A for A, i.e. a normalised sequence (v,) in V such that
Avy, — Av,, — 0 (see Exercise 5.2). It follows that Re A < —§, since

0—Re(Av, - Av, | v,)y =Red+Rea(vy,, v,) =Red +6. O

For the Dirichlet Laplacian, given u, f € L[%(Q), we have u € dom (Apj;) and Apjru = f
ifand onlyif u € H} (Q) and a(v,u) == (Vv | Vu)2 == (v | iz forallve H}(Q) (Exam-
ple 3.3.6(b)). This observation serves as a blueprint for a general way to obtain operators
from forms.

Definition 5.1.3 (Operators induced by forms). Let V, H be complex Hilbert spaces such
that V embeds continuously and densely into H. Leta: V' xV — Cbe abounded sesquilin-
ear form on V. The operator associated to a, A: H 2 dom (A) — H, is given by

dom(A):={ueV:3feH,VveV:awuw=-(v|f)y}
Au=f,

where f € H in the definition of Au is the vector that occurs in the definition of dom (A).*

There are two differences between Lemma 5.1.2 and Definition 5.1.3. In the lemma
the inner product used to defined Ais (- | -)y whileitis (- | -) g in the definition. Conse-
quently, the operator A in the lemma maps from V to V, while it maps from the smaller
space dom (A) to the larger space H in the definition. We now show that the operator A
from Definition 5.1.3 is quite well-behaved if a satisfies a so-called ellipticity estimate.

Theorem 5.1.4 (Properties of operators induced by forms). Let V, H be complex Hilbert
spaces such that V embeds continuously and densely into H. Leta: VxV — C be a
bounded sesquilinear form on V. Assume that a satisfies the ellipticity estimate

Rea(v,v) +ullvl3, =8 lvll% (5.1.1)

for some numbers p e R and d >0 and for all v € V. Then the operator A: H>dom (A) —
H associated to a has the following properties:

(a) A is closed and densely defined.

30bserve that f is uniquely determined since V is dense in H. Thus, A is indeed well-defined.
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(b) Onehass(A) < u and every A € C withRe A > u satisfies [R(A, A)llg—g < #—u'

(¢) Ifthe forma is symmetric, i.e. a(u,v) = a(v, u) forallu,v e V, then o (A) cR.*

Proof. (a) Let(u;) <dom (A) convergein H to u € H and assume (Au,) convergesto v €

H. Since a(u,—Um, Un—Um) = (U — U | Aty — Auy) g, it follows from the ellipticity
estimate (5.1.1) that (u,) is Cauchy in V, hence convergent in V. The embedding
V — Hyields u € V. The boundedness of a and the convergence u, — u in V imply
a(w,u) = lim,_ca(w,u,) = —(w | v)y for every w € V. Hence, u € dom(A) and
Au = v, so Aisindeed closed.

We now show (b). The density of dom (A) then follows from Exercise 5.1.

Let A € C with ReA = u. We first show that 1 — A: dom (A) — H is surjective, so let
f € H. Since (- | f), defines a bounded antilinear form on V, the Riesz-Fréchet
representation theorem gives a vector vy € V such that (u | vy)y = (u | f ) yforallue
V. Now consider the bounded sesquilinear form b: V x V' — C, defined by b(u, v) :=

A(u | v)g+a(u, v), which satisfies Re b(v, v) =49 || UII%, forallve V,andlet Be L(V) be
the associated bijective operator (Lemma 5.1.2(b)). Then wy := —B~ 11y € V satisfies

alu, wo) + A (u | wo)g =b(u, wo) = | vo)y =(ul f)y

for all u € V. Hence, wy € dom (A) and (1 — A)wy = f, so A — Ais indeed surjective.

On the other hand, A — A is injective, hence bijective, because

Ivlg (A= Avlig=Re(v | Av—Av)g

=ReA|vl|3 +Rea(v,v) = ReA— ) V|3 +5 (vl .

In fact, this even gives that [(A - A)vlg = (ReAd — ) [lv|l g for all v € dom (A), which
implies the desired resolvent estimate if Re A > p.

Consider the form b: V x V — C given by b(u, v) := a(u,v) + u(u | v)g. The operator
B associated to b can easily be checked to satisfy B = A— u (with the same domain as
A). So it suffices to show that o(B) € R.

The symmetry of a implies that a(v,v) € R and thus b(v,v) = || vll%/ forall ve V.
Now take a complex number y with Rey > 0. Then the form yb: V x V — C, which is
associated to the operator y B, satisfies

Re(yb(v,v)) = (Rey)b(v,v) = Reyd vl

for all v € V; here we used again that b(v, v) € R. We thus conclude from (b) that
s(yB) =0, so Re(yA) <0 for every A € o(B). As this is true for each y € C with Rey >0,
it follows that o (B) < (—o00,0]. O

“In fact, if a is symmetric, then one can show that A is a so-called self-adjoint operator, but we shall not

discuss this further at this point.
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5.1. Positivity via sesquilinear forms

We frequently use Theorem 5.1.4 to study examples, starting with Exercises 5.4 and 5.6
and Example 5.4.3. In Definition 4.2.9 we introduced real operators on complex Banach
lattices. Analogously we now define real sesquilinear forms.

Definition 5.1.5. Let V be a Hilbert space that embeds continuously and densely into
L[%(Q,v) for a o-finite measure-space (Q,v). A sesquilinear form a: V x V — C is called
real if Vg := V N L?(Q, v;R) satisfies V = Vg +iVg and a(u, v) e R for all u, v € Vi.

It is easy to see that the condition V = Vg +iVg in the previous definition is equivalent
to the condition Rev € V for all v € V. The following proposition is a straightforward
consequence of Definitions 4.2.9, 5.1.3, and 5.1.5.

Proposition 5.1.6 (Real forms induce real operators). In the situation of Definition 5.1.5,
if a is bounded and real, then the associated operator A: L2(Q,v) 2dom (A) — L2(Q, V) is
also real.

For operators constructed via real forms, the following result makes it often quite
easy to check whether the resolvent is positive for all sufficiently large real numbers. The
result is a substantial generalisation of Exercise 4.3. The inequality a(v~, v*) < 0 in asser-
tion (ii) is an infinite-dimensional version of property (vii) in Exercise 1.2.

Theorem 5.1.7 (The Beurling-Deny criterion for positivity of resolvents). Under the as-
sumptions of Theorem 5.1.4, let H = L2(Q,v) for a o-finite measure space (QQ,v). Assume
in addition that a is real. Then the following are equivalent for the associated operator
A: I?(Q,v) 2dom (A) — L2(Q,V):

(i) R(A,A) =0 forall A€ [u,o00).
(i) Vg:=VNnIL*Q,v;R) is a sublattice ofL2 (Q,v;R) and a(v—,v*) <0 forallv e Vg.

Proof. Observe that, as a is real by assumption, so is A according to Proposition 5.1.6.
This easily implies that R(A, A) is also a real operator for every 1 € Rn p(A).

“lii) = (i) Let A € [u,00), 0 < f € L?>(Q), and set v := R(A, A) f. We know already that
v € Vg, and need to show that v = 0. To this end, we now proceed similarly as in
Exercise 4.3. Since v~ € V, one can compute using (v_ | v+) = 0 that

0=(v 1 fly=0w | A=Ay
=-AllvT 15 +a ™, v) < —plv 13 -av™,v) < =8lv11%;

where the inequalities respectively used a(v~, v*) < 0 and ellipticity estimate (5.1.1).
Hence v~ =0, which yields v = 0.

“(i) = (ii)”: Let v € Vg. To show that Vi is a sublattice, it suffices to prove that v* € V.
For this we use the following abstract regularisation technique: set w, := nR(n, A)v*
forall n> u*. Then (w,) € dom (A) € V and, as shown in Exercise 5.1, w,, — v* in H.
In particular, (w,) is bounded in H. Assume for a moment that (w,,) is also bounded
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

in V. As V is reflexive, a subsequence (wj,) converges weakly to some w € V within
V, hence within H. The uniqueness of weak limits in H then ensures v* = we V.

Let us thus prove that the norms || wy ||, are uniformly bounded. Observe that

+
AW —wy, wy) =—W-wy | Awp)g=n(v—wy | v —wy,)y

:n(||y+—wn||§l+(v_ | wn)H)ZO

since wy, = 0 due to (i). Thus, a(w,, w,) < a(v,w,) for all n. Using the ellipticity
estimate (5.1.1), this implies

2 2
6||wn||vs alwn, Wn)"’,U”wn”H

2
<a(, wy) + 't llwnlf < cllvlly lwnlly + " dlwall g lwally

for constants ¢, d = 0 and all indices n > u*; for the last inequality, we used that a is
bounded and V — H. Dividing by ||w, |y yields that (w}) is bounded in V.

It remains to show the second claim in (ii), i.e. that a(v~, v") < 0. Note that
aw ™, wp) =—(v" | Awp)y=—n(v" | wy, —v ) y=-n(v" | wy)y <0

for each k. Since a(v7, -) is a bounded linear functional on V, the weak convergence
of (wp,) to v* in V implies that 0 = a(v™, wy,) — a(v™,v™"). O

As a first application of Theorem 5.1.7, we will discuss Laplace operators with non-
local boundary conditions in Exercise 5.6 and Example 5.4.3.

5.2 The maximum principle

In this and the next section, we present a different way to obtain positivity of solution
operators to certain PDEs, based on the maximum principle. As a motivation, consider
afunction v € C2([0, 1];R) that satisfies v = 0. This means that v is convex, and hence its
maximal value is attained at least at one of the boundary points of {0, 1}.

The maximum principle generalises this to a larger class of operators, also on higher
dimensional domains. There, one cannot directly work with convexity of v, but the
Laplace operator also has a related property that translates well into more general sit-
uations: if 0 < v € C?([0, 1];R) vanishes at a point x € (0, 1), then Av(x) = 0. This property
is captured by assumption (1) in the following theorem. For a first intuition, one should
think in Theorem 5.2.1 of the situation where S := Q is an open set in R” and M = Q.
Non-open S will become relevant in Chapter 7 (Theorem 7.2.1 and Example 7.2.2)

Theorem 5.2.1 (An abstract maximum principle). Let (M,d) be a metric space and let ¢ #
S € M be relatively compact.5 Let D < C(S;R) be a vector subspace such that 1 = ]lg eD
and let A: D — RS be a linear map with the following properties:

5Recall that a subset of a metric space is called relatively compact if its closure is compact.
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5.2. The maximum principle

(1) The map A satisfies the positive minimum principle on S, i.e. for each x € S and
each function 0 < u € D one has the implication

ulx)=0 £ (Au)(x) = 0.

(2) Onehas A1 <0 and there exists a function 0 < w € D with (Aw)(x) >0 forall x€ S.

Let v € D attain at least one value in [0,00) and satisfy Av=0. Then dS # ¢ and v attains
its maximum at 0S.

Before the proof, we show Theorem 5.2.1 in action for a classic PDE example.

Example 5.2.2 (The weak maximum principle for the Laplace operator). Let ¢ # Q € R”"
be open and bounded and let ¢ € (—o00,0]. Assume that v € C(Q;R) N C3(Q;R) satisfies
Av(x)+cv(x)=0forall xe Q.

If v has at least one value in [0,00) then v attains its maximum on 0Q. In particular,
if v vanishes on 0Q, then v <0in Q.

Pro_of. We apply TheorErn 5.2.1 to the set S := Q in the metric space M = Q. Let D :=
C(Q;R) N C%(Q;R) < C(Q;R) and define A: D — R by Au = (A+ c)u|Q forallue D. It
suffices to show that A satisfies the assumptions (1) and (2) of Theorem 5.2.1.

(1) Let x € Q and let 0 < u € D satisfy u(x) = 0. Then u has a global minimum at x. As
uisC?ina neighbourhood of x, it follows that the Hessian matrix Hu(x) is positive
semidefinite. So its trace satisfies tr (Hu(x)) = 0 and thus,

(Au) (x) = Au(x) + cu(x) = tr (Hu(x)) = 0.

(2) Clearly, Al = c1 < 0. Let w € D be given by w(x) = e*™ for all x € Q and a real
number « that satisfies @ > —c. Then (Aw)(x) = (a? + ¢)w(x) > 0 for all x € Q. O

We will discuss below in Example 5.3.6 how the weak maximum principle is related to
the positivity of R(A, Apir). Theorem 5.2.1 can be applied to further types of differential
operators, see Exercise 5.3. For the proof of the theorem, we use the following lemma.

Lemma 5.2.3. Let (M,d) be a compact metric space and let ¢ # K < M be a compact sub-
set. Let (fi) be a sequence in C(M;R) that converges uniformly to a function f € C(M;R).
Ifeach f. attains its maximum on K, then so does f.

Proof. By assumption, for each k € N there is a point xj € K such that f attains its max-
imum at x. As K is compact, by passing to a subsequence we may assume that (x)
converges to a point x* € K. For every x € M, by continuity of f one then has

k—o00

FO) < fil)+ || f = fielloo = e + | f = fiell o = Fx) + 2| f = fiell o — f(xH). O
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

Proof of Theorem 5.2.1. We first make a preliminary observation: If a function u € D at-
tains its maximum at a point x; € S and satisfies u(x1) =0, then (Au)(x;) < 0.

Indeed, set h := u(x;) 1 —u. Then 0 < h € D and h(x;) = 0. According to assump-
tion (1), A satisfies the positive minimum principle in S, so it follows that (Ah)(x;) =0
and thus (Au)(x1) < u(x1) - (AL)(x1). As u(x;) = 0 and since (A1)(x;) < 0 by assump-
tion (2), it follows that (Au)(x;) <0, as claimed.

Now, define vi := v+ %w € D for each k € N. For each k € N choose a point x; € S
where vy attains its maximum. Fix an index k € N for the moment. Since w = 0 and by
assumption v is not everywhere < 0 in S, one has vy (x;) = 0. Moreover, Av > 0 implies
(Avg)(x) = %(Aw) (x) >0 for all x € S, so it follows from the preliminary observation that
Xr € S, so in particular x; € 8S. So each vy attains its maximum at S and Lemma 5.2.3
shows that the same is true for v. O

5.3 Intermezzo: Regularity of solutions

In this section we briefly discuss — without proofs, but with a few intuitive explanations —
that the solution u of the equation (A — Api;)u = f has better regularity than f. We need
this later in the course; for the moment we focus on the following motivation.

We know from Exercise 4.3 that the resolvent R (A, Api): L>(Q) — L*(Q) is positive
if A > 0, and the technique from this exercise was generalised to a very broad class of
operators in the Beurling-Deny criterion in Theorem 5.1.7. It is natural to ask whether
one can alternatively use the maximum principle from Section 5.2 to obtain positiv-
ity of R(A, Apir). There is a difficulty with this approach: for f € L[%(Q), the function
u =TR(A, Apir) f will in general only be in dom (Ap;;), but the maximum principle (Exam-
ple 5.2.2) requires more from u, namely to be continuous on Q and C? on Q.

The question thus arises: under what conditions is the solution u sufficiently smooth?
This is a fundamental question of the regularity theory for PDEs, which is a rather subtle
subject: not only does the answer depend on f, but also on the geometric properties of
Q. For this reason, it is essential to be able to quantify ‘smoothness’ of the boundary.

Definition 5.3.1. Let ¢ # Q < R” be bounded and open. For k € NU {oo}, we say that Q
has C¥ boundary, or equivalently, that Q) is of class CF, if there exists ® € C*(R";R) such
that®

Q={xeR":d(x) >0}

and V@ (x) # 0 for all x € 0Q. It follows that Q2 is the level set [® = 0].
We can now state the major regularity result for the Dirichlet Laplacian Ap;; on L?(Q).

Theorem 5.3.2 (Elliptic regularity for the Dirichlet Laplacian). Let @ # Q < R" be open
with a bounded C? boundary. Let A > 0. Then the resolvent R(A,Api;) of the Dirichlet
Laplacian on L?(Q) has the following properties:

6Some readers may be familiar with the definition of ck boundary via local charts. We comment on this
further in the notes at the end of the chapter.
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5.3. Intermezzo: Regularity of solutions

(@) dom (Apy) = R(A, Apir) L2(Q) € H(Q).

(b) More generally, if @ has C**? boundary, then one has R(A, Apir) H*(Q) € H*2(Q)
for every k e Ny.

This is a non-trivial result that is best left for a dedicated course in PDEs. Thus we do
not prove it here and refer instead to the literature, e.g. [Brell, Theorem 9.25]. However,
it is instructive to discuss a few special cases of assertion (a):

Remarks 5.3.3. In the setting of Theorem 5.3.2, let u € dom (Apjy;). Assertion (a) of the
theorem says that u € H?(Q). Let us explain this in the following simpler situations:

(@) Ifn=1,thefactthat u € H%(Q) is not surprising at all: by the definition of dom (Ap;;),
one has u € H& (Q) and Au € L2(Q), so the first and second weak derivatives of u
exist and are in L?>(Q2). Thus u € H>(Q). The point here is that, since Q is one-
dimensional, there is only one second derivative and it equals Au.

(b) Now let nn = 2 but consider Q = R". Again, we know u € H} (R") and Au € L*(R").
But why does Au € L2(R™) imply that the weak derivatives 00, u exist’ and are in
L2(R™) for all j, k? The key insight is as follows:

Assume for a moment that also u € C°(R"). One readily checks that Ap;, acts as
the classical Laplace operator on u. Moreover, integration by parts with respect to
the jth and the kth variables shows that [, (05) (97w) dx = [z |0 j0xu|” dx for all

indices j, k. Hence, IIADiruIIi2 = Z;'l,k=1 ||6j6ku“i2 and thus,

IApirull, + lull;) = lul?, forall ue CPR"). (5.3.1)

One can prove — although we shall not do this here — that C°(R") is dense in
dom (Apj,) with respect to | - ||, SO (5.3.1) implies that dom (Apj;) € H2(R™).

(c) Ondomains Q < R”, things are more involved. Clearly, (5.3.1) holds for u € C°(Q),
but this space will typically not be dense in dom (Apj;). Indeed, if u is in the clo-
sure of C2°(Q) within dom (Apj;), then (5.3.1) implies u € Hg (Q), which is a proper
subspace of dom (Ap;;) in general.

Theorem 5.3.2 is particularly useful when combined with the following result that
connects weak to classical differentiability.

Theorem 5.3.4 (A Sobolev embedding theorem). Let n =2 and let @ # Q =< R" be open
and bounded with C' boundary. Let k € N and p € [1,00] satisfy n < kp and let m € N
satisfy m < k—1. Then wkr Q) — Cc™(Q).

“We use here the common notation 9 0k u for the weak partial derivative with respect to the kth and
the jth variable. In terms of the multi-index notation used in Definition 3.2.4 this means 00y u := a%itery,
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

For n =1 a bit more is true, see Theorem 5.3.7(b) below. A proof of Theorem 5.3.4
can be found, for example, in [Eval0, Section 5.6.3]. However, the result is true under
weaker regularity assumptions on Q; we present some details for the interested reader in
Theorem 5.B.8 of the supplementary Section 5.B.

Theorems 5.3.2 and 5.3.4 can be used to derive positivity of R (A, Apj;), in some cases,
from the maximum principle (as a classical alternative to the form approach). To demon-
strate this, we use the following properties.

Proposition 5.3.5. Let @ # Q = R" be open and 1 < p < co.
(@) The cone of positive test functions, CX°(Q) N LP(Q) ., is dense in LP (Q) .

(b) Let n = 2 and assume that Q is bounded and has C! boundary. Then every u €
CQ)n Wo1 'P(Q) vanishes on 0Q.

Again, we refrain from showing the proofs. Assertion (a) can be obtained by means
of the standard cut-off and regularisation technique which is, for instance, also used in
Supplement 3.A. Assertion (b) reflects the intuition discussed after Example 3.3.6: func-
tions in H& (Q) “vanish” on Q). The proof is based on the so-called trace operator that
is explained in a bit more detail in Supplement 3.B, where we also discuss Q with less
regular boundary.

The conclusion of the next example is already known from Exercise 4.3, even without
regularity or boundedness assumptions on Q. Yet, the example seems worthwhile as it
demonstrates the connection between the maximum principle and positive resolvents.

Example 5.3.6 (Positivity of the resolvent of the Dirichlet Laplacian, again). Let ¢ # Q<
R” be a bounded open set with C¥*2 boundary, where k € N satisfies k > 5. Then for
every A > 0 the resolvent of the Dirichlet Laplacian on L?(Q) satisfies R(A, Apj) = 0.

Proof. Fix A > 0. Since g < k,wehave?2 < (k+2)—g, and thus Theorem 5.3.2(b) combined
with the Sobolev embedding theorem 5.3.4 yields

R(A, Apir) C(Q) € H*?(Q) < C2(Q).

By Proposition 5.3.5(a), it suffices to show that R(A, Ap;) maps C°(Q) N [%(Q). into
L*(Q)s.

Let0 < f € C°(Q) and set u:=R(A,Api) f. Then u € C2(Q) as shown above. In par-
ticular, u is continuous on Q. Since u € dom (Apj;) S Hé (), we conclude that u vanishes
on Q) (Proposition 5.3.5(b)). Since (Apir — A)(—u) = f = 0, the weak maximum principle
for the Laplace operator (Example 5.2.2) implies that —u <0, so u = 0. O

The observant reader might have noticed that the regularity improvement in Theo-
rem 5.3.2(b) is more than we needed in Example 5.3.6: here, it suffices to know that the
regularity of R(A, Apjr) f is not worse than that of f, i.e. if R(A, Api) H kQ) < HF(Q) for
each k = 0. We will, however, use the stronger result of Theorem 5.3.2 in later examples.

We end this subsection with the following theorem on the regularity of Sobolev func-
tions in dimension 1. It shows that, to a large extent, one can compute with weak deriva-
tives in one dimension similarly as with classical derivatives.
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Theorem 5.3.7. Let @ # I = (a, b) <R be a bounded open interval and let p € [1,00].

(a) Fundamental theorem of calculus: Ifu € WP (I), then u has a representative ii that
is continuous on I such that

a(x) = a(y) +f u'(ndt  forx,yel. (5.3.2)
y

(b) Sobolev embedding: For all k € N, we have the continuous embedding W*P (I) —
C*1(I). More precisely, wkp (1) — () and every u e WkP (D) has a representa-
tivein Ck-1(1).8

(c) Integration by parts: If u, v € WYP(I), then uv € WYP(I) and

X

X
f uv' dt = (u(x)v(x) — u(y)v(y)) —f W'vdt,  forx,yela,b.
y y

Throughout the course, Theorem 5.3.7 will be used in a variety of examples. Hence,
instead of a mere reference to the literature, we present the interested reader with proofs
of parts (a) and (b) and a brief sketch of the proof of (c) in Supplement 5.A.

5.4 Positivity close to the spectral bound

For the Dirichlet Laplacian Apj;: L2(Q) 2 dom (Apiy) — L2(Q) on an openset @ # Q cR”"
we know from Exercise 4.3 that R (A, Api;) = 0 for all A > 0. If Q is bounded, one can even
show that s(Ap;;) < 0%, which raises the question of whether one also has positivity of the
resolvent at all points A € (s(Apjr), 0]. This answer is affirmative, and one way to see this
is the following general theorem (for Q = 0).

For elements x, y of a Banach lattice E we continue to use the convention introduced
in Notation 1.2.4: we write x < y if there exists a number ¢ > 0 such that x < cy. For two
operators T,S € L(E, F) between Banach lattices, we write S < T if T — S = 0 and, in the
case of complex scalars, both operators are real. Naturally, we also write S < T if there is a
number ¢ > 0 such that S < ¢T. Observe that S < T ifand only if S’ < T’ as a consequence
of Corollary 4.4.5.

Theorem 5.4.1. Let A: E2>dom (A) — E be a closed linear operator on a complex Banach
lattice E and let 0 < Q € L(E) be a projection. Let Ly, L € R satisfy Lo < po and (Lo, ol <
p(A). If R(uo, A) = Q, then

R(u,A)=Q forall pe (Ao, pol.

Proof. Consider the set U := {u € (Ao, o) : R(A, A) = Qforall A € (u, 1o)}. We want to
show that U = (g, o). As the latter is connected, it suffices to show that U is non-empty;,

8From now on we identify each u € wkP (1) with its representative in ck-1¢h.
9This is a consequence of the Poincaré inequality; however, we leave this subject aside for now.
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open, and closed within (A, 1p). The closedness is straightforward to check. The non-
emptiness follows from the Taylor expansion formula of R (-, A) in Proposition 3.3.2(a):
for all A < g sufficiently close to yg one has

R, A) =Y (o~ M Ruo, HF' = Q.
k=0 >0 >Qk+1_Q

The same Taylor series argument can be used to show that if u € U, then a left neighbour-
hood of pis also in U. Since [y, 19) < U as well, U is indeed open. O

The fact that Q can be an arbitrary positive projection in Theorem 5.4.1 will become
relevant later. For now, we note that even the case Q = 0 can be interesting:

Example 5.4.2 (Positivity of the resolvent for the Dirichlet Laplacian left of zero). Let
@ # Q < R” be open. The Dirichlet Laplacian Ap;;: L?(Q) 2 dom (Apji;) — L*(Q) satisfies
0 (Apir) € (—00,0] and R (A, Apjr) = 0 for all A € (s(Apir),00).

Proof. The property o(Apjr) € (—o0,0] is proved in Exercise 5.4. Moreover, you showed
in Exercise 4.3 that R(A, A) = 0 for all A € (0, 00). By applying Theorem 5.4.1 for Q =0 and
any o > 0, one sees that this inequality remains true for all A > s(Apjr). O

Theorem 5.4.1 for Q = 0 shows that if the resolvent of an operator is positive at one
point g, then it is also positive on the left of 1y up to the next spectral value on the real
axis. On the other hand, the theorem gives no information on positivity on the right of
to. The next example shows that there are even second-order differential operators A
whose resolvent is positive in a right neighbourhood of s(A), but not on all of (s(A),c0).

Example 5.4.3 (A Laplacian with non-local boundary conditions). Consider the sesquilin-
ear form a: H(0,1) x H'(0,1) — C defined by

1_ 1 —— 1 1)\(u)
. 14, _
a(v, u) ._fo v'u'dx+ 2 (v(0) y(1))(1 1) (u(l)). (5.4.1)

Denote the associated operator by Ag: L?(0,1) 2 dom (Ag) — L2(0, 1).

(a) The operator Ag is closed and acts as the weak second derivative on its domain

—u'(0 11 1 0
dom (Ap) = {u € H*(0,1): ( uLf(i))) -7y (1 1) (ZEI%)}

(b) Onehas o(Apg) € (—00,0).
(c) Onehas R(A,Ap) =0forall A € (s(Ag),0], but not for all A > 0.

Proof. The form a is the one given in Exercise 5.6 for the choice B := —3 (1 1) (carefully
note the minus sign in the form in that exercise).

(a) This is shown for general B in Exercise 5.6.
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(b) As B is aself-adjoint matrix, the form ais symmetric in the sense of Theorem 5.1.4(c),

(c)

and hence o(Ap) < R. Moreover, as B is negative semidefinite, one can use any num-
ber 1 > 0 in the ellipticity estimate in Exercise 5.6(b). Hence, s(Ap) < 0. It remains to
show that 0 ¢ o (Ap). To this end, we prove that —Ap: dom (Ag) — I%(0,1) is bijective.

If u € ker(—Ap), then u € H2(0,1) and u” = 0. Thus, in fact u € H¥(0,1) for all k € N,
in particular u € C2([0,1]) by Theorem 5.3.7(b). By using classical derivatives one can
now immediately check that u” = 0 and the boundary conditions in dom (Ag) imply
u=0. So —Ap is injective.

On the other hand, let f € L?(0,1). Define a function u € L?(0,1) by

1 rl 1rlry 1 r*rl
u(x) = —f f(z) dz+—f f f(z)dz dy+—f f f(z)dzdy (5.4.2)
4 Jo 2Jx Jo 2Jo Jy

for all x € [0,1]. By using the fundamental theorem of calculus for H? (see Theo-
rem 5.3.7(a)) one can check that u € dom (Ap) and —Agu = f. So —Ap is surjective.

Clearly, if f is positive, then so is u in formula (5.4.2), and hence R (0, Ap) is a positive
operator. Theorem 5.4.1 for Q = 0 thus implies that R(u, A) = 0 for all u € (s(A),0].
On the other hand, the matrix B has a strictly negative off-diagonal entry, so Exer-
cise 5.6(c) shows that R(A,Ag) ;_4 0 for some A > s(Ap). O

The boundary conditions in dom (Ag) in Example 5.4.3 are a simple example of non-

local Robin boundary conditions. One can interpret them in more physical terms: the
outward flux through the boundary points, represented by the vector (—u'(0) v’ ant, is
equal to the average of the boundary values.

In Example 5.4.3 the resolvent R(A,Ap) is positive in a right neighbourhood of the

spectral bound, but not for large A € R. We have already encountered a similar behaviour
in finite dimensions in Theorem 2.3.1(ii). In infinite dimensions we will study this phe-
nomenon in more generality in the next chapter.
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Exercises for Chapter 5

Exercise 5.1 (Approximation by resolvents). Let A: X 2 dom (A) — X be a closed opera-
tor on a complex Banach space X. Assume that there exist 1p € R, C = 0 such that

[Ag,00) € p(A) and IAR(A, A)| <C forall A€ [Ay,00).
Prove the following statements:
(a) AR(A,A)x — x as A — oo for all x € dom (A).

(b) If X is reflexive'’, then A is densely defined.

Hints: For x € X, use the equality nR(n, A)x—x = AR(n, A)x for all integers n = 1.
Also observe that the graph of A is a closed convex subset of X x X and is hence
weakly closed by the Hahn-Banach separation theorem.

Exercise 5.2 (Approximate eigenvectors for the boundary of the spectrum). Let A: X 2
dom (A) — X be a closed operator on a complex Banach space X. Fix A € do(A) and
let (A,) be a sequence in p(A) that converges to A. Show that there exists a sequence
(yn) € X such that ||y, =1 foralln e Nand (A- A)y, — 0in X as n — co. Such a
sequence is called an approximate eigenvector for the spectral value 1.

Hint: Use Proposition 3.3.2 to first obtain a sequence (x,) € X with ||x,| = 1 and
IR Ay, A)xpll — 0o as n — oo.

Exercise 5.3 (The maximum principle for first order differential operators). Let @ # Q <
R” be a bounded open set such that 0 ¢ Q, and let b: Q — R” be a vector field such that

be(x) >0 forallxeQ. (5.4.3)
For D := C(Q;R) n C}(Q;R), consider the linear operator A: D — R? defined by
Af:=b'Vf,  feD.

Show that if u € D satisfies Au =0 in Q, then u attains its maximum on 0.
Hint: use (5.4.3) to design a function 0 < w € D such that Aw(x) > 0 for all x € Q.

10Recall that a Banach space X is reflexive if and only if every bounded sequence in X has a weakly
convergent subsequence (due to the Eberlein-Smulian theorem).
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Exercise 5.4. Let ¢ # Q < R” be open. According to Example 3.3.6(c) no strictly positive
number belongs to the spectrum of the Dirichlet Laplacian Ap;;: [2(Q) 2 dom (Apj;) —
L?(Q). Use Theorem 5.1.4 and the characterisation of Ap; in Example 3.3.6(b) to show
that even o (Apjr) S (—o00,0].

Exercise 5.5 (Estimates via maximum principle). Let @ # Q < R" be bounded and open.
For A>0and f € C(Q))4, assume u € C2(Q) N C(Q) solves the boundary value problem

Au—Au=f inQ
u=0 onoQ.
Prove that 0 < u(x) < 5 || f]|, forall xe Q.
Exercise 5.6 (Laplacian with non-local boundary conditions). Let B € R2*2, and consider

the sesquilinear form a: H'(0,1) x H'(0,1) — C defined by

1— — —
a(v, u) ::f v'u' dx - (v(0) v(l))B(u(O)).
0

u(l)
Let Ag: L2(0,1) 2 dom (Ag) — L%(0,1) denote the operator associated to a.
(a) Prove that

!
dom (Ap) = {u € H*(0,1): ( ubf(g()))) =B (ZE(I);)}

and that Agu is the second weak derivative of u for every u € dom (Ap).

Hint: Use the integration by parts formula in Theorem 5.3.7(c).

(b) Show that there exist u € R and ¢ > 0 such that
Rea(u, u)+pull ullig(oll) =>cl| u”%ﬂ(o,l) forall ue H'(0,1).
Conclude that Ap is closed and that s(Ap) < p.

(c) Prove that the following are equivalent:

(i) There exists 1g = s(Ap) such that R(A,Ag) =0 forall A = Ay.
(i) R(A,Ag)=0forall A >s(Ap)

(iii) All off-diagonal entries of the matrix B are positive, i.e. B k=0 for j #k.

Hint: use Stampacchia’s lemma (Example 4.1.4(d)), the Beurling-Deny criterion
(Theorem 5.1.7), and Theorem 5.4.1.
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Notes for Chapter 5

Positivity via forms

The characterisation of positivity via forms (Theorem 5.1.7) can be extended to a much
more general setting: for a closed convex set C in a Hilbert space H, a similar criterion
can be given to characterise the invariance of C under AR (A, A) for all sufficiently large
A. This is due to Ouhabaz and is explained in his book [Ouh05].

Example 5.4.3 is, up to minor changes, taken from [DGK16a, Theorem 6.11]. The
motivation for studying it in detail in this reference was an observation by Akhlil (private
communication; see also [Akh18, Section 3]), who noted that the property R(A,Ap) =0
does not hold for all A > s(Ap) in this example.

The maximum principle

The maximum principle in its many guises is a fundamental tool for the analysis of so-
called elliptic and parabolic PDEs, and techniques based on the maximum principle
have been developed to a high degree of sophistication. Two much-loved references
on this subject include the books of Protter and Weinberger [PW84], and Gilbarg and
Trudinger [GT01]. More recent books, which focus on nonlinear equations and reflect
modern research trends, include those of Fraenkel [Frall] and Pucci and Serrin [PS07].

The abstract perspective on the maximum principle presented in this chapter seems
to be quite uncommon in the PDE literature, but not entirely without precedent. For ex-
ample, linear differential operators which satisfy the positive minimum principle (Con-
dition (1) of Theorem 5.2.1) are characterised in quite a general setting in [DL00, Chapter
V, §5]. Closely related, but from a completely different perspective, is the minimum (or
maximum) principle for generators of Markov processes, often attributed to Dynkin; see
for example [Dyn65, ChapterV, §3] or [Sch21, Lemma 7.20].

Regularity of the boundary

In Section 5.3, we have stated results for domains Q < R” with C* boundary (k = 1),
where C¥ regularity is defined using level sets (Definition 5.3.1). It is just as reasonable to
define regularity of the boundary in terms of local charts: in short, dQ is of class C¥ if it is
locally the graph of a function f € CF(R”~!;R). This is precisely how we defined Lipschitz

88



5.4. Positivity close to the spectral bound

boundaries in Definition 3.B.1. The former definition is efficient, but lacks the general
scope of the latter. However, for C¥ regularity (k = 1), the two definitions are equivalent.
The reader should not be surprised to learn that this is due to the implicit function the-
orem, although it is still quite some effort to present the arguments rigorously; a proof
may be found, for instance, in [Hen05, Theorem 1.3].

Many properties of functions and function spaces relevant for PDE analysis depend
subtly on boundary regularity. For the Sobolevembedding theorems, Lipschitz regularity
is sufficient for many applications, and yields all the ‘standard’ embeddings as discussed
in Supplement 5.B. For a much more thorough investigation of optimal geometric con-
ditions and finer embedding theorems, the classic text [AF03, Chapter 4] remains an in-
dispensable reference.

In contrast, within the class of Lipschitz domains, the elliptic regularity for the Dirich-
let Laplacian (Theorem 5.3.2) holds only in special cases, and is not true in general. The
study of regularity of PDE solutions on ‘rough’ domains is challenging and very much an
active research area. A well-known reference on this subject is the monograph of Gris-
vard [Grill], which has a rather ‘classical PDE’ flavour. However, much progress in this
subject has also relied on techniques from harmonic analysis; see, for instance, the trea-
tise of Kenig [Ken94].
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Encore: if you want to know more...

5.A Sobolev spaces over intervals

In this section, we present some essential facts about Sobolev functions in dimension 1,
beginning with a version of the fundamental theorem of calculus (Theorem 5.3.7(a) in
the main text).

Theorem 5.A.1. Let @ # I <R be an open interval (not necessarily bounded), and let p €
[1,00]. Ifue WLP (D), then u has a continuous representative ii such that

a(x)=il(y)+f W()dr  Vx,yel. G.A.1)
y

The proof will be established via two lemmas of a technical nature.

Lemma5.A.2. Let fe€ Ll (D), fix xo € I, and define

loc

X
g(x):zf f()dt, xel.

Then g € C(I) and g is weakly differentiable with g' = f.

Proof. Write I = (a, b) and let ¢ € C(I). Then

Xo Xo b
fg(x)(p'(x) dxz—f (f f dt)(p’(x) dx+f
1 a X Xo

We now compute the right hand side of the above equality using Fubini’s theorem, which
yields

f f dt) ¢'(x) dx.

X0 pt b rb b
—f f ¢'(x) dxf(t)dt+f f ¢'(x) dxf(t)dt=—f (0 f(1) dt.
a a Xo Jt a

Hence [, g¢' dx =— [; fo dx for all ¢ € CX(I), and the lemma is proved. O

Lemma5.A.3. Let f € L (I) satisfy
fI fo'dx=0 VeeCXW0. (5.A.2)
Then f is constant a.e. in I.
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5.A. Encore: Sobolev spaces over intervals

Proof. We follow [Brell, Lemma 8.1], which features a very clever trick. Fix a function
w € CX(I) such that [; w dx = 1. Given w € C(I), we define

X
@(x) :=f w(t)—(flwds) w(t) dt.

Clearly ¢ € C*°(I), and moreover ¢(a) = ¢(b) = 0 by construction. Since v, w both have
compact support, it follows that ¢ € C2°(I). Hence, the assumption (5.A.2) yields

o[ - (foafo] - - frua

Since y € C(I) was arbitrary, we deduce that f — [, fwdr=0a.e.in I. O

dx.

Proof of Theorem 5.A.1. Let u € WVP(I) and fix y € I. By Lemma 5.A.2, the function de-
fined by

v(x) ::f u' (1) dt, xel
y

is continuous on I and weakly differentiable with v’ = u'. By definition of weak deriva-
tives, it therefore holds that [, u¢’ dx = [; v¢’ dx for all ¢ € C(I). However, this implies
that u— v = c a.e. in I for some constant ¢ € C by Lemma 5.A.3. It follows that it := v + ¢
is a continuous representative of u. Since v(y) = 0, we deduce that ¢ = ii(y), and hence i
satisfies (5.A.1). O

Theorem 5.A.4 (Sobolev embedding in dimension 1). Let p € [1,00] and let ¢ # I <R
be an open interval. Then wkpr( — C’g_l(l); more precisely, every u € WkP(D) has a
representative ii € CK~1(I) such that 8% ii € Cy,(I) for all multi-indices |a| < k—1.

If Iis abounded interval, the theorem above is a direct consequence of Theorem 5.A.1
applied to u and all weak derivatives of order < k — 1. In particular, this completes the
proof of Theorem 5.3.7(b) in the main text. If the interval is unbounded, it is not obvious
why the continuous representative is bounded, and hence additional tools are needed.
A detailed proofin this general case can be found in [Brell, Theorem 8.8].

We conclude this section by stating a Sobolev version for the product rule and inte-
gration by parts.

Proposition 5.A.5. Let @ # I = (a,b) < R be a bounded interval, let p € [1,00], and sup-
pose u,v € WHP(I). Then uv € WY P(I) with (uv)' = u'v+ uv'. Moreover, the classical
integration by parts formula holds:

X X
f u'vde=(u@ v - u@)vy) —f uv'dt, Vx,yelabl.
y y

Once it is known that functions in W17 (I) can be approximated by functions in ch,
then the product rule can be proved by first using the classical product rule, then passing
to the limit. The integration by parts formula follows immediately from integrating the
product rule. Note that the point evaluations are well-defined, thanks to Theorem 5.A.1.
We refer to [Brell, Corollary 8.10] for the full details.
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

5.B Sobolevembedding theorems

This section is a brief (!) overview of Sobolev embedding theorems, which play a funda-
mental role in the analysis of partial differential equations and the calculus of variations.
A detailed treatment of this subject is usually part of a dedicated course in PDE theory.
Thus, we do not show many proofs, but rather focus on the overall strategy and key ideas.

Before we begin, recall that a Banach space Y is said to embed continuously into a
Banach space X, written as Y — X, if Y < X and there exists C > 0 such that || y|| x <
C ||y||Y forallyeY.

As a basic intuition, we may consider Sobolev spaces to be a compromise between
LP spaces and the classical spaces of continuously differentiable functions. From this
perspective, given k€N, p € [1,00], and u € wkP(Q), there are two natural questions:

1. (Improved integrability) Since u is ‘better than the average’ L” function, does it also
belong to some LY(Q) with g > p?

2. (Recovery of classical functions) If u has sufficiently many weak derivatives, does it
then have a continuous representative, or even an m-times continuously differen-
tiable representative for some m € N?

Theorem 5.A.4 gives a satisfying answer in dimension 1. In higher dimensions, how-
ever, the answers to the same questions are surprisingly subtle, and depend on the pre-
cise relationship between the parameters k, p, the dimension n, and even on geometric
properties of the set Q. Fortunately, much can be learned from the simplest case Q = R",
which is already non-trivial. We begin with the Sobolev—Gagliardo-Nirenberg inequality
in R” (Theorem 5.B.1) for the Sobolev spaces W” (R") with 1 < p < n. In brief, the result
asserts that a function in W'? automatically has better integrability and belongs to L7
for a precisely determined g > p.

Theorem 5.B.1 (Sobolev, Gagliardo, Nirenberg). Let 1 < p < n, and define the Sobolev

exponent
x.__np

—

Then WYP(R™) — LP™ (R™); in particular, there exists a constant C > 0 such that

lul« <ClVul,  YueW"PR". (5.B.1)

This is a standard result in PDE analysis and thus can be found in many textbooks.
Some classic choices include [GT01, Theorem 7.10], [EvalO, Section 5.6, Theorem 1],
and [Brell, Theorem 9.9]. The following simple argument helps to get some intuition
for the result. We suppose for the moment that an estimate of the form

lully < ClIVul,

holds for some g € (p,00) and for all u € CP([R") < WLP([R™). Since R” is invariant un-
der the dilation maps x — Ax for all A > 0, the estimate should also hold for the dilated
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5.B. Encore: Sobolev embedding theorems

functions x — u) (x) := u(Ax). We compute

1 1-n/
Tia lullg =llually < CliVupll, = CA~™PIIVull,

and hence
luly < CA™% " |Vull,, VA>o.

In order for the right hand side of the latter inequality to remain bounded for A — 0 and

also 1 — oo, the exponent in A must be 0, and hence we require % = % - é. Upon solving
for g, we obtain g = % = p*. The necessity of the condition p < n is also evident.

Theorem 5.B.1 has a standard follow-up result.
Corollary 5.B.2. LetneN.
(@ If1<p<n,then WLP([R™Y) — LI(R") forallge(p,p*l.
(b) Ifn=2, then WLr(R"Y — LI(R"Y) for every q € [n,00).

The first part of the corollary is a consequence of the following interpolation inequal-
ity, which is proved by a direct application of Holder’s inequality: if v € L"(R") n L¥(R")
with1 =r <s=<oo, then ve LP(R") forall p € [r, s] and

ol < vl 1v? (5.B.2)

where 6 € (0,1) satisfies + = (1;56) + g. Part (b) can be proved by recycling some steps from
the proof of Theorem 5.B.1 followed by an induction argument; see e.g. [Brell, Corollary
9.11] or [Leo09, Exercise 12.37] for details. Although it is a tempting conjecture (since
p* 1ooas p | n), one does not achieve the embedding W (R") — L®(R"), as explained
in Remark 5.B.5(a) below.

The remaining case p > n is handled by the theorem of Morrey.

Theorem 5.B.3 (Morrey). Letn < p < oco. Then u € WHP([R") — L®(R™); moreover, there
exists a constant C > 0 such that for every u € WLP(R™), one has

|u(x) - u(y)| < C|x— y|l_% IVul, a.e x,yeR" (5.B.3)
In particular, every u € WLP(R™) has a bounded, continuous represenmtive.11

Again, we refer to standard literature for the proof, for instance [Brell, Theorem
9.12], [Evalo, Section 5.6, Theorem 4] and [GT01, Theorem 7.10].

The above results can be applied inductively to obtain embeddings for higher-order
Sobolev spaces. Part (c) of the following result is especially important for PDE applica-
tions, as it establishes a relationship between weak and classical derivatives.

HReaders familiar with the Hélder spaces will observe further that the continuous representative be-
longs to CO%(R™) with @ = 1 - n/p.
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

Corollary 5.B.4 (Summary of Sobolev embeddings in R"). Let k,n € N with n = 2 and
1 < p < 0. One has the following continuous embeddings:

(@)
(b)

(©)

Ifkp < n, then WoP([R™) — LI(R™) for all q € [p, p* (k)] where p* (k) := nfip.

Ifkp = n, then WEP(R") — L1(R™) for all g € [p,00).

Ifkp > n and m € N satisfies m < k — %, then WP ([R") — Gy (R™); more precisely,

every u e WEP(R™) has a representative ti € C™(R") such that 0%ii € C,(R"™) for all
multi-indices |a| < m.

Proof. We provide the details, since they are often omitted in PDE books. For brevity, we
write D to denote any first-order partial derivative and omit writing R” from the spaces.

(@

(b)

Theorem 5.B.1 yields the result for k = 1. Now assume that the claim holds for
kp <nforsome k=1,andletue Wk+LpP with (k + 1)p <n. Then u,Due wkp <
LP"® by the induction hypothesis. Since (k + 1)p < n implies p* (k) < n, there-
fore u e WLHP' 0 , [(P*(D" = [ p*(k+1) by Theorem 5.B.1, and the inductive step
is complete. We then obtain W*? — L9 for all g € [p, p* (k)] by the interpolation
inequality (5.B.2).

Corollary 5.B.2 covers the case of k = 1, and hence we may assume that u € wkt
for some k = 2. We have u, Du € WKLt — [(/07(k=D = 11 by part (a), since
(k- 1)% < n. Thus ue Wt < L9 for all q € [p,00) by Corollary 5.B.2.

(c) Write k = m + ¢, where ¢ € N satisfies / —1 < % < ¢. We treat the case m = 0 first,

so k = ¢. Then u, Due W*17 where (k—1)p < n. If (k—1)p < n, it follows from
part (a) that wk=Lp — L7 where r = p*(k—1) > n. Consequently u € WL with
r > n, so Theorem 5.B.3 yields that u € Cy,. If (k— 1) p = n, then part (b) yields that
Wk=LpP — " forall r € [p,00). By choosing r > pv n, we obtain from Theorem 5.B.3
again that u e W' — Gy,.

In the general case m = 1, the above conclusion holds for 6% u for all multi-indices
lal < m, and thus u € C;". O

Let us comment on some exceptional cases to highlight some of the many hidden
subtleties in Sobolev embedding theorems.

Remarks 5.B.5.

(@
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It is important to note that Corollary 5.B.2 does not assert that WL (R™) < [°(R").
For n = 2, this is false! Here is a standard example: define a function u € C*°(R" \
{0}; R) such that

4
u(x) = log(log(m)), lxll2 <1,
2

and u(x) = 0 for all || x|, = 2. Clearly u ¢ L*°(R"), due to the singularity at x = 0. It

is then a slightly tedious exercise to check that u € W1 (R") nevertheless.
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In fact, by further and even more tedious calculations, the same example works to
show that WkP(R") ¢ L°(R™) if kp = n and p > 1; see [AF03, Example 4.43)].

(b) The case p = 1 and k = n is special: we have W™ (R") — L®(R") (and hence
WPLR?) — LP(R™) forall 1 < p < oo by interpolation). Indeed, if u € CX(R") and
x = (x1,...,Xy) is arbitrary, we have

X1 X2 Xn
u(x)zf f f (0102-+-0,U)(t1,..., ty) diy -+ diy,

and hence
el oo @ny < 110102 -+ O till 1 ey < Nluall s ey -

The inequality for general u € w™L(R™) follows, as usual, by taking an approximat-
ing sequence of test functions (1) such that u; — uin W™! and uy(x) — u(x) a.e.
x €R", cf. Corollary 3.A.5.

(c) Theorem 5.B.3 does not extend to p = oo, since the typical proofs require the ap-
proximation result Corollary 3.A.5. Nevertheless, it is true that a function u: R —
R is (uniformly) Lipschitz continuous if and only if u € WLoo[®R"); a proof may be
found, for instance, in [Eval0, Theorem 4, Section 5.8].

Corollary 5.B.4 gives a rather satisfactory picture of the Sobolev embeddings in R”.
We now turn to the case of domains, i.e. open subsets Q € R”, where the situation is
not so neat. It turns out that the results are highly influenced by geometric properties of
the boundary 6Q2, and many different approaches are available for the analysis of such
properties. Here, we choose to present the extension technique, which can be formulated
easily in operator-theoretic terms (see Theorem 5.B.7 below).

The key idea is conceptually quite simple.'? Given a non-empty open subset Q € R”,
we ask if there is a method to extend each function u € W*?(Q) to some it € WEP([R™),
for which the embedding theorems in R” can then be applied. Any such method must
necessarily take into account the local behaviour of u near the boundary 6Q, in order
to preserve the values of u within Q while allowing weak differentiability on R”. The
following example, which is a simplified version of [Maz11, Example 2 in Section 1.5.1],
shows that Q cannot be arbitrary if this is to work.

Example 5.B.6. Consider the set

Q={(x,x) eR*:0<x;<1,0<x2 < x}}
and define u(x) := x} P with 1< B < 2. By elementary calculations and using the result
of Exercise 3.4(b), one checks that u € H(Q) = Wl2(Q).

Suppose that u can be extended to a function % € H!(R?). By Corollary 5.B.2(b), it
holds that i € L9(R?) for all q = 2. But then

1 px3 1
f [71(x)|9 dxzf lu(x)|? dx=f [ lxil_ﬁ)q dx, dx; =f xf_(ﬁ_l)q dx;,
R2 Q o Jo 0

12But technically quite involved!
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5. POSITIVE AND EVENTUALLY POSITIVE SOLUTIONS TO PDES

and we can choose g > 2 sufficiently large so that the final integral does not converge.
This is a contradiction, and thus we deduce that no such extension i exists.

The previous example illustrates what happens when the boundary 0Q is badly be-
haved: at the point (0,0), the set Q has a cusp, which allows functions to blow-up while
still being in a Sobolev space. However, for the extended function, the boundary is ‘re-
moved’ and membership in a Sobolev space now excludes very wild behaviour.

It turns out that Lipschitz boundary (see Definition 3.B.1) is the sweet spot for the
extension technique.

Theorem 5.B.7 (Sobolev extension operator). Let @ # Q €R" be a bounded open set with
Lipschitz boundary. For every k e N and 1 < p < oo, there exists a bounded linear operator
E: WkP(Q) — WEPR") such that (Eu)(x) = u(x) fora.e. x € Q. In particular, there exists
a constant C > 0 such that

IEullyepgny < Cllullyep o) (5.B.4)

forue WhpP(Q).

There is a large variety of techniques for creating extension operators; see e.g. [AF03,
Section 5.4] and the references therein. In the statement of Theorem 5.B.7, the operator
E a priori depends on the parameters k and p, as well as Q of course. However, a re-
markable theorem of Elias Stein shows that in fact there is a universal construction, in
the sense that given a bounded domain with Lipschitz boundary, there is an extension
operator E that works simultaneously for all k € N and 1 < p < co. We refer the reader
to Stein’s original monograph [Ste70, Chapter 6, §3] or [Leo09, Theorem 13.17] for the
details of this beautiful result.

Using the heavy machinery of Theorem 5.B.7, it is now almost trivial to write down
Sobolev embeddings for bounded Lipschitz domains. We highlight in particular the em-
bedding into C’™ spaces, since it is used in the main text.

Theorem 5.B.8. Letn =2 and let p # Q < R" be a bounded open set with Lipschitz bound-
ary. Then all the embeddings of Corollary 5.B.4 remain true when R" is replaced by Q. In
particular, if kp > n and m € Ny satisfies m < k — %, then WkP(Q) — C™(Q).

Proof. If ue WkP(Q), then by Corollary 5.B.4 and Theorem 5.B.7 we obtain
lullza) < IEullpa@ny < C ||Eu||wk.p(Rn) <C l u”kaP(Q)

in the case kp < n, where C is the product of C in (5.B.4) with the implied embed-
ding constants in Corollary 5.B.4. Likewise, in the case kp > n we obtain | u|| cr@ <
é”ullwk,p(g). D
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Chapter 6

Eventually positive resolvents and
their spectral properties

We know by now that the resolvent of the Dirichlet Laplacian is positive everywhere on
the right of the spectral bound (Example 5.4.2) and that this is closely related to esti-
mates for sesquilinear forms (Exercise 4.3) and to the classical maximum principle (Ex-
ample 5.3.6). The same techniques can be used to prove similar results for many second
order elliptic differential operator with “nice” boundary conditions.

Therefore, the phenomenon observed at the end of the previous chapter (Exam-
ple 5.4.3) might be all the more surprising: choosing slightly uncommon boundary con-
ditions can result in the resolvent being positive in a right neighbourhood of the spectral
bound, but not everywhere up to co. As we proceed, we shall see that this eventual pos-
itivity — where “eventual” means “as one moves towards the spectral bound from the
right” — occurs in many more examples. Consequently, we lay the groundwork for a gen-
eral theory of eventual positivity in this chapter.

6.1 Eventually positive resolvents

The following concept is at the heart of this and the next two chapters.

Definition 6.1.1 (Eventual positivity of resolvents). Let A: E 2 dom(A) — E be a closed
operator on a complex Banach lattice E. Let Ay € R be a spectral value of A such that a
right neighbourhood of A is contained in p(A). Let u € E; and 0 < Q € L(E).

(@) R(-,A) is said to be individually eventually positive with respect to u at A if for
each0 < fe Eonehas R(A, A)f = u for all A in a (f-dependent) right neighbour-
hood of Ay.

(b) R(-,A) is said to be uniformly eventually positive with respect to Q at 1, if one
has R(A, A) = Q for all A in a right neighbourhood of Ay.

The case u > 0 and Q > 0 in Definition 6.1.1 will become relevant in Chapter 7. In
the present chapter we focus on the weakest choices of u and Q, namely u =0 and Q = 0.
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The Laplace operator with non-local boundary conditions in Example 5.4.3 is uniformly
eventually positive with respect to 0 at its spectral bound, as shown in that example.
It is natural to wonder whether individual and uniform eventual positivity are in fact
equivalent, but here is a counterexample.

Example 6.1.2 (Individual versus uniform eventual positivity). There exists an operator
A€ L(C([-1,1]) with spectrum o (A) = {0, -1, -3} and the following properties:

(@) R(-,A) isindividually eventually positive with respect to 0 at A := 0.

(b) R(A, A) is not uniformly eventually positive with respect to 0 at A9 = 0.

Proof. Let ¢ € C([-1,1]) be given by (¢, f) = %f_ll f(w) dw. Let S : kergp — ker¢ be the
reflection operator given by (Sf) (w) = f(—w) forall f € ker¢g and all w € [-1, 1]. We define
A as the block diagonal operator
0 0
A= (o -S- 2)

with respect to the decomposition C([-1,1]) = Cl & ker¢. In other words, A1 = 0 and
Af =(=S-2)f for all f € ker¢. Clearly, 1 and —1 are eigenvalues of S, so it follows from
S§2 = idker(p and the spectral mapping theorem for polynomials that o(S) = {—1, 1}. Hence,
0(A)=0(0)uo(-S—-2)=1{0,—1,-3}. We now prove (a) and (b).

(a) Byusing S§2 = idker(p one can readily check that, for 1 € p(A),

1

1 0
R(A,A) = .

0 A+2-8

A+2)2-1

Now let 0 < f € C([-1,1]) and write f as f = (¢, )1 +g for a function g € ker¢.
Of course, AR(A, A) f = (¢, ) L+ARA, A)g — (¢, f) 1 with respect to |-l for A |
0. Since AR(A, A)f is real for real A and (¢, f)1 is a constant function with value
(@, f)>0, it follows that R(A, A) f = 0 for all A > 0 that are sufficiently close to 0.

(b) Fix a number A > 0; we show that R (A, A) 2 0. For each € > 0, one can choose f; €
C([-1,1]); that satisfies fz(1) = 1, fo(~1) =0 and (¢, f;) = €. Again, we write f; as
fe=el+g. for g- ekero. Since g.(—1) = —e and g.(1) = 1 — ¢, we get

(/1+2)gg(_1) - g:(1) S_l()) -1 <0
A+2)2-1 A+2)2-1

R, A) f(~1) = %+

So there exists € > 0 such that R(A, A) f;(-1) < 0. Thus R(A, A) # 0 because f, =0. O
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6.2 Intermezzo: Eigenvalues and poles of the resolvent

We now study eventual positivity of resolvents with similar spectral theoretic techniques
as in the finite-dimensional case. In this section, we present some spectral theoretic
machinery in infinite dimensions that resembles, to a certain extent, the tools from Sec-
tion 2.1. For this to be possible, compactness will have to play an essential role.

In addition, we will need standard results for holomorphic functions with values in a
Banach space. Readers not familiar with this theory can find a brief summary thereof in
Appendix 6.A.

Proposition 6.2.1 (The resolvent is analytic). Let A: X 2 dom (A) — X be a closed linear
operator on a complex Banach space X. The resolvent mapping i1 — R(u, A) is analytic on
p(A) as a function with values in L(X).

Proof. This follows from the series expansion of the resolvent in Proposition 3.3.2(a) and
the characterisation of analyticity in terms of the Taylor series (Theorem 6.A.4). O

The following is an infinite-dimensional analogue of Proposition 2.1.4.

Proposition 6.2.2 (Spectral decomposition). Let A: X 2 dom (A) — X be a closed linear
operator on a complex Banach space X and let oy < 0(A) such that o is compact and
o(A)\oy is closed. Then there exists a unique projection P € L(X) with the following prop-
erties:

(@) rgP cdom(A) and PAx = APx for all x e dom (A).

(b) O'(A|rgp) =0y anda( ) =0(A)\oy.!

AlkerP
Moreover, for any closed C -cycle y in C that encircles each element of o precisely once,
but no element of o(A) \ 0, we have

1
P=— ¢ R(u,A) du.
Znif, (b, A) dp

The notion of cycle that occurs in Proposition 6.2.2 means a formal sum of finitely
many paths. This is necessary in infinite dimensions, since the spectrum need not con-
sist of isolated points and hence, no single path with the required properties might ex-
ist. We do not present the proof of Proposition 6.2.2 and instead refer to the literature,
e.g. [EN0O, Proposition IV.1.16]. However, in the case that oy is an isolated singleton
which is also a pole of the resolvent, the analysis appears much like in the finite dimen-
sional case (see Theorem 6.2.6 below).

Definition 6.2.3 (Spectral projections). In the situation of Proposition 6.2.2, the projec-
tion P is called the spectral projection of A associated to gy.

Here, AlrgP € L(rgP) and A, acts as a closed operator on ker P with domain dom (A) nker P.
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After defining spectral projections in finite dimensions (Definition 2.1.5) we men-
tioned that the roles of oy and o (A) \ oy are symmetric — i.e. swapping them gives the
complementary projection. In infinite-dimensions this is, in general, only true if A €
L(X). For unbounded A, the set 0 (A) \ 0y can be unbounded, so that no associated spec-
tral projection is defined. Even if the set is bounded, the spectral projections of o(A) \ o9
and oy need not add up to idx — indeed, this is the case whenever o := 0 (A) = @.

Definition 6.2.4 (Powers of unbounded operators). Let A: X 2 dom (A) — X be alinear
operator on a Banach space X. The powers of A are defined inductively by

A%:=id, A™"lx:=A(A"x) forxedom(A”“):{xedom(A”):A"xedom(A)}.

Of course, dom (A") is a decreasing sequence of subspaces. Moreover, A™ A" = A™*"
whenever the composition is defined. Exercise 6.2 explores such properties.

Definition 6.2.5 ((Generalised) eigenspaces and semisimplicity). Let A: X 2dom (A) —
X be alinear operator on a complex Banach space X and let A € C.

(a) Ais called an eigenvalue of A if ker(A — A) # {0}. In this case, ker(A — A) is called the
associated eigenspace and its non-zero elements are called the associated eigen-
vectors. The dimension of ker(A — A) is called the geometric multiplicity of 1.

The point spectrum o, (A) is the set of all eigenvalues of A.

(b) If A is an eigenvalue of A, then the subspace Ugen ker(A — A)* of dom (A) is called
the associated generalised eigenspace. Its dimension is called the algebraic mul-
tiplicity of 1.

(c) If A is an eigenvalue of A, it is called a semisimple eigenvalue if its generalised
eigenspace coincides with its eigenspace.

Note that ker(A — A) € ker(A — A)? < ..., so the generalised eigenspace is indeed a
subspace of dom (A). In finite dimensions, semisimplicity of an eigenvalue A is obvi-
ously equivalent to equality of its geometric and algebraic multiplicities. However, in
infinite dimensions, it can happen that both multiplicities are co without equality of the
eigenspace and the generalised eigenspace.

For a spectral value that is a pole of the resolvent, many of the properties from the
finite-dimensional setting (Proposition 2.1.6) remain true. We summarise the most im-
portant ones for our purposes in the following theorem.

Theorem 6.2.6 (Poles of the resolvent). Let A be a closed operator on a complex Banach
space X and let A € o (A) be a pole of the resolvent R (-, A) : p(A) — L(X) of order p e N. Let
o k
R A=), Qrelu—A".
k==p

denote the Laurent series expansion of the resolvent about A with coefficients Qi1 € £L(X).?

2Note that Q-p+1 # 0 since p is the pole order of A.
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(@) One has{0} #rgQ-p+1 Sker(A— A). In particular, A is an eigenvalue of A.

(b) One hasrgQq = ker(A— A for all k = p, sorgQq is the generalised eigenspace of A
for the eigenvalue A. Thus, the eigenvalue A is semisimple if and only if p = 1.

(c) The coefficient Qg € L(X) is the spectral projection of A associated with A.

(d) If A is densely defined, then A is also a pole of R(-, A") of order p with the Laurent
series expansion

R A) = Y Qpyu—NE.
n=-p

In particular, A is also an eigenvalue of A" with the associated spectral projection Q.

Proofof (c) and (d). (c) Asin Proposition 2.1.6(a), this follows from contour integral for-
mula of the spectral projection in Proposition 6.2.2 and the scalar-valued integral
formulas in Proposition 2.1.2.

(d) This follows from (a) by using the fact R(-, A") = R(-, A)’ from Exercise 3.5(d). O

The proofs of (a) and (b) rely on a detailed analysis of the coefficients Qy of the Lau-
rent series expansion. To stay on track, we again refrain from discussing those arguments
here. Readers fond of complex analysis or looking for a deeper understanding of spectral
theory, can find the full analysis in Supplement 6.B, in Theorems 6.B.1 and 6.B.3.

In practice, a very convenient way to check that a spectral value is a pole of the resol-
vent is to use the following concept and Theorem 6.2.9 below.

Definition 6.2.7 (Compact resolvent). A closed operator A on a complex Banach space
X is said to have compact resolvent if there exists 1 € p(A) such that R(1,4): X — X isa
compact operator.

Proposition 6.2.8. Let A: X 2 dom (A) — X be a closed operator on a complex Banach
space X. The following are equivalent:

(i) A has compact resolvent.
(i) p(A) # @ and the operator R(A, A): X — X is compact for each A € p(A).
(iii) p(A) # @ and embedding dom (A) — X is compact.

Proof. “(i) = (iii))” Let A € p(A) be such that R(1, A): X — X is compact. Composing
with A — A€ £L(dom (A), X) yields that idgom4): dom (A) — X is compact.

“(iii) => (i)™ Let A € p(A). If the embedding dom (A) — X is compact, then its composi-
tion with R(A, A) € L(X,dom (A)) ensures that R(A, A): X — X is compact.

“(ii) = (i)™ This implication is obvious. O
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It can happen that dom (A) embeds compactly into X but p(A) = @. For instance,
this is the case for the first order differential operator on C([0, 1]) from Example 3.3.4(a),
where the compact embedding follows from the Arzela—Ascoli theorem.

In examples, compactness of the resolvent is often established by using a compact
embedding result for Sobolev spaces to check condition (iii) in Proposition 6.2.8. The
reason why we are interested in operators with compact resolvent is that they have par-
ticularly nice spectral properties that are reminiscent of the finite-dimensional case.

Theorem 6.2.9 (Compact resolvent and spectrum). Let A: X 2 dom (A) — X be a closed
operator on a complex Banach space X. If A has compact resolvent, then

(@) a(A) consists only of eigenvalues.

In fact, each spectral value of A is a pole of the resolvent and an eigenvalue of finite
algebraic multiplicity.

(b) o(A) has no accumulation points in C.

One can either derive Theorem 6.2.9 from the Riesz-Schauder spectral theory of
compact operators by using that the resolvent satisfies appropriate spectral mapping
results, or one can obtain it as a special case of the so-called analytic Fredholm theory,
see e.g. [GGKI0, Section XI1.8]. Theorem 6.2.9 will only be useful for our purposes if there
are any spectral values at all.> For operators associated to symmetric sesquilinear forms,
this is guaranteed by part (c) of the following result.

Proposition 6.2.10 (Compact embedding of form domains). Let Hilbert spaces V,H, a
sesquilinear form a: V x V — C, and its associated operator A: H 2 dom (A) — H satisfy
the assumptions of Theorem 5.1.4. Then:

(@) Theinclusion map dom (A) — V is continuous.
(b) Ifthe embeddingV — H is compact, then A has compact resolvent.
(¢) Ifthe forma is symmetric, theno(A) # @.*

Proofof (a) and (b). (a) Recallthatdom (A) €V < H and that all three spaces are Banach
spaces. The embeddings dom (A) — H and V — H are continuous, so the closed
graph theorem implies that the inclusion map from dom (A) into V is also continu-
ous (Exercise 3.3(a)).

(b) Now assume that V — H is compact. Then it follows from (a) that dom (A) — H is
compact. Moreover, one has p(A) # @ by Theorem 5.1.4(b). O

We will not prove part (c) in the main text, but the interested reader can find a proof
in Theorem 6.C.5(a) in Supplement 6.C.

3Note that there are operators with compact resolvent and empty spectrum (Example 3.3.4(b)).
4Readers familiar with form methods might recognise that this is a special case of the fact that self-
adjoint operators have non-empty spectrum.
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6.3 Spectral consequences of eventual positivity

To apply the spectral theoretic results from the previous sections in concrete examples,
one needs tools to check that an operator has compact resolvent. Compact embedding
theorems for Sobolev spaces are very useful for this purpose. The following result in one
dimension is easy to prove, given the properties from Theorem 5.3.7.

Theorem 6.3.1. Let @ # I c R be an open bounded interval. For all1 < p < oo, the embed-
dings WVP(I) — C(I) and WVP(I) — LP(I) are compact.

Proof. Let B={ue€ WVP(I): |ully1» < 1} be the closed unit ball in W (I). By the em-
bedding W?(I) — C(I) from Theorem 5.3.7(b), we deduce that B is bounded in C(I).
By the fundamental theorem of calculus for Sobolev functions (Theorem 5.3.7(a)) and
Holder’s inequality, it follows for all u € B that

1-1/p

|u(x)—u(y)|5f W' @] de< ') |x =y vx,yel. (6.3.1)
y

Since p > 1and |[u/||,, <1 forall u€ B, the above inequality shows that B is equicon-
tinuous. Hence, the Arzela-Ascoli theorem implies that B is compact in cw. Finally, the
embedding C(I) — LP”(I) is continuous, and the remaining assertion follows. O

The case p = 11is different and will be treated in Exercise 6.5. Here is a first example of
how compactness of the resolvent can be used to determine the spectrum of an operator.

Example 6.3.2. Consider the Dirichlet Laplacian Apj;: L?(0,7) 2 dom (Apj;) — L?(0, 7).
(@) One has o (Apir) = 0pnc(Apir) ={ - k*: ke N}.
(b) The eigenspace ker(—k? — Ap;;) is spanned by sin(k -) for all k € N.

In particular, s(Apjr) = —1 is an eigenvalue with a positive eigenvector.

Proof. One readily checks for every k € N that sin(k -) is indeed in dom (Apj;) and is an
eigenvector of Ap;; for the eigenvalue —k?. Let us show that, conversely, every spectral
value is an eigenvalue of the form —k? and that its eigenspace is spanned by sin(k -).

First, we deduce from Example 3.3.6(b) that Apy, is the operator associated to a sesquilin-
ear form a on H& (0,7) and that a satisfies the assumptions of Theorem 5.1.4. The em-
bedding Hé (0,7) — L2(0,7) is compact (Theorem 6.3.1) and thus, Ap;; has compact re-
solvent (Proposition 6.2.10).

We already know that o (Apj;) € (—00,0] (Example 5.4.2) and the compactness of the
resolvent implies that every spectral value is actually an eigenvalue (Theorem 6.2.9(a)).
Now, let A € (—o0,0] be an eigenvalue of Ap;; with a corresponding eigenvector 0 # u €
dom (Apj;) € H?(0,7). Then u” = Apyu = Au € H?(0,7). A simple inductive argument®
yields u € H*(0,7) < C*¥1([0,7]) for all k € N, where the latter inclusion is due to the
one-dimensional Sobolev embedding theorem 5.3.7(b).

5This is often called bootstrapping in the PDE literature.
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Classical ODE theory can thus be applied to ' = Au and yields that u = « cos(V—=21 )+
Bsin(v/—A -) for suitable scalars a, € C. As u € H& (Q) one has u(0) = u(mr) = 0 (Exer-
cise 6.3). The equality ©#(0) = 0 impliesa =0,s00 # u = ,Bsin(\/—_/l -). The equality u(r) =
0 now gives V-1 € N, i.e. there exists k € N such that A = —k? and u = Bsin(k -). O

We already know from Example 5.4.2 that the resolvent R (-, Api;) is positive on the
right of the spectral bound s(Apj;). In Example 6.3.2 we have now seen by a direct com-
putation that the eigenvalue s(Ap;j;) has a positive eigenvector. Thinking back to the
Perron-Frobenius type results in finite dimensions (Theorems 1.3.8 and 1.3.9 in the pos-
itive case, Theorems 2.2.3 and 2.3.1 in the eventually positive case), one might wonder
whether the existence of a positive eigenvector is a consequence of (eventual) positivity
of the resolvent in general infinite-dimensional situations, as well. The answer is ‘yes’:

Theorem 6.3.3 (Eigenvectors for eventually positive resolvents). Let A be a closed oper-
ator on a complex Banach lattice E and let A € R be a pole of the resolvent R(-,A).° If
R(-, A) is individually eventually positive with respect to 0 at A, then:

(@) There exists a positive eigenvector v € E of A for the eigenvalue A.
(b) Iftheeigenvalue A is semisimple, then its associated spectral projection is positive.
(c) If A isdensely defined, then A' has a positive eigenvector ¢ € E' for the eigenvalue A.

Proof. Let p e Ndenote the pole order of A and consider the the Laurent series expansion

R A=Y Qralu-1F
k=—p

of the resolvent about A, where Q_,+1 # 0 and where the range of Q1 is contained in
the eigenspace ker(A — A) according to Theorem 6.2.6(a). One has Q-p+1 = limy,_. 3 (u—
MNPR(u, A). For every x € E, it thus follows that Q_p1x = limy 3 (u— )P R(u, A)x =0 due
to the eventual positivity of R(-, A). So Q-+ is a positive operator.

(a) Since E, spans E and Q-p+1 # 0 there exists a vector x € E;. such that v:= Q_p+1x # 0.
Hence, v is a positive eigenvector of A for the eigenvalue A.

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

(c) By Theorem 6.2.6(a) and (d), A is an eigenvalue of A" and rg(Q’_p+1) < ker(A — A').
As the dual cone E} spans E' and Q_ ,,, # 0, there exists y € E} such that 0 # ¢ :=
Q’_p+11// € ker(1 — A'). Also ¢ = 0 because Q’_erl >0 (Corollary 4.4.5). O

Let us demonstrate Theorem 6.3.3 in two examples.

6Hence, A is an eigenvalue of A and, if A is densely defined, also an eigenvalue of A’ (Theorem 6.2.6(a)
and (d)).
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Example 6.3.4. Let Ap: I%(0,1) 2dom (Ag) — L?(0,1) denote the Laplace operator with
non-local boundary conditions from Example 5.4.3. Then —oco < s(Ap) < 0 and s(Ap) is
an eigenvalue of Ag with a positive eigenvector.

Proof. We know from Example 5.4.3 that s(Ap) <0 and R(A,Ag) =0 for all A € (s(Ap),0].
Moreover, Proposition 6.2.10(b) shows that Ap has compact resolvent since the embed-
ding of the associated form domain H L0,1) into L%(0,1) is compact (Theorem 6.3.1).
Thus, all spectral values of A are poles of the resolvent (Theorem 6.2.9(a)).

As the form that we used to define Ag is symmetric, one has o(Ap) # @ (Proposi-
tion 6.2.10(c)), equivalently s(Ap) > —oco. As 0(Ap) € (—00,0) (Example 5.4.3) is non-
empty and closed, s(Ap) € (Ap) and hence is a pole of R(-,Ag). So we can apply Theo-
rem 6.3.3(a) to see that there exists a positive eigenvector for s(Ap). O

In contrast to the simple case on the interval that was treated in Example 6.3.2, for the
Dirichlet Laplacian on general domains in R”, the eigenvalues or eigenvectors cannot be
explicitly computed. Yet a positive eigenvector corresponding to s(Apj;) exists:

Example 6.3.5 (Dirichlet Laplacian on domains). Let @ # Q < R” be open and bounded.
The Dirichlet Laplacian Apj; on L?(Q) has compact resolvent, and its spectral bound
s(Apjr) is not —oo and is an eigenvalue with a positive eigenvector.

Proof. The argumentremains the same as Example 6.3.4, except it now uses Example 5.4.2
and compactness of Sobolev embeddings in several dimensions (Theorem 6.3.6). O

The following result is a version of Theorem 6.3.1 in several dimensions. It was used
in the previous example and will be frequently useful in the rest of the course.

Theorem 6.3.6 (Compact embeddings of Sobolev spaces). Let @ # Q < R" be open and
bounded and let p € [1,00).

(@) The embedding Wol’p Q) — LP(Q) is compact.
(b) IfQ has C'-boundary, then the embedding WP (Q) — LP(Q) is compact.

The proof of Theorem 6.3.6 usually relies on the Fréchet-Kolmogorov compactness
theorem (see Exercise 6.5). Details may be found in [Brell, Theorem 9.16].

6.4 The left neighbourhood of spectral values

For an operator A, eventual positivity of R(-, A) ata point Ay € R means, loosely speaking,
that the solution u to (A — A)u = f is positive if f =0 and A is in a right neighbourhood of
Ao. It is natural to ask what happens on the left of 1y. A glance at the case E = C suggests
that one might expect negativity of solutions there. It turns out that this is the correct
idea in principle, but there are also quite a few subtleties and surprises.

Definition 6.4.1 (Eventual negativity of resolvents). Let A: E 2 dom (A) — E be a closed
operator on a complex Banach lattice E. Let 1y € R be a spectral value of A such that a
left neighbourhood of A is contained in p(A). Let u€ E, and 0 < Q € L(E).
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(@

(b)

R(-, A) is said to be individually eventually negative with respect to u at A if for
each 0 < f € E, one has R(A, A)f < —u for all A in an (f-dependent) left neigh-
bourhood of 1.

R (-, A) is said to be uniformly eventually negative with respect to Q at A, if one
has R(1, A) < —Q for all A in a left neighbourhood of .

We will see in the subsequent chapters that eventual negativity indeed occurs in var-
ious examples. In the present section we focus on the opposite phenomenon: a rather
surprising result that says that, in many cases, eventual positivity and negativity are not
possible at the same time. We need the following notion from Banach lattice theory.

Definition 6.4.2 (Ideals in vector lattices). Let E be a real vector lattice or a (real or com-
plex) Banach lattice.” An ideal in E is a vector subspace I < E such that, for all x, y € E,
the properties y € I and |x| < |y| imply that x € I.

Note that a vector subspace I € E is an ideal if and only if I is a vector sublattice and
0 < x < yelimplies x € I. Let us give examples of ideals in our favourite Banach lattices.

Examples 6.4.3.

(@

(b)

()

(d)

Let (Q, u) be a o-finite measure space and let Q' € Q be measurable. For p € [1,00],
it is easy to check that

o= {f €L’ Q) flg = 0}
is a closed ideal of LP (Q, ). If p # oo one can prove that, in fact, all closed ideals in
LP(Q, p) are of this form [BKFR17, Proposition 10.15].

Let (Q, u) be a o-finite measure space. Clearly, L*°(Q, p) is an ideal in L”(Q, y) for
each p € [1,00]. It is not closed unless p = co or L”(Q, y) is finite-dimensional.

Let K be a compact metric space ® and let J < K be a closed set. Then

I={feCw: f,=0}

is a closed ideal of C(K). Again, one can prove that all closed ideals in C(K) are of
this form [BKFR17, Proposition 10.13].

Let @ # Q < R” be an open set, and p € [1,00). Then Wol'p(Q;lR) is an ideal in
WP (Q;R). A proof for the case p = 2, which can easily be adapted for general
p € [1,00), can be found in [AU23, Theorem 6.39]. An important ingredient is the
fact that the lattice operations are continuous on WP (Q), cf. Remark 4.B.4.

In many examples, one can use the following theorem to exclude eventually nega-
tive behaviour. The assumption dom (A™) < I and the conclusion dom (A) < I is closely
related to Sobolev embedding theorems, as we shall see in Example 6.4.6.

“This slightly strange assumption is merely due to the fact that we did not define complex vector lattices.
80r more generally, a compact Hausdorff topological space.
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Theorem 6.4.4. Let A: E 2 dom (A) — E be a closed operator on a complex Banach lattice
E and let Ay € R be an isolated spectral value of A. Let I < E be an ideal (not necessarily
closed) and assume:

(1) dom(A™) < I for some m e N.
(2) R(-,A) is uniformly eventually positive and negative with respect to 0 at Ay.
Thendom (A) < 1.

In Chapter 7 we will show that the theorem remains true, up to minor changes, if
one only assumes individual eventual positivity and negativity in (2); but this requires a
bit more preparation. In the rest of Chapter 6 we give the rather simple proof of Theo-
rem 6.4.4 and discuss an example. We use the following finite expansion of the resolvent.

Lemma 6.4.5. Let A be a closed operator on a complex Banach space X and n € Ny. Then

n
RAA) =Y (u-NTRu, AF+RA, A (- V)R, A" forall A, pe p(A).
k=1

Proof. This follows by iterating the resolvent identity (Proposition 3.3.2(c)). O

Proof of Theorem 6.4.4. By assumption (2) there are A, 1 € p(A) e Rthatsatisfy A < 1o <
such that R(A, A) < 0 and R(u, A) = 0. Abbreviating S := R(A, A) (. — )™ 1R (u, A)"1,
the finite resolvent expansion in Lemma 6.4.5 gives

m—1
0<-RA,A=-Y (u-M""Ru A" - $<-8.
k=1
For every f € E; we conclude that 0 < —R(A, A) f < —Sf € I, since S maps into dom (A"")
and thus, by assumption (1), into I. As I is an ideal in E, it follows that R(A, A) f € I. Since
E, spans E, this shows that dom (A) =rgR (A, A) € I, as claimed. O

Example 6.4.6. Let ¢ # Q € R” be open and bounded with C>””* boundary, where m € N
satisfies m > %, and consider the Dirichlet Laplacian Ap;; on L2(Q). If n = 4, the resolvent
R(:,Apjr) is not uniformly eventually negative with respect to 0 at s(Apjr).

Proof. We apply the contrapositive of Theorem 6.4.4, for the ideal I := L*°(Q) in L2(Q).
Assumption (1) of the theorem is satisfied: by iterating Theorem 5.3.2(b) one obtains
dom (Agr) < H?™(Q)) for each m € N, so the Sobolev embedding theorem 5.3.4 ensures
that dom (A}l ) = L°(Q) whenever n < 4m. Moreover, the first part of assumption (2)
holds since R (-, Apj;) is uniformly eventually positive with respect to 0 at s(Ap;;) by Ex-
ample 5.4.2.

To see that R (-, Apjr) is not uniformly eventually negative with respect to 0 at s(Apj;),
we observe that the conclusion of theorem is not satisfied. Indeed, it is a classical fact
that H2(Q) n Hé () does not embed into L*°(Q) for n = 4, i.e. dom (Apjr) Q L*°(Q); for
instance, the famous example from [AF03, Example 4.43] (also discussed a bit further in
Remark 5.B.5(a)) can be modified to ensure that the Dirichlet boundary conditions are
satisfied. O
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Exercises for Chapter 6

Exercise 6.1. Give an example of a closed operator A on a complex Banach space X
and a set @ # 09 C 0(A) such that g and o(A) \ o are both compact yet the spectral
projections corresponding to o and o(A) \ 0y do not add up to idx.

Exercise 6.2. Let A: X 2dom (A) — X be an operator on a Banach space X.

(@) Let m,neNpand x € dom (A™*"). Show that x € dom (A"), A"x € dom (A™), and

AM(A"x) = ATy,

(b) Let A € C. Show that dom ((A — A)") = dom (A") forall n e N.

Give an example of
(c) an operator A on a Banach space X such that dom (Az) #dom (A);
(d) aclosed operator A on a Banach space X such that A2 is not closed.

Exercise 6.3 (A characterisation of WO1 "P(D). Let p€[1,00) and let a,b € R, a < b. In this
exercise we show that

WP (a,b) = {ue WP (a,b) : u(a) = u(b) = 0}
This is the one-dimensional version of a result that we have mentioned multiple times.
(a) Show the inclusion “<” using the continuity of the embedding W'? (a, b) — C([a, b]).

(b) Show the inclusion “2”. You may use that there is a function w € C*([aq, b]) that
is constantly 0 in some right neighbourhood of a and constantly 1 in some left
neighbourhood of b.

Hint: For u € WYP(a, b) with u(a) = u(b) = 0, take test functions ¢, that converge
in LP to u'. Then consider the functions (1 — w)u, + wv,,, where

Uy (x) :=f @n(s)ds and vy, (x) :=f @n(s)ds
a b
forall x€ (a, b).
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6.4. The left neighbourhood of spectral values

Exercise 6.4. Consider the operator A: C([0,1]) 2 dom (A) — C([0, 1]) given by

(@
(b)
(c)

(d)

(e)

dom (A) :={ue C'([0,11): ¢/ (0) = v/ (1)},
Au=u'.
Prove that A is closed, densely defined, and has compact resolvent.’
Compute all eigenvalues of A.

Compute the eigenspace ker A and the generalised eigenspace U,y ker A”. Show
that both spaces are spanned by positive vectors.

Compute the eigenspace ker A" and the generalised eigenspace U,enker(A')" of
the dual operator A’ on C([0, 1])’ (Definition 3.1.5).
Hint: First use Theorem 6.2.6(b) and (d) to determine dimU,,en ker(A)™.

Is R(-, A) individually eventually positive with respect to 0 at the spectral value 0?
Is it individually eventually negative with respect to 0 at 0?

Exercise 6.5.

(a)
(b)

Show that the embedding W1 (0,1) — C([0, 1]) is not compact.

Show that the embedding wli,1) < 11(0,1)is compact.

Hint: By the Fréchet-Kolmogorov compactness theorem, a subset F < LY0,1) is
relatively compact if and only if

sup [ |f(s+h)—f(s)| ds—0
ferJon

as h — 0. Here, one extends each f by 0 outside of (0,1) to always make sense of
the integral.

9Beware that it does not suffice for the compactness of the resolvent to note that the embedding
cl([0,1]) — C([0,1]) is compact.
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Notes for Chapter 6

Eventual positivity and negativity and the (anti-)maximum
principle

As demonstrated in Example 5.3.6, positivity of R (-, Apj;) is closely related to the classical
maximum principle. Inspired by this link — which holds also for more general second
order operators with a variety of boundary conditions — some authors simply use the
term maximum principle to refer to what we call eventual positivity of the resolvent (or
versions thereof). Consequently, eventual negativity of the resolvent is then referred to as
an anti-maximum principle, for instance by Clément & Sweers [CS00, CS01] and Grunau
& Sweers [SGO1]. An abstract operator theoretic approach to anti-maximum principles
is due to Takac [Tak96].

The notion eventually positive resolvent was used in [DGK16b, DGK16a], where it
mainly served as a tool to better understand eventually positive operator semigroups —
a topic that we will discuss in later chapters. Example 6.1.2 is taken from [DGK16b, Ex-
ample 5.7]. A similar example where the operator has compact resolvent can be found
in [DGK16b, Example 5.8]. Theorem 6.3.3 is, up to a few modifications, taken from
[DG17, Theorem 3.1], which in turn generalised results from [DGK16a]. The idea for
Theorem 6.4.4 stems from [AG22a, AG23a], although we now presented it in a somewhat
different perspective. It is remarkable that the positivity and negativity of solutions to the
equation (1 — A)u = f for A in a neighbourhood of the spectral value 1y, together with
the a priori regularity assumption dom (A™) < I, leads to improved regularity of such
solutions, which is captured by the property dom (A4) < I.
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Appendices

6.A Vector-valued analytic functions

This appendix collects some basic facts on complex-analytic mappings taking values in
Banach spaces. We will mainly apply the concepts and results from this appendix to the
resolvents of linear operators, which are analytic maps according to Proposition 6.2.1.

Definition 6.A.1. Let ¢ # Q < C be open and let X be a complex Banach space. A function
f:Q — Xis called analytic (or holomorphic) if

Flz) = lim L& =S

z—z0 Z—2y

exists in X for each zy € Q.

Note that analytic implies continuous and in fact, as in the scalar-valued case, if f is
analytic, then so is f'. Hence, one can iteratively define the the k-th derivatives f* for
k € Ng (with the usual convention f© := f). Moreover, if f : Q@ — X is analytic, then it is
also weakly analytic, i.e. x’ o f is analytic for each x’ € X’ with

(x'o ) (z0) = (', f'(20)).

It turns out that analyticity and weak analyticity are equivalent notions. In fact, even
more is true (Theorem 6.A.6).

As in the scalar-valued case, contour integrals are an important concept for vector-
valued analytic functions. They are defined in precisely the same way, where the occur-
ring integral is a Bochner integral. To describe spectral projections in full generality, one
needs the contour integral not only over closed C!-curves, but also over formal sums
thereof — these are called C!-cycles. For a C!-cycle y and a point z, € C we write, by slight
abuse of notation, zp ¢ y to say that zg does not lie in the image of any of the curves of y.

A contour integral over a cycle y is naturally defined as the sum over the contour
integrals of all the curves it contains. The winding number of y around a point z; ¢ y is
thus also defined. We say that y encircles zy once if this winding number is 1 and we say
that y does not encircle z; if the winding number if 0.

Proposition 6.A.2 (Cauchy’s integral theorem for vector-valued functions). Let@ # Q< C
be open, let X be a complex Banach space, and let f : Q — X be analytic. Lety be aC! -cycle
in Q that does not encircle any point in C\ Q.
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6. EVENTUALLY POSITIVE RESOLVENTS AND THEIR SPECTRAL PROPERTIES

(a) One has fyf(z) dz=0.
(b) Ifzy € Q satisfies zg ¢ y and is encircled once by y, then

1
1 1@ g,
27 Jy z— 2z

f(z0) =

The identity theorem for vector-valued analytic functions can be worded as follows.

Proposition 6.A.3 (Identity theorem for analytic functions). Let @ # Q < C be open and
connected, X be a Banach space, Y < X a closed vector subspace, and let f : Q — X be
analytic. Let (z,) < Q be a convergent sequence such that (f(z,)) € Y. Iflim, .02, € Q,
then f(z) €Y forallze€ Q.

This follows from the scalar valued identity theorem by testing against elements of
X'. Note that the ‘usual’ statement of the identity theorem is recovered by taking Y = {0}.

Analogous to the scalar-valued case, we obtain Taylor and Laurent series expansions
for vector-valued analytic functions.

Theorem 6.A.4 (Taylor expansion). Let @ # Q < C be open let X be a complex Banach
space, and let f : Q) — X. The following are equivalent:

(i) The function f is analytic on Q).

(ii) Foreach zy € Q, there exist (ax) < X and radius r € (0,dist(zg,0Q2)) such that f(z) =
Z%"ZO Ars1(z — 20)* for all z € B<,(zy), with absolute uniform convergence on this
disk.

(iii) For each zy € Q) there exists (ay) < X such that f(z) = ZO:O ap.1(z— zo)k forallze
B_dist(zy,00) (20), with absolute uniform convergence on compact subsets of this disk.

If these equivalent conditions are satisfied, the coefficients ay, ay, ... in (ii) and (iii) do not
depend on the choice of r and are given by

o L @ P
ST i lz—zol=r (z— zg)k+1 k!

forall k e Ny and any 0 < r < dist(zg,092).

Let @ # Q < C be open, let X be a complex Banach space and let f: Q\ {zp} — X be
analytic. As in the scalar-valued case, a point zj € C is called a pole of f if zj is an isolated
point of C\ Q and there exists a p € Nsuch thatlim,_. , (z— z,)? f (2) exists (in norm) and
is non-zero. In this case, p is uniquely determined and is called the order of the pole zj.

Theorem 6.A.5 (Laurent expansion). Let @ # Q < C be open, let X be a complex Banach
space, let zg € Q and let f : Q\ {zo} — X be analytic.
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6.A. Appendix: Vector-valued analytic functions

(a) Then there exists r > 0 such that B<;(zg) \ {zg} € Q

f@= Y arn(z—z0*  forallze B<(20) \{z}

k=—o00

with absolute uniform convergence on compact subsets of the disk, where

1 (2)
Agr1 = —— _J@ d

z orallkeZ.
2mi |z—zol=1 (Z—Zo)k+1 f

(b) zpisapoleoff ifand only if there exists p € N such that the coefficients ay., from (a)
satisfy a_p+1 # 0 and a_y.1 =0 for all k > p. In this case, p is the order of the pole.

Finally, we expand a bit more on the connection between analyticity and weak an-
alyticity. We call a function f: M — X from a metric space M into a Banach space X
locally bounded if every point zy € M has a neighbourhood U such that sup ., || f(2) | <
oo. Recall that a vector subspace Y of a dual Banach space X' is weak*-dense in X’ if and
only if it is separating, i.e. (x’, x) = 0 for a vector x € X and all x’ € Y implies x = 0.

Theorem 6.A.6. Let ¢ # Q < C be open, let X be a Banach space, and let f: Q — X be
locally bounded. The following are equivalent.

(i) f isanalytic.
(ii) x'o f is analytic for all x' in a weak* -dense subspace of X'.

Note that if the condition (ii) in the theorem is satisfied for all x’ € X’, then the local
boundedness of f follows automatically from the uniform boundedness theorem. For
the proof we refer for instance to [ABHN11, Theorem A.7].

Corollary 6.A.7. Let® # Q < C beopen, let X, Y be Banach spaces, and let f : Q — L(X,Y)
be locally bounded. The following are equivalent.

(i) f isanalytic.
(i) f(-)x isanalytic for all x in a dense subspace of X.

(iii) {y', f(-)x) is analytic for all x in a dense subspace of X and all y' in a weak* -dense
subspace of Y'.

As before, we note that if condition (ii) in the corollary is satisfied for all x € X, or
if (iii) is satisfied for all x € X and for all y’ € Y’, then the local boundedness assumption
on f is automatically satisfied due to the uniform boundedness principle.
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Encore: if you want to know more...

6.B Isolated singularities of the resolvent

In this supplemental section, we expand a bit on the background of Theorem 6.2.6. The
essence of the ideas is in the following Theorem 6.B.1, which analyses the coefficients of
the Laurent series expansion of the resolvent around an isolated spectral value. Thus, the
missing parts of the proof of Theorem 6.2.6 are then deduced in Theorem 6.B.3 below.

For a closed linear operator A: X 2 dom(A) — X on a complex Banach space X, we
use the notation dom (A%) := M jen, dom (A7).

Theorem 6.B.1 (Isolated singularities of the resolvent). Let A: X 2 dom(A) — X be a
closed linear operator on a complex Banach space X and let A € 0(A) be an isolated point
ino(A). Let

R A=Y Qealu—A~
k=—o00

denote the Laurent series expansion of the resolvent about A. Then the operators Q. € L(X)
commute, and the following assertions hold:

(a) Foreach ke Z one hasrgQy < dom (A) and Qi Ax = AQrx for all x e dom (A).

(b) ForallkeN one has
Q=CDM'Q  and  Qp=Q-D"
() QxQ-,=0forallk,?eN.
(d) Qg is a projection and satisfies
QoQr =0 and QoQ-x=0Q-r  forallkeN.

(e) Foreveryke€ Z one has

_Qk—l, lfk7£ 1;

A—A)Qp =
(A= AQk {id—Qo, ifk=1.

(f) The spectral radiusr(Q-,) is 0, and hencer(Q_x) =0 for all k € N.

114



6.B. Encore: Isolated singularities of the resolvent

(@ Ifg=1andQ-4;=0, then A is a pole of the resolvent, and its pole order is at most q.
(h) Ifd:=dim(rgQyp) < oo, then A is a pole of the resolvent of order at most d.
(i) rgQ_x < dom (A™) forall k € Np.

Proof. First, we observe, according to Theorem 6.A.5(a), that

1 [ R A

Qk=2—7ri AT

(6.B.1)

for all k € Z, where y denotes any sufficiently small circle about A which is oriented an-
ticlockwise. Since the resolvent operators of A all commute, this readily implies that the
Qj mutually commute.

(a) Endow dom (A) with a graph norm || - || 4. This renders dom (A) a Banach space, since
Ais closed.

For every A € p(A), the operator R(A, A) : X — dom (4) is continuous by the closed
graph theorem. Moreover, the mapping R (-, A) : p(A) — L(X,dom (A)) is continu-
ous; this follows from the preceding sentence together with the fact that the map-
ping is continuous with values in £(X) and the resolvent identity. Consequently,
by Example 4.A.9, the integrand in (6.B.1) is Bochner integrable10 with values in
L(X,dom (A)). As the latter space embeds continuously into £(X), it follows that
the integrals in both spaces coincide. Hence, Qy € £(X,dom (A)) and QX < dom (A)
foreach k€ Z.

For every x € dom (A) and every u € p(A), one has AR (u, A)x = R(u, A) Ax. By apply-
ing the equality (6.B.1), and together with the facts that the integral in this equality
can be interpreted as a Riemann integral in £(X,dom (A)) and that A is continuous
from dom (A) to X, we thus obtain QxAx = AQx for every k € Z.

(b), (c), and (d) Let k1, k2 € Z and consider formula (6.B.1) for two sufficiently small con-
centric circles v,y with centre A, where y» has larger radius than y,. Then

1 R, AR (1, A)
= du, d
kale (27.[1)2 £2 f/} (“2 _ A)kz (“1 _ A)kl H1 a2

1 R(u2, A) — R (i1, A)
= : duy; d
(2mi)? j{n fyl (1 — pi2) (2 — D)z (g — Apln H1H2

1 R(uz, A) 1 du d
= 22 0k . 0k M1 dp2
) Jy, (2 — )2 Jy, (U1 — o) (1 — A)
1 R(u1, A) 1

- — duo duy

@r)? Jy, (=% Jy, (w1 — p2) (2 — )% He O
By employing the residue theorem, one can compute the above integrals (where one
has to distinguish several cases based on the signs of k; and k) and thus obtain the
formulas claimed in (b), (c), and (d). We omit the computations.

10[n fact, the integral also exists as a Riemann integral.
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6. EVENTUALLY POSITIVE RESOLVENTS AND THEIR SPECTRAL PROPERTIES

(e) Fixke Z. Forevery p€ p(A) onehas (A-A)R(u, A) = (A—w)R(u, A) +id. Since the in-
tegral in the formula (6.B.1) can be interpreted as a Riemann integral in £(X, dom (A))
and since A — A:dom (A) — X is continuous, it follows that

1 A-wRW,A)+id
A—A =— dA
( )Qk 2nij€ = )F
1 R@wA if id
2mil)y (u-A)k-l " om y (u—A)k .

The first summand above is —Q_;, and the second summand is equal to 0 if k # 1,
and equal toid if k= 1.

(f) Let € > 0 be sufficiently small, such that (6.B.1) holds for the circle y with radius ¢
about A. For every integer k = 1 it follows from (b) that

| Q%] =10l < %ﬁll”zf_f"

We now use the spectral radius formula: by taking the k-th root and letting k — oo,
we thus see that r(Q_1) < €. This shows that r(Q_;) = 0, as claimed.

d|p| = sup | R, A)| €.
Aey

As Q_p = QF , for all k = 1, it follows from the spectral mapping theorem for polyno-
mials that r(Q_j) = 0 for all k=1 as well.

(g) If Q-4 =0, then it follows from (b) that Q_(4+ ) = Q-4Q-;=0 for all j = 0 as well; this
shows the claim.

(h) The operator Q_; commutes with Qy, so it leaves the range of Qp invariant. Moreover,
Q-1 has spectral radius 0, so its restriction to rgQy is nilpotent; more precisely, the
d-th power of this restriction is 0. Hence, Q_; = Qfl = Qleo =0, so accordingto (g),
A isindeed a pole of order at most d.

(i) Fix an integer k < 0. We show by induction over n that Q_;X < dom (A") for each
n € N. In (a) we proved the claim for n = 1, so assume now that the claim holds
for some n € N. Let x € X. It follows from (d) that Q_; = Q_;Qq, and from (a) that
rgQp < dom (A). Hence,

A"Q_rxe A"Q_r(rgQo) = A" 1Q_r ArgQp),

where we used the formula from (a) for the equality (which is possible since rgQg <
dom (A)). Since Q_xX < dom (A") by the induction hypothesis, it follows that one
has A" 1Q_; A(rg Qo) < dom (A). Thus we have shown that A”Q_;.x € dom (A), which
implies Q_;x € dom (A"*1) as claimed. O

Note that property (b) in Theorem 6.B.1 implies that A is a pole of R(-, A) if and only
if Q_; is nilpotent. In this case, the pole order is the smallest integer g = 1 such that

(Q-n9=0.
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6.B. Encore: Isolated singularities of the resolvent

Remark 6.B.2 (The action of Q_;). In the situation of Theorem 6.B.1 it follows from (d)
and (e) that

Q-1Q0=Q-1=(A-1)Qo.
In other words, on rg Q the operator Q_; acts as the operator A— A.

Let us now demonstrate how Theorem 6.2.6 in the main text follows from Theo-
rem 6.B.1. Assertions (c) and (d) of Theorem 6.2.6 have already been shown in the main
text, so we focus on (a) and (b) here. For easier reference from within the proof, we state
those two parts of the theorem here again.

Theorem 6.B.3 (Poles of the resolvent). Let A: X 2 dom (A) — X be a closed operator on
a complex Banach space X and let A € g (A) be a pole of the resolvent R (-, A) : p(A) — L(X)
of order p e N\. Let

R, A = Y Q="
k=—p

denote the Laurent series expansion of the resolvent about A with coefficients Q.+ € L(X)
and with Q_ 11 # 0.

(@) One has {0} #1gQ_p+1 Sker(A— A). In particular, A is an eigenvalue of A.

(b) One hasrgQq = ker(A — A)X for all k = p, sorgQy is the generalised eigenspace of A
for the eigenvalue A. Thus, the eigenvalue A is semisimple if and only if p = 1.

Proof. (a) Since Q-1 is non-zero, so is its range. Moreover, Q_ ;1 maps into dom (A)
according to Theorem 6.B.1(e), and part (e) of the same theorem shows that (1 —

A)Q—p+1 = _Q—p =0.
(b) Fix k = p. It follows from Theorem 6.B.1(e) that
A-A*Q = (-DFQr =0,

sorgQo S ker((A— A)k). Conversely, let x € ker (1 — A) k). Since Qo is a projection, so
isid —Qy, and hence it follows from Theorem 6.B.1(e) that

(id—Qo)x = (id—Qo)*x = Qf (A — AH¥x =0.
This proves that x € rgQo."! O

A classical example of an operator with an isolated spectral value that is not a pole of
the resolvent, is the Volterra operator:

1 Note that this argument could just as well be used to show directly that ker (A- Ak ) €1gQo for every

k = 1 rather than just for every k = p. However, this is not important here, since the spaces ker ((1 - Ak ) are
increasing with respect to k anyway.
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6. EVENTUALLY POSITIVE RESOLVENTS AND THEIR SPECTRAL PROPERTIES

Example 6.B.4 (An essential singularity of the resolvent). Consider the Volterra opera-
tor, A: C([0,1]) — C([0,1]) defined by

Af(x):=f fndt, x€l0,1].
0

It is straightforward to show by induction and Fubini’s theorem that

X (x_ t)n—l

A f(x):f0 o fwdn xelol,

This formula easily yields the operator norm estimate
n 1
|A ”L(C([O,l])) = VneN.
Since (n)!/" — oo, the spectral radius formula yields

= fim | = i e <o
and thus we have shown that g (A) = {0}.

The spectral value 0 is not an eigenvalue. Indeed, the operator A is injective: if Af =0
for some f € C([0,1]), then we may differentiate the equation to find that f = 0. However,
0 is an essential singularity of the resolvent of A. To see this, we observe that 1 — A is
invertible for every A € C\ {0} and R (A, A) is represented by the Neumann series:

R, A) =A"1ad-A"1A)7 = ) Aka-keD,
k=0

Therefore, in the notation of Theorem 6.B.1, we have Q_; = A* for all k € Ny, and the
Laurent expansion of R(A, A) around 0 has infinitely many non-zero terms in its singular
part.

6.C Positivity of leading eigenvectors via sesquilinear forms

We have seen in Section 5.1 that sesquilinear forms are quite useful for constructing lin-
ear operators and establishing properties of their spectrum. Moreover, the Beurling-
Deny criterion (Theorem 5.1.7) shows that they can be used to characterise positivity of
the resolvent of an operator everywhere on the right of its spectral bound. In this sup-
plement, we show how this line of thought can be developed further, in particular for
symmetric forms. We first establish how the numerical range of a form is related to the
spectral bound of the associated operator A. Then we show that for symmetric forms
which satisfy the Beurling-Deny criterion, positivity of a leading eigenvector can also be
established directly by form methods as an alternative to Theorem 6.3.3.
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6.C. Encore: Positivity of leading eigenvectors via sesquilinear forms

Definition 6.C.1 (Numerical range of a sesquilinear form). Let V, H be complex Hilbert
spaces with V— Handleta: V x V — C be a sesquilinear form. The set

W(a) :={a(u,w):ueV, lulgy=1}cC

is called the numerical range of a or, more precisely, the numerical range of a relative
to H.

Recall again from Theorem 5.1.4(c) that the form a is called symmetric if a(u, v) =
a(v, u) for all u, v € V. Let us note that a is symmetric if and only if W(a) € R. Indeed, the
symmetry implies that a(u, ) = a(u, u) and thus a(u, u) € R for all # € V. The converse
implication follows from the polarisation identity for sesquilinear forms.

We will now prove a variety of results under the following general assumptions.

Setting 6.C.2. Let V, H be complex Hilbert spaces with the dense embedding V — H.
Leta: V x V — C be a bounded sesquilinear form which satisfies the ellipticity estimate

Rea(u,u) +pullul, =6lul?, VueV (6.C.1)
for some e Rand 6 > 0. Denote by A: H=>dom (A) — H the associated operator.

Lemma 6.C.3. In Setting 6.C.2, assume thatRea(u,u) =0 forallu € V —i.e. the numerical
range W(a) is contained in the closed right half plane. Then for every € > 0, there exists
0¢ > 0 such that

Rea(u,u) +€llull? =6, IIMII%/ YuelV.

Proof. We proceed by contradiction. Assume that there exists £y > 0 such that for every
n €N, there exists u, € V with ||uy|ly, = 1 such that

1
Rea(u,, u,) +&p |Iun||‘§{<— VneN.
n

Since Rea(uy, u,) = 0, it follows that ||u,llg — 0 and Rea(u,, u,) — 0 as n — oco. This
contradicts the ellipticity estimate (6.C.1) because ||u, |y =1 for all n. O

Proposition 6.C.4. In Setting 6.C.2, ifRea(u,u) =0 forallu e V, thens(A) <0.

Proof. For every € > 0, it follows from Lemma 6.C.3 and Theorem 5.1.4(b) that s(A4) < ¢,
and thus s(A) < 0. O

The first part of the following theorem yields a proof for Proposition 6.2.10(c).

Theorem 6.C.5. In Setting 6.C.2, assume that a is symmetric (and hence o (A) <R by The-
orem 5.1.4(c)). Then the following assertions hold:

(@) s(A)=-infW(a) € 6(A). In particular, o (A) # @.

(b) Letv eV such that ||lully =1. Then a(v,v) = inf W(a) if and only if —inf W(a) is an
eigenvalue of A and v is a corresponding eigenvector.'”

12And hence, in particular, v € dom (A).
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6. EVENTUALLY POSITIVE RESOLVENTS AND THEIR SPECTRAL PROPERTIES

(c) Every eigenvalue of A is semisimple.

fies

In the proof we use that if a sesquilinear form a: V x V — C is symmetric and satis-

a(u,u) = 0 for all u € V — equivalently, W(a) < [0,00) — then it satisfies the Cauchy-

Schwarz inequality

1/2 1/2

la(u, V)| < alu, w) "“a(v,v)

for all u, v € V. The proof is the same as for inner products.

Proof of Theorem 6.C.5. (a) We assume without loss of generality that inf W(a) = 0. As
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shown in Proposition 6.C.4, one then has s(A) < 0, so it remains to show that 0 is a
spectral value.

Assume to the contrary that 0 € p(A). Then R(0, A) is a well-defined bounded linear
operator from H to dom (A). Since dom (4) embeds continuously into V, it follows
from the closed graph theorem that R (0, A) € L(V).

As inf W(a) = 0, we can find a sequence (v;) in V such that ||v,|l = 1 for all n and
a(vy, v,) — 0. Since a is bounded, there exists a ¢ = 0 such that, for all n € N, one has

)1/2

a(R(0, A) vy, R0, A)vy) '* < cIRO0, Avplly < RO, A)ll £(v) < co.

Thus,

lvpll%; = = (v | AR, A)vy) i = a(vy, R0, A)vy)
< a(vp, v)"2a(R(0, Ay, RO, A)vp) ' < awn, v) 2 IR0, Al 21

where the first inequality uses the Cauchy-Schwarz inequality mentioned before the
proof. Hence, a(v,, v,;) — 0 implies that | v, II% — 0, which is absurd.

Asin (a), we assume without loss of generality that inf W(a) = 0.

If v e dom(A) and Av =0, then a(v,v) = — (v | Av)y = 0. Now assume conversely
that a(v, v) =0, and let w € V be arbitrary. Again by the Cauchy-Schwarz inequality;,

we have

1/2 12 _ ¢

la(w, V)| < a(w, w) “a(v, v)
Hence a(w, v) = 0 for all w € V, which implies v € dom (A) and Av =0.

Let A € R be an eigenvalue of A. Now we shift the form so that, without loss of gener-
ality, A = 0. Let v € ker A2. It suffices to show that v € ker A. One has

IAVI3; = (Av | Av)g = —a(Av,v) = —a(v, Av) = (v | A2v), =0,

where the penultimate equality uses that Av € dom (A) and hence Av € V. Thus
Av =0, as claimed. O



6.C. Encore: Positivity of leading eigenvectors via sesquilinear forms

The assertion of Theorem 6.C.5(b) can be rephrased by saying that a non-zero vector
v e V is in ker(s(A) — A) if and only if it minimises the Rayleigh quotient, a nonlinear
functional on V defined by

_a(y,v)

2.
vl

QW):

Now we give a form based proof for the existence of a positive eigenvector for s(A) that
was promised at the beginning of this supplemental section.

Theorem 6.C.6. In Setting 6.C.2, assume that H = 2 (Q, V) for a o-finite measure space
(Q,v). Let a be real and symmetric and assume that R(A, A) = 0 for all sufficiently large
A >s(A).3 Ifs(A) is an eigenvalue of A, then it has a positive eigenvector.

Proof. Without loss of generality, we assume s(A) = 0 and hence, inf W(a) = 0 by Theo-
rem 6.C.5(b). It follows from the Beurling-Deny criterion (Theorem 5.1.7) that the real
part Vg .=V n L2(Q,v;R) of the form domain V is a vector sublattice of L2(Q,v;R) and
thata(v~,v*) <0forall v e V.

Now let 0 # v € ker A, and write v = v; +iv, for real-valued functions vy, v». Since the
form a is real, so is the operator A (Proposition 5.1.6) and hence, vy, v, € dom (A). Due to
Theorem 6.C.5(b) we thus have

0=a(v,v) =alvy, v1) +alvy, v2) +ia(vy, v2) —ia(vs, v1).

By taking real parts and using that infW(a) = 0, one thus obtains a(v1, v1) = a(vy, v2) = 0.
Since v is non-zero, so is at least one of the vectors vy, v,. Thus by Theorem 6.C.5(b),
we have found a real eigenvector of A for the eigenvalue 0. Let us call this eigenvector v
from now on. Again Theorem 6.C.5(b) gives

O=a(v,v)=at, v +alv ,v)-2a(v v za@",vH+alw ,v),

where we use that a isreal to get Rea(v™,v*) =a(v~,v"). Hence a(v*,v") =a(v™,v7) =0
since inf W(a) = 0. At least one of the vectors v*, v~ is non-zero and is thus in ker A by
Theorem 6.C.5(b). O

In contrast to Theorem 6.3.3, observe that s(A) in Theorem 6.C.6 need not be an iso-
lated spectral value.

13And hence for all A > s(A) by Theorem 5.4.1.
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Chapter 7

Criteria for eventual positivity of
resolvents: the individual case

In Chapter 6, we introduced some flexibility in the definition of eventually positive re-
solvents (Definition 6.1.1), enabling us to consider both the weak inequality = 0 as well
as a lower bound > u with respect to some non-zero positive vector u. We refer to the
latter case informally as strong positivity, in analogy with the property > 1 in finite di-
mensions. The present and the subsequent chapter are devoted to a study of eventual
strong positivity of resolvents.

7.1 Banach lattice overture: Principal ideals and quasi-interior
points

It turns out that a useful generalisation of the constant vector 1 € R" is the notion of a
quasi-interior point in a Banach lattice.

Definition 7.1.1 (Principal ideals and quasi-interior points). Let E be a Banach lattice
andletue E,.

(@) ThesetE,:={x€ E:|x| < u} is called the principal ideal in E generated by u." The
mapping |- | g, : E, — [0,00) given by

I xllg, :=inf{c € [0,00) : |x| < cu}
is called the gauge norm with respect to u.

(b) The vector u is called a quasi-interior point of E, if E, is dense in E.

If the surrounding Banach lattice and its positive cone are clear from context, we
will sometimes say “u is a quasi-interior point” as a shorthand for “u is a quasi-
interior point of E;.”

10f course, principal ideals are ideals.
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7.1. Banach lattice overture: Principal ideals and quasi-interior points

The following example is simple but very instructive.

Example 7.1.2. Let (O, v) be a finite measure space, so that 1 € LP(Q,v) forall p € [1,00].
Then itis easy to see that (LP (€, v))1, = L*(Q,v) for all p € [1,00], and the corresponding
gauge norm is precisely the essential supremum norm.

Note that if p # oo, then L*(Q, v) is not a closed ideal in L (Q, v), in general.

Below, we use the not particularly surprising observation that an element x of a Ba-
nach lattice is 0 if | x| = 0. In the real case this follows from 0 < x*,x” <|x|and x = x*—x".
In the complex case it then follows from Proposition 4.2.7.

Proposition 7.1.3. Let E, F be Banach lattices over the same scalar field, let u € E; be a
quasi-interior point, and let0< T € L(E,F). If Tu=0, then T = 0.

Proof. The positivity of T implies that |Tx| < T'|x| = Tu = 0 (Proposition 4.3.2) and thus
Tx =0 for all x € E that satisfy |x| < u. But the span of such x is dense in E owing to the
fact that u is a quasi-interior point. O

Proposition 7.1.4. Let E be a Banach lattice. A vector u € E, is a quasi-interior point if
and only if(y, u) >0 foreachO <y e E'.

Proof. ‘=" This follows from Proposition 7.1.3.

« ”,

<" If u is not a quasi-interior point of E,, then by the Hahn-Banach theorem, there
exists ¢ € E'\ {0} such that (y, x) = 0 for each x € E,. Thus, 0 < |y| € E satisfies

<|w|’u>:|§i%|<w’x>\:°

due to the Riesz-Kantorovich formula (Theorem 4.4.2). O
Examples 7.1.5. The following examples are discussed in detail in Exercise 7.1.

(a) Let (Q,u) be a o-finite measure space. The quasi-interior points of LP(Q, u) . for
p € [1,00) are exactly those functions in LP(Q, u) that are strictly positive almost
everywhere.

(b) Let (Q, u) be a o-finite measure space. The quasi-interior points of L*°(Q, u)+ are
exactly those f € L*(Q, ) that satisfy f = 1.

(c) Let K be a compact metric space”. A function u € C(K) is a quasi-interior point if
and only if u(x) > 0 for all x € K if and only if u > 1.

(d) Let @ # Q < R" be open®. The quasi-interior points of Cy(Q) are precisely those
functions u € Cy(Q) that satisfy u(x) >0 for all x € Q.

20r more generally, a compact Hausdorff topological space.
30r more generally, let @ # Q be a locally compact Hausdorff topological space.
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7. CRITERIA FOR EVENTUAL POSITIVITY OF RESOLVENTS: THE INDIVIDUAL CASE

(e) In particular, in finite dimensions the quasi-interior points are exactly the strongly
positive vectors; see Definition 1.2.3.

Proposition 7.1.6. Let E be a Banach lattice and u € E. The principal ideal E,, equipped
with the gauge norm is a Banach lattice that embeds continuously into E.

For the proof, one can first show the proposition in the real case and then derive the
complex case from it. Writing down all the details is a bit tedious, but does not require
any surprising ideas, so we refrain from doing so.

7.2 Strong positivity properties of the Dirichlet Laplacian

In this section, we revisit the maximum principle of Chapter 5, and demonstrate how it
may be used to prove strong positivity properties for certain PDEs. For simplicity, we
once again focus on the Dirichlet Laplacian as the leading example. While this material
is part of classical PDE theory, it falls neatly into our abstract framework nonetheless.

Theorem 7.2.1 (Location of strict maxima). Let (M, d) be a metric spaceandlet® # S< M
be relatively compact. Let D < C(S;R) be a vector subspace such that 1 := 15 € D and let
A: D — RS be a linear map with the same properties as in Theorem 5.2.1, i.e.

(1) The map A satisfies the positive minimum principle on S, i.e. for each x € S and
each function 0 < u € D one has the implication

ux)=0 = (Au)(x) = 0.

(2) One has A1 <0 and there exists a function 0 < w € D with (Aw)(x) >0 forallx € S.
In addition,

(3) Let xy € 0S and assume that the function w from assumption (2) vanishes at all
points in 8S that are sufficiently close to xy.

Let v € D attain at least one value in [0,00) and satisfy Av =0 in S. If v has a strict global
maximum at Xy, then xy is not in S.

Proof. Assume to the contrary that xp € S. Since, by assumption, v has a strict global
maximum at xo and w vanishes at all points of 8S that are close to xy (assumption (3)),
we can find a number € > 0 such that v(xg) = v(x) +ew(x) forall x€ 0S. Set h:=v+ew —
v(xp) 1. Then h(x) <0 for all x € 0S and h(xp) = 0. Moreover,

(AR)(x) = (Av)(x) + e(Aw) (x) — v(x0) (AT) (x) = (Av)(x) + e(Aw) (x) >0

for all x € S, where we used for the first inequality that v(xp) = 0 and (A1)(x) < 0. It
follows from Theorem 5.2.1, applied to the function £, that £ attains its maximum on 9S.
Since h <0 on 8S, we conclude that h <01in S.

Hence, the function 0 < —h € D satisfies —h(xp) = 0 but (A(—h))(x0) = —(Ah)(xp) <0,
contradicting the positive minimum principle (assumption (1)) at the point x( € S. O
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7.2. Strong positivity properties of the Dirichlet Laplacian

X0

Figure 7.2.1: Geometric conditions in the Hopflemma.

As an application of the previous theorem, we prove a simple version of the classical
Hopf boundary lemma. It is perhaps surprising that we obtain this result in the same
framework as for the classical maximum principle, and thus we state it as an example.

Example 7.2.2 (Hopf boundary lemma). Let @ # Q € R” be open” and let ¢ < 0 be a real
number. Let v € C}(Q; R)NC2(Q;R) be such that Av(x)+cv(x) = 0 for all x € Q and assume
that xy € 0Q has the following properties:

¢ Strict maximum at xo: One has v(xp) =0 and v(xp) > v(x) forall x € Q.
¢ Interior ball condition: There exists an open ball B £ Q with xy € B.
If v denotes the outer unit normal of the ball B, then 8., v(xg) > 0.

Proof. Geometric setup: By the interior ball condition, there exist y € Q and R > 0 such
that Bcg(y) € Q and xp € 0B<g(y). By decreasing R and moving y a bit towards x if
necessary, we may assume that 0Q N 0B<g(y) = {xo}. Choose an arbitrary r € (0, R) and
consider the annular region Qp = B<g(y) \ B<r(y); see Figure 7.2.1 for a visual aid. Set
S:= Qo U {x0}.

Let D be the space of restrictions of all functions in C! (;R) N C2(Q;R) to S. Clearly
I5€ D. Define a linear operator A: D — RS by

A Q
(Af)(x)::{ JoreftxeDo o
_avf(x) X = X0

We verify that the assumptions of Theorem 7.2.1 are satisfied:

(1) Suppose 0 < f € D such that f(x) = 0 for some x € S. We want to show (Af)(x) =
0 If x = xp, then (Af)(x) = —(0yf)(x) = 0 (observe that —d, is the inward normal
derivative). On the other hand, if x € Qy, the conclusion (Af)(x) = 0 follows from the
fact that the operator A + ¢ satisfies the positive minimum principle in Q (verified
in the proof of Example 5.2.2).

4Not necessarily bounded.
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7. CRITERIA FOR EVENTUAL POSITIVITY OF RESOLVENTS: THE INDIVIDUAL CASE

(2) Ofcourse, A ]lg <0. Forall xe S, define w: S— R by
w(x) = e-allx=yl; _ —ar?
for some a > 0 to be determined later. We have 0 < w € D, and since ¢ < 0, we deduce
Aw(x) = (4a? | x - y||5 - 2an+ c)e‘“”x_y”; —ce % > (40?1 - 2an+ c)e‘“”x_y”;

for all x € Qy. Hence we can choose a > 0 sufficiently large so that (Aw)(x) > 0 for all

x € Qo. We further note that v(xg) = x‘)}; Y which yields

(Aw)(x0) = =0y w(xg) = —Vw(xo) - v(xp) = 2aRe™F >0,
Therefore (Aw)(x) >0 forall x€ S.

(3) Note that w vanishes on 0B<g(y), in particular, it vanishes at all points in S suffi-
ciently close to xp.

Finally, the restriction of v to S lies in D, attains a positive value and a strict global
maximum at xy € S. Thus, the location of the strict maximum in Theorem 7.2.1 implies
that Av z 0 on S. But, Av = 0 on Qg by assumption. Consequently, d, (xg) = —(Av)(xp) >
0. O

Corollary 7.2.3 (Strong maximum principle for the Laplace operator). Let @ # Q < R" be
connected and open5 and let c € (—00,0]. Let v € C3(Q;R) satisfy Av(x) + cv(x) = 0 for all
x € Q. If v attains a positive maximum at an interior point of Q, then v is constant in Q.

Proof. Assume for contradiction that v is non-constant and attains a positive maximum
M =0 at an interior point of Q. The set Q™ := {x € Q : v(x) < M} is non-empty and open,
and 0™ NQ # @ because Q is connected. Choose a point y € Q™ such that dist(y,0Q7) <
dist(y,09Q2), and let B be the largest ball centred at y contained entirely in Q™. By choice
of B, the boundary 8B touches 6Q27, so v(xp) = M for some point xy € B, while v(x) < M
for all x € B. In other words, v has a strict maximum at xg.

As B trivially satisfies the internal ball condition at xp, the Hopf boundary lemma
(Example 7.2.2) ensures that 8, v(xg) > 0. But xg is an interior point of Q and v attains a
maximum there, so that Vv(xg) =0, a contradiction. O

Example 7.2.4 (Strong positivity for the Dirichlet Laplacian). Let ¢ # Q < R” be open,
bounded, and connected. We assume that Q has C>* boundary for some integer k > I+l
Consider the quasi-interior point u of L?(Q), given by u(x) := dist(x, 8Q) for all x € Q.

The resolvent of the Dirichlet Laplace operator Apj;;: [%(Q) 2 dom (Apir) — L*(Q) has
the following properties at every A > s(Apj;):

(a) Eor every f € L2(Q), the function R(A, Apjy)* fisin C2(Q) and thus continuous on
Q and satisfies |R(A, Apir) ¥ f| < u. In particular R(A, Apir) ¥ maps into the principal
ideal L?(Q),.

5Not necessarily bounded.

126



7.2. Strong positivity properties of the Dirichlet Laplacian

(b) In addition, if0 < f € L?(Q), then u < R(A, Apir) f.

Proof. (a) Let f € L?(Q). We first observe that g := R(A, Api)* f € C*(Q). Indeed, one
has R(A, ADir)kL2 (Q) € H?*(Q) < C(Q), where the first inclusion follows from ellip-
tic regularity for the Dirichlet Laplacian (Theorem 5.3.2), and the second from the
Sobolev embedding theorem 5.3.4 since Q has C?* boundary and 2k > 5 +2.

In particular, g is continuous on £, so it remains to show that | g| < u. To this end, fix
a point x € Q.

The compactness of 0Q yields the existence of some x( € 0Q2 such that dist(x,0Q) =
lx — xoll». Observe that g(xp) = 0; indeed, g vanishes on all of /Q since it is a continu-
ous element of dom (A) and thus of H& (Q) (cf. Proposition 5.3.5(b)). Since g € clQ),
the fundamental theorem of calculus yields

g(x) = fol(Vg)(u — )Xo+ tx) dt- (x - Xp),
which implies the estimate
|g(x)| = ”Vg”(j(ﬁ) llx—xoll2 = ||Vg||C(§) dist(x, 0).
Hence |g| < u as claimed.

(b) Now assume 0 < f € L?(Q). We show the lower bound R (A, Apy;) f = u in two steps.

Step 1: We assume in addition that A = 0 and show that g :=R(A, ADir)k f=u.
We already know that R(A, Ap;r) = 0 (either from Example 5.3.6 or by the Beurling-
Deny criterion of Theorem 5.1.7), so g = 0. Next, we show that g(x) > 0 for every
x € Q, so fix such an x and assume that g(x) = 0.
One has (Apj; — ) (—g) = R(A, Api)* "' f = 0. Since A = 0 and since g € C*>(Q)
according to the proof of (a), the strong maximum principle (Corollary 7.2.3) is
applicable to —g. As —g < 0and —g(x) =0, it follows that — g is constant and thus
g =0. But this is absurd since R (A, Apin)¥ is injective and f #0.
Now we consider the behaviour of g close to 0L2 separately from the behaviour
away from the boundary. To this end, let § > 0 be a number that we determine
later and consider the compact set

Qs ={xeQ:u(x) =0}

One has 8la, >1qg; = Ulg, since g(x) > 0 for all x € Q, so it remains to show that
8lova, = Yooy

To this end we use the following geometric fact: since Q has C™ boundary for
some m = 2, the interior ball condition is satisfied at every boundary point xg €
0Q°. By the Hopf boundary lemma (Example 7.2.2), we have -0, g(xo) > 0 for all

6An intuitive ‘proof’ can be deduced from the second-order Taylor expansion of a C"* function;
see [GT01, pp. 354-355] for a proof using the notion of boundary curvatures.
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7. CRITERIA FOR EVENTUAL POSITIVITY OF RESOLVENTS: THE INDIVIDUAL CASE

X € 0Q. Hence, by the compactness of dQ and the continuity of Vg on Q, there
exists a constant ¢ > 0 such that -8, g = c on 6Q.

Now let x € Q\Qs. Choose xy € 0Q such that u(x) = || x — xpll, < 6. Since g(xp) =0,
Taylor’s formula with remainder gives the estimate

1
g(x) =Vg(xo)" (x - xo) +f0 A-0(x- xo)T(Hg)((l — )Xo + tx)(x — xo) dt
~— —

==0y8(xo)llx—xoll2
= cllx—oll,~ 3 | Hgl o 1013 2 (e~ 3 | Hgl o )ut),
2 2

where Hg is the Hessian matrix of g. So if § is chosen sufficiently small, then
g(x) = Su(x) holds for all x € Q\ Q5.

Step 2: Consider a number u € (s(Apjr),A). If u is sufficiently close to A, the Taylor
series expansion of the resolvent (Proposition 3.3.2(a)) gives

o0

R Api) f= Y. A— ! R, Api)! " f =2 (A-w* g = u,

j=0

where we used that R(u, Apir) = 0. Finally, one can repeat the argument from the
proof of Theorem 5.4.1 to see the estimate R (u, Apiy) f = u. O

We use Example 7.2.4 at the end of the next section (Example 7.3.8) to obtain further
knowledge about the eigenspace associated to the spectral bound of Apj;.

7.3 Characterisation of individual eventual strong positivity

After the deep dive into the positivity properties of the Dirichlet Laplacian in the previous
section, we continue with developing the theory of eventually positive resolvents — and
we shall meet Apj;; again before the end of the section. From Theorem 6.3.3 we know that,
for semisimple eigenvalues, eventual positivity guarantees that the spectral projection is
positive. For eventual positivity with respect to a quasi-interior point, it turns out even a
characterisation can be given in terms of the spectral projection (Theorem 7.3.6).

Notation 7.3.1. Let X, Y be Banach spaces. For u € Y and ¢ € X', we define the operator
up:={(p, - yueL(X,Y).

Clearly, the operator u ® ¢ has rank 1 unless u = 0 or ¢ = 0. It is not difficult to check
that its operator norm is || Uue® (p|| = |lull ||(p|| Moreover, if X = Y, then u ® ¢ is a non-zero
projection on X if and only if (¢, u) = 1.

A functional ¢ € E’ on a Banach lattice E is defined to be strictly positive if (¢, f) >0
forall0< feE.

Proposition 7.3.2. Let E be a Banach lattice, let P € L(E) be a projection, let0 < ue€ E
and assume that Pf = u for all0 < f € E. Then there is a strictly positive functional ¢ € E'
such that P = (Pu) ® ¢.
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Proof. First observe that the assumption implies P > 0 and that Pu > u. Moreover, for
each 0 < f € E one has Pf > u by assumption, and hence, by applying the projection P
again, Pf > Pu.

Now consider a vector 0 < w € rgP. We show that w is a multiple of Pu. Note that
w — tPu # 0 for all arbitrarily large 7 > 0. Indeed, if we could find numbers ¢, — co such
that w — ¢, Pu = 0 for all n, then dividing by ¢, and letting n — oo would yield 0 = Pu,
which is absurd as Pu is positive and non-zero. On the other hand, w — tPu = 0 for ¢ < 0.
Hence, there exists a maximal #; € R for which w — tpPu = 0. If w — toPu > 0, it follows
that w — fyPu = Pu, which contradicts the maximality of . So w — foPu =0.

Since E; spans E, the space rg P is spanned by its positive elements, so it is actually
spanned by Pu. As P has a rank one, it follows that there is a non-zero functional ¢ € E'
such that P = (Pu) ® ¢. Since P and Pu are positive, so is ¢. Finally, as Px > 0 for every
x > 0, it follows that ¢ is strictly positive. O

We now look at a couple of auxiliary results that aid in the proof of Theorem 7.3.6.
Lemma 7.3.3. Let A be a closed operator on a complex Banach space X and let A € g (A).

(@) If A is a geometrically simple eigenvalue and there exist v € ker(1 — A) and v €
ker(A— A') such that {y, v) #0, then A is algebraically simple.

(b) Suppose that X = E is a Banach lattice and A € R is a pole of the resolvent R (-, A) of
order p € N such that the coefficient Q1 of (u—A)~P in the Laurent series expan-
sion of R(u, A) is positive.

Ifker(A — A) contains a quasi-interior point of E;, then p = 1.
Proof. (a) The proof of Lemma 1.2.8 carries over mutatis mutandis.

(b) Let v € ker(1— A) be a quasi-interior point of E. Since Q1 is positive (by assump-
tion) and non-zero (by Theorem 6.2.6(a)), Proposition 7.1.3 implies that Q_ 4+ v # 0.
Employing v € ker(A1 — A), we obtain that

lim (u— V)P~ v = lim (u— VPR, Av=Q_p11v #0.
u—A u—A

As a consequence, p = 1. O

Lemma 7.3.4. Let A € R be a spectral value of a closed operator A: X 2dom (A) — X ona
complex Banach space X. If A is a first order pole of the resolvent R (-, A), then

: _ym m_ — .
i{l}l||(p MR (u, A) P||£( 0 forallmeN;

X,dom(A’”))
where P denotes the spectral projection of A associated to .

Proof. As Ais afirst order pole, limu_,,l(,u—ﬂt)mR(u, A)™=Pin L(X)andrg P = ker(1—A)
by Theorem 6.2.6(b) and (c). Now using (1 — A)R(u, A) = (A — )R (u, A) +id, we obtain

A= A" (= V"RW, A™ = (- "™ (A - WRy, A +id)" — 0= (A— AP

as i — A, from which the assertion follows. O
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Lemma 7.3.5. Let (xj)jej be a net " of elements in the real part Eg of a Banach lattice E
and let u € E be a quasi-interior point of E.. Let x € E be such that x; converges to x in the
Banach lattice E,,.

If there exists ¢ > 0 such that x = cu, then for each € € (0, ¢), there exists jy € ] such that
xj=zeuforall j= jo.

Proof. Foreache € (0,¢), we can find jo € J such that for each j = jo, we have || x; - x|, <
¢—¢ and in turn, |x i— x| < (c—€)u by the definition of gauge norm. Since each x; is real,
we obtain that x; = x— (c—€g)u = euforall j = jo. O

Theorem 7.3.6. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E. Let A € 0(A) NR be a pole of the resolvent R (-, A) and let
u € E; be a quasi-interior point. Consider the following assertions:

(i) TheresolventR(-, A) is individually eventually positive with respect to u at A.
(ii) The spectral projection P associated to A satisfies P f = u whenever0 < f € E.

(iii) The eigenspace ker(A — A) is spanned by a vector v = u and ker(A — A') contains a
strictly positive functional v .

Each of them implies that A is algebraically simple and hence a first order pole of R(-, A).®
One has (i) = (ii) © (iii), and ifdom (A) < E,,, then all three assertions are equivalent.

Proof. ‘(ii) = (iii)” By Proposition 7.3.2, P = (Pu) ® ¢ for a strictly positive functional
@ € E'. In particular, rg P is one-dimensional.

According to Theorem 6.2.6(b) and (c), rg P coincides with the generalised eigenspace
of A, so it follows that A is algebraically, and hence geometrically simple, and hence
a first order pole. In particular, there exists 0 < v € ker(A — A) =rgP with v =Pv = u.

Moreover, as P is the spectral projection of A corresponding to A, P’ is the spectral
projection of A’ corresponding to A (Theorem 6.2.6(d)). Thus, ker(A — A’) contains
the strictly positive functional .

“(iii) = (ii)” Firstly, Lemma 7.3.3(a) ensures that A is even algebraically simple. There-
fore, we obtain from Theorem 6.2.6(b) and (c) that rg P = ker(A — A). From the same
theorem, we also have rg P’ = ker(1— A’).

Now, if 0 < f € E, then there exists a € C such that Pf = av. Actually, as A is real, and
hence so is P, we get a € R. We claim that a > 0. If not, then

0<fsf-av=f—-PfekerP.

Since ¥ € ker(A — A") = rgP’, we have ¢ = P'¢ for some ¢ € E’. This implies that
(v, f—av)={(p, P(f —av)) =0, contradicting the strict positivity of y.

“Recall the definition of a net from Exercise 4.5.
8By Theorem 6.2.6(b).
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7.3. Characterisation of individual eventual strong positivity

“(i) = (ii))”: From Theorem 6.3.3, there exist 0 < v € ker(A — A) and 0 < y € ker(A — A').
By assumption, there exists u > A such that v = (u— A)R(u, A)v = u. In particular,
v is also a quasi-interior point of E.. Furthermore, v is strictly positive. Indeed, if
0 < f € E, choose p > A such that R(u, A) f = u. Then

(v, £)={(u=DRp AV, f)= -y, R, Af)=(y,u)>0

because u is a quasi-interior point (Proposition 7.1.4).

Next, let p € N be the pole order of A. Then (u— A)PR(u, A) converges to Q1 as
u | A and the resolvent is individually eventually positive at A, hence Q-,+1 = 0.
Lemma 7.3.3(b) thus ensures that p = 1.

Owing to Theorem 6.2.6, Qo = Q-p+1 = 0 is the spectral projection of A associated to
A, 18 Qo = ker(A — A), and 1g Q) = ker(A — A’). The last equality ensures that Qyy = .
As v is strictly positive, this implies ker Qy does not contain any positive non-zero
elements. Soif 0 < f € E, then Qg f > 0 and in turn, there exists p > A such that

Qof =(-MNR(AQof = u.
Lastly, assume that dom (A) € E,,.

“(ii) > (i)™ Asalready observed, A is a first order pole of the resolvent R (-, A) and hence
by Lemma 7.3.4, (u—A)R(u, A) — P in L(E,dom(A)) as 1 | A. Since dom(A) € E,,,
this convergence even holds in L(E, E;,) thanks to the closed graph theorem.

Thus for 0 < f € E, the net (u— A)R(u, A) f converges to Pf > u in E,,. The assertion
thus follows by an application of Lemma 7.3.5. O

As a natural follow-up to Theorem 7.3.6, one may ask whether the eventual posi-
tivity of the resolvent can be obtained from the spectral assertions without assuming
dom (A) ¢ E,. Changing the state space to L”(—1,1) in Example 6.1.2 for 1 < p < oo
(un)fortunately, refutes this; readers interested in details of the computation can find
itin [DGK16a, Example 5.4]. Let us observe next that eventual negativity also fits into the
framework of Theorem 7.3.6.

Corollary 7.3.7. In the situation of Theorem 7.3.6, assume that dom (A) € E,,. Then the
assertions (i)—(iii) are also equivalent to the following property.

(iv) The resolvent R (-, A) is individually eventually negative with respect to u at A.

Proof. Without loss of generality let A = 0. Replacing A with —A in the theorem, asser-
tion (iii) remains unchanged, but (i) becomes individual eventual positivity of R(-,—A)
with respect to u at 0, which is equivalent to (iv). O

An application of Theorem 7.3.6 and Corollary 7.3.7 to a fourth-order differential op-
erator is discussed in Exercise 7.2. In our final example in this chapter we revisit the most
prominent (and most classical) example so far, the Dirichlet Laplacian.
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7. CRITERIA FOR EVENTUAL POSITIVITY OF RESOLVENTS: THE INDIVIDUAL CASE

On bounded domains in R” we already know that the Dirichlet Laplacian on L? has
a positive eigenvector for the eigenvalue s(Ap;). Using the abstract results established
in the present section and the concrete results from Section 7.2 we can now show much
more. In one dimension we already knew assertions (a) and (b) in the following example
from a concrete computation (Example 6.3.2); such an explicit computation is, of course,
not possible on general domains in dimension = 2.

Example 7.3.8 (The leading eigenfunction of the Dirichlet Laplacian). Let @ # Q < R” be
open, bounded, and connected. We assume that Q2 has Cc2k boundary for some integer
k > % + 1. Consider the quasi-interior point u of L2(Q), given by u(x) := dist(x,0Q) for
all x € Q. The spectral bound s(Apj;) of the Dirichlet Laplace operator Ap;;: I2(Q) 2
dom (Apjir) — L?(Q) has the following properties:

(@) ker(s(Apjr) — Apir) is spanned by a positive function v that satisfies u < v < u.
(b) One has s(Apj,) <0.?

(c) If n =1, then R(-,Ap;) is individually eventually negative with respect to u at
s(Apir).

Proof. (a) Let us abbreviate 1y := s(Apj;). Since Apjr has compact resolvent and —oo <
Ao < 0 (Example 6.3.5), Ay is a pole of the resolvent and an eigenvalue (Theorem 6.2.9).

As shown in Example 7.2.4 we have R(A1,Api)f = uforall A > lpand all0 < f €
I[%(Q). Hence, Theorem 7.3.6 implies that ker(1y — Api;) is spanned by a function
v = u. On the other hand, for A > Ay one has (1 — /10)"‘1/ =R\, Apir)*v, and the
latter vector is in the principal ideal E,, according to Example 7.2.4. Thus, v < u.

(b) We use the notation from the proof of (a). Assume for a contradiction that Ay = 0.
Then Apjv = 0. One has v € I gR(A, Ak < C2(Q), where the inclusion was shown
in Example 7.2.4. Hence, we can apply the maximum principle (Example 5.2.2) to
conclude that v obtains its maximum at Q2. But v vanishes on Q2 and v is positive,
so v =0, a contradiction.

(c) We apply Theorem 7.3.6. As pointed out in the proof of (a), condition (i) of the theo-
rem is satisfied. Moreover, since n = 1 one has

dom (Apir) = H*(Q) N Hy(Q) € C'(Q) N Co(Q) € L*(Q).,
so Corollary 7.3.7 can be applied and gives the claimed eventual negativity. O

We now know that R(-,Api) is individually eventually negative at s(Apj;) if n =1
and that it is not uniformly eventually negative there when n = 4 (Example 6.4.6). This
obviously leaves a gap, which we will close later on.

9As pointed out before, this also follows from the Poincaré inequality under more general assumptions
on Q, but here we give a proof based on the maximum principle.
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Exercises for Chapter 7

Exercise 7.1 (Quasi-interior points).

(a) Let E be a Banach lattice. Show that u € E, is a quasi-interior point if and only if
(nuAf— fasn—ooforevery feE,.

(b) Let p € [1,00) and let (Q, u) be a o-finite measure space.

Show that u € LP(Q, )+ is a quasi-interior point if and only if #(w) > 0 for almost
all w € Q. Also show that v € L*°(Q, p) + is a quasi-interior point if and only if v > 1.

(c) Let K be a compact metric space. Show that u € C(K) is a quasi-interior point if
and only if u(x) > 0 for all x € K, if and only if u > 1.

(d) Let @ # Q<R be an open set. Prove that a function u € Cy(Q) is a quasi-interior
point if and only if u(x) > 0 for all x € Q.

(e) Give an example of a Banach lattice E with no quasi-interior points.

(f) Let E be a Banach lattice and let ¢ € E’,. Which of the following conditions implies
the other?

(i) ¢ is strictly positive.

(ii) ¢ isa quasi-interior point of E/,.
Exercise 7.2 (A fourth order operator on an interval).
(a) Consider the space L?(0,1) and endow its vector subspace
Vi={ve H*0,1): V' (0)=v'(1) =0}

with the H?-norm. Define the sesquilinear form
1__
a:VxV->C, auv) ::f u"v" dx.
0

Show that a satisfies all assumptions of Theorem 5.1.4, where p can be chosen to
be any number > 0.

(b) Let A: L%(0,1) 2 dom (A) — L%(0, 1) denote the operator associated to a. Show that
there exists 1o > 0 such that R(A, A) 3§ 0 forall A € [Ag,00).
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7. CRITERIA FOR EVENTUAL POSITIVITY OF RESOLVENTS: THE INDIVIDUAL CASE

(c) Compute dom(A) and Au for all u € dom (A).

(d) Show thatker A and ker(A’) are spanned by 1, that s(A) = 0, and that A has compact
resolvent.

(e) Prove that R(-, A) is individually eventually positive with respect to 1 at 0.

Exercise 7.3 (The positive minimum principle and higher order operators). Let K be a
compact metric space. Let A: C(K) 2 dom(A) — C(K) be closed and densely defined,
and assume that s(A) <ocoand R(A, A) = 0 for all 1 > s(A).

(a) Show that A is real.

(b) Fixapoint € (s(A),00) and set u := R (u, A) 1. Prove that u is a quasi-interior point
of C(K),, i.e. that u(x) > 0 for each x € K.
Show furthermore that R(A, A)u < +u uforall A > p.

(c) Show for every v € dom (A) that A(AR(A, A) —id)v — Av in C(K) as A — co.
Hint: Use Exercise 5.1(a).

(d) Prove that, for each xj € K, the operator A satisfies the positive minimum princi-
ple at xy € K, i.e. for each 0 < v € dom (A) with v(x) = 0 one has (Av)(xp) = 0.0

(e) Let m =3 be an integer. Consider a densely defined closed operator B: C([-1,1]) 2
dom (B) — C([-1,1]). Assume that dom (B) contains all test functions on (-1,1)
and that Bv = v for each such test function v.

Show that B does not satisfy the positive minimum principle for any xq € (-1, 1).

10Note that this is the same property that was assumed in Theorems 5.2.1 and 7.2.1.
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Notes for Chapter 7

Quasi-interior points

Quasi-interior points were introduced by Schaefer [Sch60] as a generalisation of points
in the topological interior of the cone. The main motivation was that cones in infinite-
dimensional spaces often have empty interior, but quasi-interior points still have many
useful properties of interior points. Quasi-interior points are, for instance, useful in the
study of so-called irreducible operators, see e.g. [MN91, Section 4.2]. In the literature,
the symbol u > 0 is sometimes used to denote that u is a quasi-interior point.

We point out that the characterisation of quasi-interior points via positive linear
functionals (Proposition 7.1.4) fails in the general setting of so-called ordered Banach
spaces. See [GW20, Section 2.2] for a detailed discussion of this topic.

The Hopf boundary point lemma

The arguments that we gave to prove the Hopf boundary lemma (Example 7.2.2) are, in
principle, almost the same as one may find in standard PDE books. What is unusual
about our approach is that we phrased it in the abstract setting of Theorem 7.2.1, which
extends the setting of the abstract maximum principle from Theorem 5.2.1 by an addi-
tional assumption on w.

To encode the inner normal derivative —9, at xp into the action of the operator A
in the proof of Hopf’s boundary lemma does not seem to be a common approach. This
somewhat unconventional structure of A, without a clear theoretical explanation for its
occurrence, is one indication — among others — that the abstract versions of the maxi-
mum principle in Theorems 5.2.1 and 7.2.1 are not yet in a really satisfactory state.

Readers with an inclination towards PDE theory may also object to the strong as-
sumptions on the regularity of the boundary of the domain Q in Example 7.2.4. This
is due to our Sobolev-space approach, which starts with very little regularity (merely
L? functions) and heavily depends on the Sobolev embedding theorems. An equally
well-established approach is the so-called Schauder theory, which works with spaces
of Hélder continuous functions and classical derivatives. In short, if Q is a bounded do-
main with C>® boundary (for some «a € (0,1)), f € C*%(Q), and if u solves Au—Au = f
in Q and u = 0 on 4Q in the classical sense, then u € C>%(Q); see [GT01, Theorem 6.19].
Thus, the order of differentiability of the PDE solution and the boundary agree.
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Individually eventually positive resolvents

The characterisation of individual eventual positivity with respect to u in Theorem 7.3.6
stems from [DGK16a, Sections 3 and 4]. The fact that the implication from (i) to the other
assertions holds even without the domination assumption dom (A) < E,, was proved in
[DG17, Section 4]. The proof that we presented for this implication is a bit different in
that it avoids using properties of quasi-interior points that are more strongly tied to the
lattice structure of the surrounding space (in particular, the properties discussed in Sup-
plement 7.A). This might turn out beneficial in potential generalisations of eventual pos-
itivity theory to ordered Banach spaces.

The fact that the domination assumption dom (A4) € E,, is in fact necessary in many
cases in order to have individual eventual positivity and negativity at the same time, was
shown in [AG23a]. In these notes, we simplified the proof and improved the result by
removing the assumption that the vector u satisfies u < v < u for an eigenvector of A.
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Encore: if you want to know more...

7.A More on quasi-interior points

In the Banach lattice R, every non-zero positive element is a quasi-interior point. Here,
we show that this cannot happen in any dimension larger than 1 (Proposition 7.A.4). The
underlying idea is related to Proposition 7.3.2, but is technically a bit more involved.

Definition 7.A.1 (Disjointness of vectors). Two vectors x, y of a Banach lattice E are
called disjoint if | x| A |y| =0.

Example 7.A.2. If x is any vector in a Banach lattice E, then x* and x~ are disjoint ele-
ments, and thus x = x* — x~ is a disjoint decomposition. Indeed, one has

XTAX =[x =x)AX —x)]+Xx =(xA0)+x =-x +x =0
by elementary properties of vector lattice operations (Proposition 4.1.3).

Lemma 7.A.3. If E is a Banach lattice with dimension dimE = 2, then there exist two
disjoint non-zero elements x,y € E,.

Proof. As dimE = 2 and as the linear span of E, equals E, we can find two linearly inde-
pendent vectors u, v € E,; in particular, u, v # 0. Observe that there exists a real number
tp € (0,00) such that neither u < fyv nor u = fyv holds. Indeed, both the sets

{te(0,00):u<tv} and {re€(0,00):u=tv}

are not equal to (0,00) since u, v # 0, are relatively closed in (0,00) since E, is closed,
and are disjoint since u, v are linearly independent. Hence, the union of those two sets
cannot be (0, 00) since (0, 00) is connected.

Let us now replace v with fyv. Then u, v are non-zero vectors in E, that satisfy u £ v
and u # v. Hence, the positive vectors x := u— u A v and y := v — u A v are non-zero and
they are disjoint since

OsxAny=w—-unv)Alv-unv)y=uAv—-unv=0. O

Proposition 7.A.4. If every positive non-zero element of a Banach lattice E is a quasi-
interior point, then dimE < 1.
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Proof. Suppose dimE = 2. By Lemma 7.A.3, there exist disjoint non-zero vectors x,y €
E,. Every element of E, is then disjoint to x: indeed, for each z € E,, there exists a number
¢ = 1 such that |z| < cy. Hence, x A |z| = 0 follows from

OsxAlzl=sxAn(cy) = (cx)A(cy)=clxny)=0,

From continuity of the lattice operations (Proposition 4.1.7), it follows that each element
of the closure E|, is disjoint to x. Since x is non-zero, it is not disjoint to itself and thus,
X ¢ Ey. Therefore, y is not a quasi-interior point of E, . O
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Chapter 8

Criteria for eventual positivity of
resolvents: the uniform case

After proving sufficient conditions for individual eventual positivity (and negativity) of
resolvents in the previous chapter, we now turn to the uniform case. A key assumption
to get individual eventual positivity in Theorem 7.3.6 was the property dom (A) € E,
since it gives that the resolvent maps into the principal ideal E,,. For the uniform case,
we need a stronger property of the resolvent. In Sections 8.1 and 8.2 we set the stage for
this, before we turn to the main theorem in Section 8.3.

8.1 Banach lattice overture: Norms induced by functionals

To obtain criteria for uniformly eventually positive resolvents, we need a few more tools
from Banach lattice theory. This section introduces a construction dual to the principal
ideals discussed in Section 7.1. The following example serves as motivation.

Example 8.1.1. Let (Q2, u) be a finite measure space and let p, p’ € (1,00) such that % +
# = 1. As usual we identify L? (Q,y) with the dual space (LP (Q,u))' — note that this
identification respects the order structure.

The function 1 € L”'(Q, 1) acts as a strictly positive functional on the Banach lattice
LP(Q, ), and for each f € LP(Q, u) one has

A= [ It du=17ls-

Hence (1, |-|) is a norm on L”(Q, u). Of course, the norm completion of L”(Q, u) with
respect to this norm is the Banach lattice LYQ, .

Now we take this example and turn it into a general construction on Banach lattices.
If E, F are Banach lattices over the same field, a linear map J: E — F is called a lattice
homomorphism if | /x| = J|x| for all x € E. Observe that every lattice homomorphism is
positive (and hence continuous by Theorem 4.3.3). A bijective lattice homomorphism is
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called a lattice isomorphism. This is justified, since one easily checks that the inverse is
also a lattice homomorphism.

Proposition 8.1.2 (AL-spaces generated by functionals). Let E be a Banach lattice, let
@ € E!, beastrictly positive functional, and consider the norm || - | ge := (¢, |-|) on E. There
exists, up to an isometric lattice isomorphism, precisely one Banach lattice EY over the
same field as E with the following properties:

(a) Asa Banach space, E? is the norm completion of the normed space (E, | - | go).}
(b) The inclusion map E — E? is a lattice homomorphism.
The Banach lattice E? is called the AL-space generated by .

The terminology for E? is due to the fact that the norm on this space can be readily
seen to be additive on the positive cone, and Banach lattices with this property are often
called AL-spaces. In the real case, the proposition can be checked by showing that E¥ is
a Banach lattice with the order induced by E_+” 2 and the embedding E — E¥ is alattice
homomorphism; see, for instance, the beginning of Section IV.3 in [Sch74]. The complex
case can then be derived from the real one.

The reason why we call the construction of E¥ dual to the construction of principal

ideals is explained in Exercise 8.1.

8.2 Smoothing properties of operators

Let (Q1, u1) and (Q2, o) be finite measure spaces and let k € L*(Q; x Qo, u1 ® o). Then
Tp: LN Qo i) — [°Q@up), o fg kG0 dia(y)
2

defines a bounded linear operator. In fact, the Dunford-Pettis theorem says that every
T e L(LY(Q,, U2), L°(Qq, 11)) is of this form; see for instance [Are06, Theorem 4.1.1] from
the lecture notes of the 9th Internet Seminar. If k is real-valued, then Ty is real and it
follows from |k| < || klloo Lo, xq, that

1Ty = lklloo Lo, ® Loy,

where we use the notation for rank-1 operators introduced in Notation 7.3.1. Now let
p1,p2 € [1,00]. If a real operator T: LP2(Qy, tp) — LP1(Q1, 1) extends to an operator
LY(Qy, U2) — L°(Qq, 11), then the extended operator has the form described above. Thus,
the extension and hence T itself are dominated above and below by multiplesof 1, ® 1, .

We now generalise these observations to abstract Banach lattices. To recover the sit-
uation above in the following theorem, observe that the principal ideal generated by
lg, in LP'(Qy, 1) is L*°(Qy, 1), and that AL-space generated by the functional 1q, €
(LP2(Q, 1)) equals L (Qg, p2).

Recall that the norm completion of a normed space is unique up to isometric Banach space isomor-
phism.
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8.2. Smoothing properties of operators

Theorem 8.2.1. Let E, F be Banach lattices, u € Fy, and ¢ € E' a strictly positive func-
tional. For every real operator T € L(E, F), the following are equivalent:

(i) T extends to a bounded linear operator T e L(E?, F,).
(ii) There exists a constant ¢ =0 such that+T < cu® @; in short, +T < u® .
(iii) There exists a constant ¢’ =0 such that|Tx| < ¢’ ((p, |x|> uforallxeE.
If any of the above assertions hold, then ¢ = ¢' = | T||z. _p,-

Proof. Note that the inclusions j : E— E? and k: F,, — F are lattice homomorphisms.

,

‘i) © (iii)” If (i) holds, then Diagram (8.2.1) commutes and for every x € E>?

| Tjx

£, =C |ix| g = o, [ix]) = (o, Ix1);

where ¢' = | T|| . _p,. Inturn, |Tjx| < c'(p, |x]) u. Consequently
Tx| = |kTjx| = |Tjx| < (o, |xl)u

which is (iii).

E® _T> F,

]T L’“ (8.2.1)

E T> F
Conversely, if (iii) holds, then from the definitions of the norms on F,, and E?, || Tx” F, <

¢’ |l x| go for all x € E. By density of E in (E?, || - || g»), assertion (i) follows.

“(ii) < (iii)”: The inequality in (iii) implies —¢/ (@, x)u < = |Tx| < Tx <|Tx| < ¢'{(p, x) u
for all x € E,, which immediately yields (ii) with ¢ = ¢’.

Conversely, assume that (ii) holds. Then for every x € Eg, we have
|Tx*|<c{p,x")u and |Tx"|<c(p,x )u.

Thus | Tx| < |Tx+| +|Tx"| < c{¢, |x|) u. For each z € E and 6 € [0, 27], this gives
|Re(ei9 Tz)| = |TRe(eiez)’ < c<(p, |Re(ei9z)|> u;

the first equality uses that T is a real operator. Recalling our construction of the
complex modulus function (Theorem 4.2.4), we deduce

Tz| = 411[02” |Re(ei9Tz)| do < ifomc<(p, ‘Re(eiaz)|> 1 do

1 2m
“<(v3 ]

and thus the proofis complete. O

Re(eigz)| d0> u=c{p,lzl)u,

2In order to keep the notation reasonable, we do not show explicitly in which spaces the various moduli
are taken.
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Condition (i) in Theorem 8.2.1 easily gives the following consequence.

Corollary 8.2.2. Let E be a Banach lattice, let u € E., and let ¢ € E' be a strictly positive
functional. If two real operators Ty, T, € L(E) satisfy the equivalent assertions of Theo-
rem 8.2.1 with E=F, thensodo a, T, + a2 T, and T\ ST, for all a1, a, € R and for all real
operators S € L(E).

The equivalent assertions in Theorem 8.2.1 are actually closely related to assump-
tions of the type dom (A4) < E,, that occurred in Chapter 7.1. The following result makes
the connection more explicit.

Proposition 8.2.3. Let E, F be Banach lattices, let ¢ € E' be a strictly positive functional,
and let T € L(E, F). The following assertions are equivalent:

(i) T extends to a bounded linear operator T: E? — F.
(i) Therangeof T': F' — E' is contained in the principal ideal (E').

In this case,

[ T”F«—E‘/’ =[] (ENp—F'*

Proof. “(i) = (ii)”: Forally € F' with |y, <1 and all y € E, we have

v, T = 1Tyl = 1T pp (0 91D

Now let x € E, be arbitrary. The Riesz-Kantorovich formula (Theorem 4.4.2) implies
(I7"y|, x) = sup (T'y, y)| = sup [(y, Ty)]
y|=x ly|=<x
<[ T p—po sup o, [y} = |1 T ] p_po {0, x).-

y|sx

This proves that | T'y| < | T|| sz ||| ¢ for all € F', and therefore rg T’ < (E'),, with

1’| (ENy—F = 17 5o

“(ii) = ())”: The closed graph theorem implies that T': F' — (E'), is bounded. It
follows by the definition of gauge norm that | T"y/| < | T'y/||, g, ® forally € F'. Hence

Ky, Tx)| = (T'y, )| < (| Ty, Ixl) < | T,U’”(E')q, (., 1xl) = T/WH(E')(,, ]l o

for all x € E and y € F/, where the first inequality is a direct consequence of the Riesz-
Kantorovich formula. After taking the supremum over all y € F’ with ||y, < 1, we find

” Tx”F = ” T/” (E’)¢<—F’ ”x”E(P

for all x € E. Since by definition E is dense in E¥ with respect to | - | go, it follows that T
extends to a bounded linear operator T: E¥ — F with | T|| ,_z, < || T'|| (E)y—F'" O
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8.3. A sufficient condition for uniform eventual positivity

Corollary 8.2.4. Let E be a Banach lattice, let u € E, and let ¢ € E', be a strictly positive
functional. If Ty, T», S € L(E) are real operators and satisfy

rgTh S Ey and 18T, < (E)y,
then T, ST, satisfies the equivalent assertions of Theorem 8.2.1.

Proof. The closed graph theorem implies that T} € L(E, E,;), while Proposition 8.2.3 shows
that T, extends to an operator T, € L(E?,E). Hence T, ST»: E — E extends to the bounded
linear operator T, ST,: E¥ — E,, i.e. assertion (i) of Theorem 8.2.1 is fulfilled. O

Example 8.2.5. Consider the Banach lattice E = I2(0,1), and identify E' with E. Define a
continuous function G: [0,1]?> — [0,00) by G(x, y) := x A y — xy. Let T € L(E) be given by

1
Tf =f0 GG, Nf(y)dy
for all f € E. Consider the quasi-interior point u € L2(0, 1) given by u(x) = x(1-x). Then
T has the following properties:
(@) rgT < E,andrgT’' € E,. Thus, T°<u®u according to Corollary 8.2.4.
(b) However, T £ u ® u.

Proof. (a) Since the kernel is symmetric (i.e. G(x, y) = G(y, x)), the dual operator T’ is
also given by integration against G.* So it suffices to show rg T € E,,. For x,y € (0, 1),

“ly, if y < x,

X
0<ux) ‘G, y =
u(x) " Gx,y) {(l—x)‘l(l—y), iy,

hence u(x)"1G(x, -) <1 for all x € (0,1). Therefore, for each f € Ewe have

1
(@pel=ue [ 7wl dy=uw|rl,,

which proves T f € E,,.

(b) For 6 >0 we have u%i’%) = ﬁ —oo0asd | 0,inturn T Z u® u. O

8.3 Asufficient condition for uniform eventual positivity

Our key assumption to get a sufficient condition for uniform eventual positivity (or neg-
ativity) of resolvents is that the resolvent satisfies a kernel estimate as described for gen-
eral operators in Theorem 8.2.1 above. Let us first note that the validity of such an esti-
mate does not depend on the point that one considers within the resolvent set.

3In other words, the real operator T is self-adjoint. This notion, and its relation to dual operators, is
discussed in more detail in Section 8.4 below.
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Proposition 8.3.1. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E. Let u € E. and let ¢ € E'.. If there exists a number A €
p(A) NR such that +R(A, A) = u® @, then the sameis true for all A € p(A) NR.

Proof. Ifthe given estimate is true for atleast one number A € p(A)NR, thendom (A) € E,,
and dom (A’ ) c (E' )p- For all other Ae p(A) NR, one has the resolvent identity

R(A,A) =RA,A+A-DRA, ARA, A),
which gives the claim, since +R (1, A)R(A, A) < u® ¢ by Corollary 8.2.4, O

The main result of this chapter is the following theorem which contains the sufficient
conditions for uniform eventual positivity (and negativity) promised in the introduction.

Theorem 8.3.2. Let A: E > dom (A) — E be a closed, densely defined, and real operator on
a complex Banach lattice E. Let A € 0 (A) NR be a pole of the resolvent R (-, A) and assume
the following properties:

(1) The eigenspaceker(A — A) is spanned by a quasi-interior point u € E, .
(2) The dual eigenspaceker(A — A') contains a strictly positive functional .
(3) There exists a number A1 € p(A) NR such that +R(A1, A) L u® .

Then R (-, A) is uniformly eventually positive with respect to u® ¢ at A and uniformly
eventually negative with respect to u® ¢ at A.

Proof. Without loss of generality, we assume that A =0 and (¢, u) = 1.

Step 1: Since ¢ is a strictly positive eigenvector of A’ and u € ker A is a quasi-interior
point of E,, we know from Theorem 7.3.6 that 0 is a first order pole and the asso-
ciated spectral projection P satisfies Pf > u for all 0 < f € E. Thus P is a rank-one
projection with Pu = u and P'¢ = ¢. Consequently, P = u® ¢.

Step 2: Let € p(A) NR. By the finite expansion of the resolvent (Lemma 6.4.5 for n = 2),
R, A) =R(A1, A) + (A1 — WR(A, A + Ry,

where Ry, := (A — W>R (A1, AR, AYR(A1, A). By assumption (3), R(A;, A) satisfies
the equivalent assertions of Theorem 8.2.1, hence so does R (u, A) by Corollary 8.2.2.

Step 3: Using 11 R(A;, A)P = P, we can write
PRy —P=R(A1, A1 — w*uR (Y, A) — A{P)R(A1, A).

Therefore, uR,, — P also satisfies the equivalent assertions of Theorem 8.2.1 by Corol-
lary 8.2.2. Combining this with the fact yR(u, A) — P in L(E) as 4 — 0, it follows that
uRy, — Pin L(E?,Ey) as u— 0.
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Step 4: Steps 2 and 3 together ensure yR(u, A) — P in L(E?,E,) as u— 0. Since P = u® ¢
by Step 1, it follows that yR(u, A) = u® ¢ for all u in a neighbourhood of 0. Thus,
R (-, A) is uniformly eventually positive and negative with respectto u® ¢ at0. O

We now discuss three examples for uniform eventual positivity and negativity, each
of them on a bounded interval. For the first one, everything can be computed explicitly,
for the other two we use Theorem 8.3.2.

Example 8.3.3 (A first order differential operator). Let p € [1,00). Consider the Banach
lattice E = LP(0,1) and its dual space E' = LP'(0,1), where p’ € (1,00] satisfies %+ % =1.
The closed operator Ag on L”(0,1) given by
dom (Ag) := {f e W"P(0,1): f(0) = f(1)}
A()f = f/
has the following properties.
(a) Ap has compact resolvent and its spectrum is o (Ag) = 27iZ.

(b) The resolvent of Ay satisfies

R, Ag) =—1e1 if ue(—00,0) and Ry, Ap) =11 if ue (0,00).

Proof. (a) One can verify that for each y € C\2niZ, the integral operator with kernel

1

T=e ) (8.3.1)

Kyu(x,y) = ety [~ Liy<x +

isinverse to u—Ap. Hence, u € p(Ap) and R(y, Ap) is the integral operator with kernel
K. On the other hand, for u € 27iZ the function v € L”(0,1) given by v(x) = e!* is
clearly in dom (Ap) and satisfies Agv = uv, so indeed o(Ap) = 27iZ. The compact-
ness of the resolvent follows, for instance, from the compactness of the embedding
WbP(0,1) — LP(0,1) (Theorem 6.3.1 and Exercise 6.5).

(b) Let e R\{0}. We use that the resolvent R (u, Ag) has the integral kernel given by for-
mula (8.3.1). If 4 < 0 the summand 1/(1-e"#), and hence K}, (x, y), is strictly negative.
By continuity, there exists ¢ := —maxy, ye[0,1] Ku(x, y) > 0 such that

1 1
(R, Ag) f) (x) =f0 K (x, ) f(y)dy < —Cfo f@dy=-c(leDf)x)
forall 0 < f € E. The proof in the case y > 0 is similar. O

Example 8.3.4 (A third order differential operator). On the Banach lattice E = I2(0,1),
consider the closed operator

dom(A) :={fe H3©0,1): fP0) = fPQ)vk=0,1,2}
Af = f”’,

and identify E’ with E. Then 0 € g(A) is an isolated spectral value of A and R(-, A) is
uniformly eventually positive and negative with respectto 1® 1 at 0.

(8.3.2)
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Proof. If Ay denotes the operator from Example 8.3.3 for p = 2, one has A = Ag. Since
0(Ap) < iR, this implies that p(A) # @ and that A has compact resolvent. We verify the
assumptions of Theorem 8.3.2.

(1) and (2) Observe that 1 € ker A and all eigenfunctions of A corresponding to the eigen-
value 0 are polynomials of degree at most 2. The periodic boundary conditions im-
posed in (8.3.2) ensure that they are constant. In other words, ker A is spanned by 1.
Since A’ = — A, the dual eigenspace ker A’ is also spanned by 1.

(3) On E, consider the closed operator
dom (B):={ue H*0,1): u®0) = uP (1) vk =0,1}
Bf:=f+f'+f"
Then1-A=(1-Ap)Band 1€ p(A) Np(Ap). Therefore 0 € p(B) and
R(0,-B)E < H*(0,1) € L*®(0,1) = Ey,

by the Sobolev embedding in Theorem 5.3.7(b). Observing Aj, = — A, we similarly
obtain R(1, Ag)'E’ < (E');. Since R(1,A) = R(0,-B)R(1, Ap), it follows from Corol-
lary 8.2.4 that +R(1,A) <1 1. O

Example 8.3.5 (The Laplacian with non-local boundary conditions, revisited). Consider
the Laplace operator Ag: L?(0,1) 2 dom (Ag) — L?(0,1) with non-local boundary condi-
tions from Examples 5.4.3 and 6.3.4, whose domain is

- 2y 1y, [CHO)_ 11 1) (u
dom(AB)—{ueH(O,l).(u,(l))— 2(1 1)(u(1))}.

Then R (-, Ap) is uniformly eventually positive and negative with respectto 1 ® 1 at s(Ap).

Proof. We verify the assumptions of Theorem 8.3.2. Recall from Example 6.3.4 that s(Ag) <
0 is an eigenvalue and the explicit formula for the resolvent of Ap at 0 is given by

1 r! 1 rlry 1 rxrl
R(0,Ap) f(x) = —f flz)ydz+ —f f f(z)dzdy + —f f f(z)dzdy (8.3.3)
4 Jo 2Jx Jo 2Jo Jy

forall fe L%(0,1).

Step 1: If0 < f € L?(0,1), then formula (8.3.3) shows that

1! 1
R(O,AB)f(X)EZj; f(z)dz=zl((]l®ll)f)(X)

for all x € [0,1], which implies R(0,Ap) = 1 ® 1. Applying Theorem 5.4.1 with Q =
1®1, we obtain that R(u, Ap) = 1® 1 for all u € (s(Ap),0]. This shows that R(-,Ap) is
uniformly eventually positive with respect to 1 ® 1 at s(Ap).

Theorem 7.3.6 now implies that ker(s(Ap) — Ap) is spanned by a vector v > 1, and
the dual eigenspace ker(s(Ap) — A%) contains a strictly positive functional ¢. The
property v > 1 clearly shows that v is a quasi-interior point.
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Step 2: Formula (8.3.3) also directly yields the estimate
1 1 1 5
ROADS= (345 %5 1/ mon L =5 (L 1AL

for all f € L?(0,1). Thus +R(0,Ap) < 1®1.

We have thus verified all the conditions of Theorem 8.3.2 and conclude that R(-,Ag)
is also uniformly eventually negative with respect to 1 ® 1 at s(Ap). O

8.4 Intermezzo: Hilbert space adjoints vs. Banach space duals

Our extensive use of form methods to construct linear operators on Hilbert spaces makes
it worthwhile to spend a short intermezzo on clarifying the relation between dual opera-
tors on Banach spaces, adjoint operators on Hilbert spaces, and adjoints of sesquilinear
forms. We use this in Example 8.5.2 in the next section. The definition of adjoint opera-
tors on a Hilbert space H is very similar to that of dual operators (Definition 3.1.5).

Definition 8.4.1 (Adjoint operators and forms). Let V, H be complex Hilbert spaces.

(a) Let A: H>dom (A) — H be a densely defined linear operator. The adjoint opera-
tor A*: Ho>dom (A*) — H is defined by
dom(A*):=={xeH|3yeH: (x| Av)=(y | v) Vvedom(A)}
A'x:=y,

where y in the second line is the vector that occurs in the definition of dom (A%).A
The operator A is called self-adjoint if A* = A.

(b) Leta: VxV — Cbe asesquilinear form. The forma*: VxV — Cgivenby a* (i, v) :=
a(v,u) for all u, v € V is called the adjoint form of a.

Recall from Theorem 5.1.4(c) that a sesquilinear form a is called symmetricif a(u, v) =
a(v, u) for all u, v € V. In other words, a is symmetric if and only if a* = a.
The adjoint and the dual of a Hilbert space operator are related as follows.

Proposition 8.4.2. Let A: H 2 dom (A) — H be a densely defined linear operator on a
complex Hilbert space H. Consider the mapping J: H— H', x — (x | -), which is an anti-
linear isometric bijection by the Riesz—Fréchet theorem. Then J(dom(A*)) = dom (A')
and the following diagram commutes:

H 2 dom(A*) A5 H

b b b

H 2 dom(A’)T>H'

4Observe that y is unique by density of dom (A4) in H.
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Proof. This follows by chasing the definitions. O

Let (Q,v) be a o-finite measure space. Observe that there are two common ways
to identify L?(Q,v) with its dual space. When thinking mainly about Hilbert space, one
typically identifies each f € L?(Q,v) with the functional (f | -) = f,, f - dv. This iden-
tification is actually the anti-linear isomorphism from the Riesz-Fréchet representation
theorem that we called J in Proposition 8.4.2. On the other hand, for p € [1,00) and
p' € (1,00] with 1/p+1/p’ = 1, it is more common to identify L (Q,v) with the dual
space (L"’ (Q,v))’ by identifying each function f € )i (Q, v) with the functional fQ f-dv.
Note that the isomorphism that maps f to this functional is linear rather than antilinear.
However, for real-valued functions f, both isomorphisms associate the same functional
to f.

In particular, if A is a real operator and A € R, then the real-valued elements of ker(1—
A*) and ker(A — A) coincide under those identifications. This is often useful to find out
information on the dual operator A’ since A* can be described, again, by form methods:

Proposition 8.4.3 (The adjoint operator via the adjoint form). Under the assumptions
of Theorem 5.1.4, let A: H =2 dom (A) — H be the operator associated to the forma: V x
V — C. Then A* is the operator associated to the adjoint form a*. In particular, if a is
symmetric, then A is self-adjoint.

Giving in to the belief that this proposition will not appear too surprising, we refrain
from discussing the proof and instead return to kernel estimates and eventual positivity.

8.5 Kernel estimates for resolvents via forms

We close this chapter with a tool to check the key assumption +R(A;, A) < u® ¢ in The-
orem 8.3.2 if the operator A is associated to a sesquilinear form on 2.

Proposition 8.5.1. Let H = L2(Q,v) for a o-finite measure space (Q,v) and let V be a
complex Hilbert space such that V embeds continuously and densely into H. Leta: V x
V — C be a bounded, real sesquilinear form on V that satisfies the ellipticity estimate

Rea(v,v) + vl =8 lvl?

for some numbers peR and 6 >0 and forallve V.
Ifue H, satisfies’ V < Hy, then the operator A associated with a satisfies +R(A, A) <
u® u for one, henceall, 1 € p(A) NR.

Proof. By shifting the form we may assume that y < 0. Hence, 0 € p(A) according to
Theorem 5.1.4(b). Note that A is a real operator since a is assumed to be real; hence, so
isR(0, A). Let x € H and set w := R(0, A)x € dom (A) € V. The inclusion map from V into
H,, is continuous by the closed graph theorem, say with norm c. Hence,

2 2

2 _ .2 2 <C—R S
lwly, < clwlly < 5 ea(w,w) < 5 la(w, w)|

5This implies that u is a quasi-interior point of Hy since V is dense in H.
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2 2 2

w0l s = lwlp, (wl1x) ;= = lwl g, @ 1)
=—|(w|xyls—|w ullxl).,=—Illw u, x|,

5 HIS 5 H, H™ g H,

so |wll g, < %2 {u, |x|). In other words, |R(0, A) x| = |w| < %2 (u, |x|) u. According to Theo-
rem 8.2.1 this means that +R(0, A) < u® u. O

Example 8.5.2 (The Neumann Laplacian on an interval). Consider the sesquilinear form
a: H'(0,m) x H'(0,71) — C, a(v,w) := (V' | w');. on L2(0,7). Its associated operator Aney
acts as the weak second derivative on the domain

dom (Aneu) = {u € H(0,7) : u'(0) = v/ () = 0}.

The operator Aney is called the Neumann Laplace operator and has the following prop-
erties.

(a) Aney has compact resolvent.

/

(b) s(Aneu) = 0 is an eigenvalue and ker Aney and ker Ay, |

are both spanned by 1.
(c) Forevery A >0 one has R(A, Aneu) = 0.

(d) Theresolvent R(-,Aney) is uniformly eventually positive and negative with respect
tole®l atO.

Proof. The fact that Ane has the claimed domain and acts as the weak second derivative,
is a special case of Exercise 5.6(a). Let us show that Aney has the claimed properties.

(b) For each >0, we have
2 .
Rea(v,v) + pllvl5, = | /|72 + plvl5, = min{l, g} vlI,

for all v € H'(0, 7). Therefore by Theorem 5.1.4, the associated operator is closed and
densely defined, and s(Aney) < 0. In fact, s(Aneu) = 0, as one can easily check that 0
is an eigenvalue and the corresponding eigenspace is spanned by 1. Since the form
a is symmetric, the operator Aney is self-adjoint (Proposition 8.4.3) and hence, the
dual eigenspace is also spanned by 1.

(a) The embedding H'(0,7) — L?(0,7) is compact by Theorem 6.3.1 and we have shown
in the proof of (b) that the assumptions of Theorem 5.1.4 are fulfilled. It follows that
Aney has compact resolvent by Proposition 6.2.10(b).

(c) Recall from Example 4.1.4(d) that H' (0, 7;R) = H'(0,7) " L?((0, 7); R) is a sublattice of
L%((0,7);R) and
aw™,v") =(-Lp<q V' | Lips V') ;2 =0
forall ve H(0,7;R). The Beurling-Deny criterion (Theorem 5.1.7) therefore implies
the assertion.

(d) By the one-dimensional Sobolev embeddings in Theorem 5.3.7(b), we know that
H'(0,7) € L®(0,7) = L?>(0,7)1. As aresult +R(A, Aney) =< 1 ® 1 for all A > 0 by Propo-
sition 8.5.1. Thus, all assumptions of Theorem 8.3.2 are fulfilled with u = ¢ = 1,
whence the assertion follows. O
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Exercises for Chapter 8

Exercise 8.1 (AL-spaces generated by functionals vs. principal ideals). Let E be a Banach
lattice and ¢ € E’ a strictly positive functional. Show that the Banach lattices (E¥)’ and
(E'), are isomorphic.

More precisely, show that J: (E#)" — E', ¢ — |, maps the dual space (E¥)’ bijec-
tively to the principal ideal (E),, and that Jy = 0 if and only if ¢ > 0.

Exercise 8.2 (A fourth order operator on an interval, continued). Consider the fourth
order differential operator A: L?(0,1) 2 dom (A) — L?(0,1) from Exercise 7.2. We know
from that exercise that R(-, A) is individually eventually positive with respect to 1 at the
spectral bound 0. Now we improve this result.

(a) Show that R(:, A) is uniformly eventually positive with respect to 1 ® 1 at 0.
(b) Is R(-, A) also uniformly eventually negative with respectto 1 ® 1 at 0?

Exercise 8.3 (Yet another fourth order operator on an interval). Consider the Dirichlet

Laplace operator Apjr: L(0,7) 2 dom (Apiy) — L?(0,7). Define A:= —AZ. .

(a) Show that o(A) € (—00,0) and that A has compact resolvent.

(b) Prove that R(-,A) is uniformly eventually positive and negative with respect to
sin® sin at s(A).

Exercise 8.4 (A first order operator on a space of continuous functions). In this exercise
we revisit the differential operator Ay from Example 8.3.3, but now on the space C([0, 1]).
Let Ap: C([0,1]) 2dom (Ap) — C([0,1]) be given by
dom (Ag) := {f € C'([0,1]) : £(0) = f(1)}
Aof=f".
(a) Show that Ay has compact resolvent, that o(Ag) = 27iZ, and that the resolvent at
U € p(Ap) is given by the integration against the kernel from formula (8.3.1).

(b) Find a strictly positive functional ¢ € C([0,1]) that spans the kernel ker A’ of the
dual operator. Is ¢ is a quasi-interior point of C([0,1])’,?

(c) Provethat R(u, Ag) = —1 &g forall ye (—o0,0) and R(u, Ag) = L e forall u € (0,00)
where ¢ is the functional from (b).
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Notes for Chapter 8

Sufficient conditions for uniform eventual positivity

Theorem 8.3.2 is a special case of the main result of [AG22a], which was in turn inspired
by earlier results of Takac¢ [Tak96]. In fact, one can show the same conclusion as in The-
orem 8.3.2 if the assumption +R(1;, A) < u® ¢ is replaced with the one-sided estimate
R(A1, A) = —u® ¢ along with the weaker assumptions dom (A™) < E,, and dom ((4")™) <
(]5’)(/J for some m € N; see [AG22a, Theorem 1.2].

For concrete differential operators, the domain embeddings usually follow from el-
liptic regularity results (up to the boundary) combined with Sobolev embedding theo-
rems — a theme that we have already used multiple times for the Dirichlet Laplace oper-
ators. The lower estimate R (11, A) = —u ® ¢ can sometimes be shown for higher order
differential operators as a consequence of the observation that, while the integral kernel
of the resolvent - i.e. the Green’s function — of such operators is not positive, its singu-
larity typically is. Such concrete kernel estimates are, for instance, shown in [DMSO05,
Theorem 1.5], [GR10, Theorem 1], and [Pull5, Theorem 4.1]. It would be very desirable
to have a general operator theoretic explanation for this kind of behaviour, but we are
currently not aware of any such abstract explanation.

Automatic compactness

The assumption in Theorem 8.3.2 that A be a pole of the resolvent is actually redundant.
In fact, the assumption +R(1;, A) < u ® ¢ implies that R(1;, A)3 is compact. Indeed, it
is a classical result in Banach lattice theory that if 0 < S; < Ty for linear operators and
for indices k € {1, 2,3}, then compactness of all T} imply that S35,S; is compact [MN91,
Corollary 3.7.14]. From this one readily derives that if +S < T and T is compact, then S*
is compact; see [AG22a, Corollary 2.7] for details. Since R(A;, A)® is compact, one can
derive from analytic Fredholm theory [GGK90, Section XI.8] that every spectral value of
Aisapoleof R(-, A).
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Chapter 9

Necessary conditions for eventual
positivity and negativity

In the Chapters 7 and 8 you have seen sufficient criteria and characterisations of even-
tual positivity and negativity of resolvents in terms of spectral conditions. To get eventual
positivity (and negativity) of a resolvent at a spectral value Ay from the corresponding
eigenspaces of A and A’, we needed some kind of domination condition, namely the
condition dom (A) < E, in Theorem 7.3.6 and the condition +R(A;, A) < u® ¢ in The-
orem 8.3.2(3). Even before, we demonstrated in Theorem 6.4.4 that such domination
conditions are sometimes necessary to get eventual positivity and negativity jointly.
Theorem 6.4.4 is, however, far from optimal: it assumes uniform eventual positiv-
ity and negativity and only gives a conclusion on dom (A). In this chapter, we use the
techniques developed in the previous two chapters to get much stronger results.

9.1 The uniform case

Our first main result in this chapter concerns necessary conditions for uniform eventual
positivity and negativity of resolvents. The proof is very similar to that of Theorem 6.4.4.

Theorem 9.1.1. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E. Assume g € 0(A) NR is an isolated spectral value of A. Let
ueE, and ¢ € E, and assume:

(1) dom(A™) < E, for some m; € N.

(2) dom((A)™2) < (E'), for some my € N.

(3) R(-, A) is uniformly eventually positive and negative with respect to 0 at .
Then +R(v,A) <=u® ¢ forallve p(A)NR.

Proof. Set m := m; + my and choose points A, € p(A) NR such that 1 < 1y < p and
R(A, A) =0=<R(u,A). By assumptions (1) and (2) one has

igR(w, A™<E, and rg(Ru A)™ < (&),
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so it follows from Corollary 8.2.4 that +R (A, A)R (4, A)™ < u® ¢. Now we proceed pre-
cisely as in the proof of Theorem 6.4.4. For S:=R(A, A)(u— 1) R(u, A)™ the finite resol-
vent expansion from Lemma 6.4.5 gives

m
0<-RA, A== -V "R A" - S<-S=<usqp.
k=1

So +R(A, A) = u® ¢ and thus, by Proposition 8.3.1, the same estimate is true at every
other point v e p(4) NR. O

Remark 9.1.2. Let all assumptions of Theorem 9.1.1 be satisfied. Then we can apply
Theorem 6.4.4 to the ideal I := E;, to obtain dom (A) < E,,. Moreover, we can also apply
Theorem 6.4.4 to the dual operator A’ to obtain dom (A’) < (E),,.

Note that the conclusions dom (A) € E;, and dom (A’) < (E"), imply +R (v, A)* < u®¢
for all v € p(A) N R by Corollary 8.2.4, but they do not directly imply that stronger con-
clusion +R (v, A) < u® ¢ of Theorem 9.1.1. In other words, the latter theorem is not an
immediate consequence of Theorem 6.4.4; instead, one needs to repeat the arguments
from the proof of Theorem 6.4.4, as we have done above.

An example of an operator that satisfies dom (A) < E,, and dom (A’ ) c (E' )y, but not
+R(v,A) < u® ¢, is the Dirichlet Laplace operator on an interval, where u and ¢ are
chosen to be eigenfunctions of the spectral bound s(Ap;); see the last part of the proof
of Example 9.3.1 below.

One can combine the previous result with the sufficient condition in Theorem 8.3.2
to get the following characterisation result.

Corollary 9.1.3. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E. Let Ay € a(A) NR be a pole of the resolvent R(-,A). Let
u € E, and ¢ € E!, and assume that dom (A™) < E,, and dom ((A")"2) < (E"),, for some
m1, my € N. Then the following assertions are equivalent:

(i) R(-,A) is uniformly eventually positive and negative with respect to u® ¢ at Ay.

(i) ker(Ag— A) is spanned by a vector v = u, the eigenspaceker(Ay— A’) contains a func-
tional v = @, and there exists 11 € p(A) NR such that +R(11, A) K u® @.

(iii) The spectral projection P associated to Ay satisfies P = u® ¢ and there exists a num-
ber A1 € p(A) NR such that +R(A1, A) = u®@.

If the equivalent assertions (i)—(iii) hold, then +R(v,A) = u® ¢ forallv e p(A)NR.

Proof. From the result of Exercise 9.1, the domination assumptions imply that u € E, is
a quasi-interior point and ¢ € E/, is a strictly positive functional.

“(i) = (i)™ By Theorem 7.3.6, P > 0 and A is an algebraically simple eigenvalue of A
and a first order pole of R(-, A). In particular, rgP = ker(1yp — A) and rgP’' = rgP =
ker(Ag — A”), so P has rank 1 and can thus be written as P = v ® ¢ for vectors 0 < v €
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9. NECESSARY CONDITIONS FOR EVENTUAL POSITIVITY AND NEGATIVITY

ker(Ao — A) and 0 < v = ker(1g — A). According to Theorem 7.3.6, v = u. Moreover, if
u> A is sufficiently close to Ao, then y = (u—A) Ry, A’y = (uep)y ={y, u)p = ¢
since ¥ > 0 and since u is a quasi-interior point. Hence, P=v® 1y = u® ¢.

In addition, Theorem 9.1.1 ensures that +R(v, A) < u® ¢ forallve p(A) nR.

”,

“(iii) = (ii)”> By Theorem 7.3.6, ker(1g — A) is spanned by a vector v > u, ker(1g — A')
contains a functional ¥, and Ay is a first order pole. Thus,

y=Py=uep)y=(y, u)p=e¢.

“(ii) > (1) Note that v is a quasi-interior point of E; and v is a strictly positive func-
tional; see Exercise 9.1. This implication thus follows from Theorem 8.3.2. O

9.2 The individual case

Now we show that Theorem 6.4.4 in fact stays true even if the resolvent is only assumed
to be individually eventually positive and negative, provided that the ideal I from the
theorem is a principal ideal.

Theorem 9.2.1. Let A: E 2 dom (A) — E be a real, closed operator on a complex Banach
lattice E, let Ay € R be an isolated spectral value of A, and let u € E,. Suppose that the
following conditions hold.

(1) dom(A™) € E, for some meN.
(2) R(-,A) is individually eventually positive and negative with respect to 0 at Ay.
Thendom (A) € Ej,.

We would like to argue similarly as in the proofs of Theorems 6.4.4 and 9.1.1. Since
we only assume individual eventual positivity now, the numbers A and p in the proof of
Theorem 6.4.4, with A < Ay < p such that R(A, A) f <0 and R(u, A) f = 0, depend on the
choice of the vector 0 < f € E. To overcome this obstacle, two additional ingredients are
necessary. The first one is the following generalisation of the finite resolvent expansion
from Lemma 6.4.5 which deals with the problem that we cannot choose p uniformly.

Lemma 9.2.2. Let A: X 2dom (A) — X be a closed operator on a complex Banach space
X andlet A, p1,...,un € p(A) for some n e N. Then

n (k-1 k n n
RA,A) =) [ [Twj =V IR, A|+RA,A) [ (=[] R, A
k=1\j=1 j=1 j=1 j=1
Proof. This can be seen by iterating the resolvent identity (Proposition 3.3.2(c)). O
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9.2. The individual case

Observe that Lemma 6.4.5 is a special case of Lemma 9.2.2 for y; =... = .

The second ingredient in the proof of Theorem 9.2.1 is the fact that a Banach space
cannot be written as a countable union of proper subspaces which are continuously em-
bedded Banach spaces themselves. This follows from Baire’s theorem if applied to so-
called operator ranges.

Definition 9.2.3 (Operator range). A vector subspace V of a Banach space X is called an
operator range in X if there exists a complete norm | - |y on V which makes the inclu-
sion map from V into X continuous.

The terminology is due to the following fact: a vector subspace V of a Banach space
X is an operator range if and only if there exists a Banach space Z and a bounded linear
operator T € £L(Z, X) withrg T = V. This equivalence is not needed in the main text, but
since it motivates the terminology we include a proof, along with several interesting facts
about operator ranges, in Supplement 9.A. We do need the following properties.

Proposition 9.2.4. Let X, Y be Banach spaces.

(@ IfTe L(X,Y) and W € Y is an operator range in Y, then T-Y (W) is an operator
range in X.

(b) (Baire’s theorem for operator ranges) Every operator rangeV C X is meagre." Hence,
if X =Upen Vi for operator ranges Vy,, then X =V, for at least one ny € N.

Proof. (a) Let ||-llw be a norm on W that and makes W complete the inclusion map
from W into Y continuous. One can check that the pre-image V := T~! (W) endowed
with the norm || v|ly == l|lvllx + | Tvllw is complete and and obviously V — X.

(b) Let|l-lly be anorm on V such that V is complete and the inclusion map J: V — X is
continuous. In the proof of the open mapping theorem, one shows that if a bounded
linear operator between two Banach spaces is not surjective, then the image of the
unit ball under this operator is nowhere dense [Rud91, Theorem 2.11]. By applying
this to J, one sees that the unit ball of (V, || - || /) is nowhere dense in (X, | - || x). Hence,
V is meagre in X. The second assertion now follows from Baire’s theorem. O

Proof of Theorem 9.2.1. Let m = 2 since if m < 1, there is nothing to prove. We first show
that R(A, A)f = —u for each A € (—o0, 1g) N p(A) and each f € E,. Indeed, given such an
f and such a A, the individual eventual positivity of R (-, A) at 1o with respect to 0 allows
us to recursively find numbers y;,..., 4m;—1 > A such that R(u1, A) --- R(ug, A) f = 0 for all
ke{l,...,m—1}. Weset S:=R(A, AT, (1j — DT}, Rk, A). Then

RAAf=Sf=-u,

IRecall that a subset of a metric (or topological) space is called meagre if it is the union of countably
many nowhere dense sets. A set is called nowhere dense if its closure has empty interior.
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9. NECESSARY CONDITIONS FOR EVENTUAL POSITIVITY AND NEGATIVITY

where the first estimate follows from the expansion of R(A, A) in Lemma 9.2.2 and the
fact that A < A9 < y; for all j, while the second estimate holds since rgS < dom (A™) € E,,
and since Sf is real.

Now consider the countable set C := p(A) NQ N (—oo, 1g). For each f € E, one has

—-u<RWAAf=<0, so RWAfeE,

for all A € C in an f-dependent left neighbourhood of Ay. The first estimate was shown
in the first part of the proof and the second one follows from the eventual negativity
assumption. Since E, spans E, we conclude that for each f € E there existsa A € C
such that R(A, A) f € E,,. Hence, E = Ujec R(A, A)~(E,). Since E,, is an operator range
(Proposition 7.1.6), so is its pre-image R(A, A)~1(E,) for each 1 (Proposition 9.2.4(a)).
As C is countable, Baire’s theorem for operator ranges (Proposition 9.2.4(b)) implies that
E=RQA,A)~Y(E,) forsome 1 € C. Consequently, dom (A) = R(A, A)E< E,,. O

If an operator A on a Banach lattice E satisfies dom (A") < E,, for an integer m € N
and a vector u € E;, one can use Theorem 9.2.1 improve the characterisation of indi-
vidual eventual positivity and negativity from Section 7.3. One can now incorporate the
domination assumption dom (A) € E, that occursin Theorem 7.3.6 and in Corollary 7.3.7
—which is much stronger than dom (A™) < E,, — into the equivalent conditions:

Corollary 9.2.5. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E and let Ay € R be a pole of the resolvent R (-, A). Letu € E.
be such that dom (A™) < E,, for some m € N. Then the following are equivalent.

(i) R(-,A) is individually eventually positive and negative with respect to u at A.

(i) The spectral projection P associated to Ay satisfies P f > u whenever 0 < f € E, and
dom (A) € E,,.

(iii) Theeigenspaceker(Ag—A) is spanned by a vector v = u, the dual eigenspaceker(Ag—
A") contains a strictly positive functional v, and dom (A) € E,,.

Proof. The implications (ii) < (iii) = (i) hold by Theorem 7.3.6 and Corollary 7.3.7.

“(i) = (i)™ By Theorem 7.3.6 we get Pf > uforall 0 < f € E, and from Theorem 9.2.1
one obtains dom (A) € E,. O

9.3 Eventual negativity for the Dirichlet and Neumann
Laplacians

In many previous examples, partial results about (eventual) positivity and eventual neg-
ativity of R(-, Apj;), where Ap;; denotes the Dirichlet Laplacian on L?(Q) for a bounded
domain Q < R"”, were given. We are now in a position to give a complete description of
eventual negativity of R(-, Apj;) on smooth bounded domains. It is instructive to com-
pare the following characterisation with Example 6.4.6, which was not sharp at all.
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9.3. Eventual negativity for the Dirichlet and Neumann Laplacians

Example 9.3.1 (Eventual negativity for the Dirichlet Laplacian). Let ¢ # Q < R" be open,
bounded, and connected. For simplicity, assume that Q has C*°-boundary. Consider the
quasi-interior point § of L2(Q), given by 0 := dist(-,0Q). The following are equivalent:

(i) R(-,Apj) is individually eventually negative with respect to 0 at s(Apjy).
(i) R(-,Api) is individually eventually negative with respect to ¢ at s(Apj;).

(iii) The spatial dimension is n = 1.

Moreover, R (-, Apjr) is not uniformly eventually negative with respect to 0 at s(Apjy).

Proof. “(iii) = (ii)” If n=1, then Q = (a, b) is a bounded open interval.

Without loss of generality, assume that (a, b) = (0, ). We computed in Example 6.3.2
that o(Apiy) = {—k? : k € N} and the eigenspace corresponding to s(Apj;) = —1 is
spanned by u = sin(-) = 21718.2 As Apj, is associated to a symmetric form, it is self-
adjoint (Proposition 8.4.3), so the dual eigenspace is also spanned by u.

In order to conclude the individual eventual negativity, it remains to show dom (Ap;;) €
L2(0,m)s due to Corollary 7.3.7. Let f € dom (Apj,). Then f € H?(0,7) < C!([0,7]) by
the Sobolev embedding theorem (Theorem 5.3.7(b)). Also, f € Hy(0,7) which im-
plies that f(0) = f(;) = 0 by Exercise 6.3. Thus, if x € [0,77/2], then

sl =|[ roar =)l

by the fundamental theorem of calculus. Likewise, if x € [7/2,7], then we obtain
|[fOo| = | f'|l, (r = x). In either case, | f| <6, i.e. f € L*(0,7)s.

“(ii) > (i)™ This implication is clear.

“(i) = (iii)” Since Q has smooth boundary, it holds that dom (Aglir) cI? (Q)s for suffi-

ciently large m by Example 7.2.4(a). Moreover, R(A,Api) = 0 for all 1 > s(Ap;;) by
Example 5.4.2. Hence, Theorem 9.2.1 implies that dom (Apj;) < I? (Q)s.

Suppose that n = 2. We may assume that 0 € 0Q. We construct u € H>(Q) N H& Q)
such that /6 is not bounded in any neighbourhood of 0 in order to contradict that
dom (Apjir) € L?(Q)5. We only show the existence of such a function u in the situation
when Q is the half-space {x € R" : x,, > 0}; this is of course an unbounded set, but we
explain in Remark 9.3.2 below how the existence of u on bounded domains Q with
C*°-boundary can be derived from the existence on the half-space.

We consider the function #: R"\ {0} — R given by @(x) := x,h(|lx|), where ||-|| is
the Euclidean norm of R”, x = (%,x,,) € R” ! x R, and h € C((0,00);R) is given by
h(1) := |logt|” for an arbitrary but fixed 0 < a < 1. Obviously, |l £ 6 because of

2Draw a picture to see this inequality!
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9. NECESSARY CONDITIONS FOR EVENTUAL POSITIVITY AND NEGATIVITY

the singularity at 0. Note that & is C* on (0,1), so @& is C* on B<;(0) \ {0}. One can
verify by direct computation that

1/2 ) 1/2 )
f |[n'()|"r" 'dr<oo  and f [n" ()" r™* ! dr < oo.
0 0

Using these estimates, one can derive by elementary yet tedious calculations that the
restriction of u to B<1;2(0) \ {0} lies in H? (B<1 /2(0)\ {0}); the interested reader can find
more details in Proposition 9.B.2 in the supplementary Section 9.B.

Finally, we choose ¢ € C°(R") that is constantly 1 in a neighbourhood of 0 and van-
ishes outside B<1/4(0). Then u:= (i), € C*°(Q) N H*(Q) n Hy (Q), but |u| £ 6.

No uniform eventual negativity: By the equivalence shown above, we only need to con-
sider the case n = 1. In this case, we can again assume without loss of generality,
that Q = (0,1). Let w(x) = x(1 — x). One can check (Exercise 9.2) that R (0, Apj,) is the
operator T from Example 8.2.5 and hence, R(0,Ap;j;) Z w ® w according to that ex-
ample. Hence, R(:, Apir) does not satisfy the conclusion of Theorem 9.1.1 and thus,
it does not satisfy condition (3) in the theorem (because it satisfies the other condi-
tions). But we know from Example 5.4.2 that R(A, Api;) = 0 for all A > s(Apyr), so it is
the uniform eventual negativity that does not hold. O

Remark 9.3.2. In Example 9.3.1, we constructed a function u € H?(Q) N H& (Q) on the
open half-space Q = {x € R": x; > 0}. Evidently this Q is not a bounded set, so the
reader should rightly question why this is appropriate. Actually, if @ # Q < R” is open
and bounded with C¥ boundary for some k € N U {oo}, many questions of regularity of
PDE solutions can be reduced to the study of functions on the half-space. (Indeed, The-
orem 5.3.2 on elliptic regularity for the Dirichlet Laplacian is first established on a half-
space). The general case is obtained by the following technical procedure.

Since 8Q) is of class C¥, one can show that for every xy € 4%, there is an open set
U < R" (called a coordinate neighbourhood) with U ndQ 3 xy and a C¥ diffeomorphism
®: UnQ — G with ®(x9) =0 and G = B<-(0) n{x, > 0} for some r > 0. Hence the map
® “flattens the boundary” near x, — see, for instance, [Eval0, Appendix C.1] for a precise
formulation of this technique. Fortunately, it turns out that Sobolev spaces are well-
behaved under CF change of coordinates, as shown in [AF03, Theorem 3.41]. Thus, many
technical constructions can be carried out ‘locally’ in the much easier setting of the set
G, and then transferred via diffeomorphism back onto Q. Finally, since Q) is compact,
it is covered by finitely many coordinate neighbourhoods U, and global results on Q are
then obtained by patching things up via a partition of unity.

Let us discuss a different version of the Laplace operator now, which we have already
seen in Example 8.5.2 in the one-dimensional case: the Neumann Laplacian.

Example 9.3.3 (The Neumann Laplacian on bounded domains). Let @ # Q < R” be
open, bounded, and connected. We assume, for the sake of simplicity, that Q has C*
boundary. Consider the sesquilinear form a: H L) x HY(Q)—C given by

a(v,w):= (Vv | Vw)2 forall v, w e H' (Q).
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9.3. Eventual negativity for the Dirichlet and Neumann Laplacians

The associated operator Aney : L?(Q) 2 dom (Aney) — L?(Q) - called the Neumann Lapla-
cian or the Neumann Laplace operator® — has the following properties.

(@) Aneu is closed, densely defined, and self-adjoint.

(b) Aneu has compact resolvent and its spectral bound is s(Aney) = 0. The correspond-

ing eigenspace ker Aney is spanned by the constant function 1.

(c) One has R(-,Aneu) =0 for all A € (0,00).

(d) For every k € N one has the elliptic regularity result dom (AX o) S H2K(Q).

Proof. (a) By the Cauchy-Schwarz inequality, one sees that

(b)

(d)

la(v, )| < VUl Vw2 < vl g lwll
and for each pu € (0,00),
Rea(v,v) +pllvlf = A DIV + VI3 ) = (@A D llvl3,

for all v, w € H'(Q). Thus a is a bounded sesquilinear form satisfying an ellipticity
estimate of the form (5.1.1). So, A is closed and densely defined by Theorem 5.1.4(a).
Clearly, a is symmetric, so the self-adjointness follows from Proposition 8.4.3.

The embedding H LQ)— [2(Q)is compact by Theorem 6.3.6(b), and hence it follows
from Proposition 6.2.10(b) that Aney has compact resolvent. Owing to the ellipticity
estimate shown above, we conclude from Theorem 5.1.4(b) that s(A) = uforally >0
and hence s(A) <0.

One immediately sees that Aney 1 =0, i.e. 0 is an eigenvalue of Aney and 1 € ker Aney-
In particular, s(Aney) = 0. Furthermore, if v € ker Aney, then a(v,v) =0and so Vv =0
a.e. in Q. However, we see below that v € dom (Ak) c H%k(Q) for each k € N, and the
latter space embeds into C'(Q) for sufficiently large k € N (Theorem 5.3.4). Hence
Vv =0 in the classical sense. This implies that v is constant, since Q is connected.
We have thus shown that the ker Ane, is spanned by 1.

Recall from Example 4.1.4(d) (Stampacchia’s lemma) that H!(Q;R) is a vector sublat-
tice of L?(Q;R), and for every v € H' (Q;R), we have a(v™, v™) = 0. Hence the assertion
follows from the Beurling-Deny criterion in Theorem 5.1.7.

We do not prove this result and instead (as in Chapter 5) refer to the PDE literature,
for example [Brell, Theorem 9.26]. O

30ne can prove that functions u € dom (ANeu) have, in an appropriate sense, vanishing normal deriva-

tive on 0Q). We refrain from discussing this here in detail and instead refer to the one-dimensional case for
intuition, where this is a special case of Exercise 5.6(a).
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Just as for the Dirichlet Laplacian, one can also characterise in terms of the dimen-
sion when the resolvent R (-, Aney) is individually eventually negative; see Exercise 9.5.
Let us point out again that, in contrast to the Dirichlet Laplacian, for R(-, Aneu) One even
gets uniform eventual negativity if n = 1 (Example 8.5.2).

We close this chapter with following example of a fourth-order operator on a domain
in at most three dimensions. Even though it does not require the main results of this
chapter, this seems to be a good place for the example anyway as it builds on the Neu-
mann Laplacian just introduced.

Example 9.3.4 (Minus the square of the Neumann Laplacian in dimensions < 3). In the
situation of Example 9.3.3, let n < 3 and set B == —AZN ou- Ihen B is self-adjoint, has com-
pact resolvent, and s(B) = 0. The resolvent R(-, B) is uniformly eventually positive and

negative with respect to 1 ® 1 at 0, but for all sufficiently large A > 0 one has R(A, B) # 0.

Proof. In Exercise 9.4(a), it is shown (in a more abstract setting) that B is self-adjoint and
that s(B) < 0. Moreover it follows from 1 € ker Aney that 1 € ker B, so s(B) = 0. The claim
that R(A, B) # 0if A > 0 is sufficiently large is shown in Exercise 9.4(b).

To show compactness of the resolvent of B, choose a number A € R such that +1 ¢
0 (Anew).* Then =12 — B = (Aneu — A) (Aneu + A), s0 =A% € p(B) and

R(=A%,B) = R(A, ANew) R(— A, ANeuw)- (9.3.1)

Thus, R(—A2,B) is compact.

To show the uniform eventual positivity and negativity, we use Theorem 8.3.2. The
spectral value s(B) is a pole of R (-, B) since B has compact resolvent, so we only need to
check the assumptions (1)-(3) of the theorem.

(1) We have already observed that 1 € ker B. Conversely, assume now that v € ker B.

Then AzNeu v =0. The self-adjointness of Ane, thus gives

0=(v 1 Afeu?) 2 = (ANew? | Aneu?)zz = 1 ANeu? 17,
so v € ker Aney and thus, v is a multiple of 1 by Example 9.3.3(b).
(2) Since B is self-adjoint, it follows from (1) that 1 € ker B'.

(3) One has dom (Anen) € H2(Q) < C(Q) < L®(Q), where the first inclusion is the elliptic
regularity result cited in Example 9.3.3(d) (for k = 1), and the second inclusion fol-
lows the Sobolev embedding result from Theorem 5.3.4 since n < 4. So R(A, ANeu)
and R(~A, Aneu) map L2(Q) into L®(Q) = (L?(Q))1. The same is true for their dual
operators as the operators are self-adjoint and real. Thus, the product representation
of R(=A2,B) in (9.3.1) and Corollary 8.2.4 imply that +R(=1%,B)<1s1. O

4Such a choice is possible because o (Aney) € C \ (0,00) has no accumulation points by Example 9.3.3
and Theorem 6.2.9(b).
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Exercises for Chapter 9

Exercise 9.1. Let A: E 2 dom(A) — E be a closed and densely defined operator with
non-empty resolvent set on a Banach lattice E,let ue€ E;, p € Eﬁr, and m e N.

(a) Show thatdom (A™) is dense in E and that dom ((A’ )m) is weak*-dense in E'.
(b) Deduce that u is a quasi-interior point of E; if dom (A™) € E,,.

(c) Show that if (E), is weak™*-dense in E’, then ¢ is strictly positive.

(d) Deduce that ¢ is strictly positive if dom ((A4")™) (E') < (E').

Exercise 9.2. Consider the Dirichlet Laplacian Apj; : L?(0,1) 2 dom (Apj;;) — L?(0,1). In
the proof of Example 9.3.1 it was claimed that R (0, Api;) = T, where T': [%(0,1) — L%(0,1)
is the operator from Example 8.2.5, i.e. it is given by

1
Tfx)= fo G, nf(y) dy

for all f € L?(0,1) and for x € (0,1), where G: [0,1]? — [0,00) is defined by
Gx,y)=xANy—-xy

for all x, y € [0, 1]. Prove that indeed R (0, Apj;) = T
Strategy: Assume f € C([0,1]) first, and set u:= T f. Show that ©# € dom (Ap;;) and that
—ADiru = f .

Exercise 9.3 (Fun with operator ranges).

(a) Itisaclassical exercise in functional analysis to show that pe(l,o0) LP(0,1) #L(0,1)
by explicitly constructing a function that is in L!(0,1), but not in L”(0,1) for any
p € (1,00). Give an alternative proof for Upe,00 LP(0,1) # L1(0,1) by using Propo-
sition 9.2.4(b).

(b) Let X be a Banach space and let V < X be an operator range. Let [|-[ly; and [|- |y
be two complete norms on V that make the inclusion map V — X continuous.
Show that |- |ly;; and || - |2 are equivalent.
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Exercise 9.4 (Squares of operators via forms).

(a) Let H be a complex Hilbert space and A: H 2 dom(A) — H a self-adjoint opera-
tor with s(A) < 0. Define a sesquilinear form b: dom (A) x dom (A) — C on H by
b(v,w) = (Av | Aw) g for all v, w € dom (A).

Prove that the operator associated to b is —A?, that —A? is self-adjoint and that
s(-A%) =0.

(b) Show the claim in Example 9.3.4: R(A, —A2 ) ;f 0 for all sufficiently large A > 0.

Neu

Exercise 9.5 (Individual eventual negativity for the Neumann Laplacian). Let ¢ # Q < R”
be open, bounded, and connected with C* boundary. We consider the Neumann Lapla-
cian Aney: L?(Q) 2 dom (Anew) — L?(Q) from Example 9.3.3. Show that the following are
equivalent:

(i) R(-,Aneu) is individually eventually negative with respect to 0 at s(Aneuy)-
(i) R(-,Aneuw) is individually eventually negative with respect to 1 at s(Aneu)-
(iii) The spatial dimension satisfies n < 3.

Hint for the implication (i) = (iii): Proceed similarly as in Example 6.4.6. You may use
without proof that every function u € H?(Q) that vanishes in a neighbourhood of 0 is
in dom (Aneuw)-
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Notes for Chapter 9

Eventual positivity for higher order elliptic operators

For powers of the Neumann Laplacian Ape, or the Dirichlet Laplacian Ap;;, eventual
positivity is typically not too difficult to study since the eigenspaces of those powers are
determined by the eigenspaces of Aney and Api;. We demonstrated this concretely for
the square of the Neumann Laplacian on domains that are at most three-dimensional
(Example 9.3.4). However, the boundary conditions that one gets by squaring those op-
erators can be a bit idiosyncratic. For instance, for a function u to be in dom (Alz)ir) one
has to require, loosely speaking, that u and Au both vanish at the boundary.

In some physical models — for instance in the so-called clamped plate equation —
different boundary conditions occur for the bi-Laplace operator A?: there, one requires
that both the trace and the normal derivative vanish on 0Q. Let us denote this bi-Laplace
operator by Agl, where “cl” stands for “clamped”. If Q is sufficiently smooth, one has
dom (Ail) = HY(Q)n Hg (Q). Those natural — and seemingly quite harmless — boundary
conditions cause a complete change in the eventual positivity behaviour. Whether the
bi-Laplace operator with those boundary conditions has a positive eigenfunction for its
spectral bound now depends heavily on the geometry of Q). For instance, if Q is a ball, an
explicit form for R (0, —Ail)5 is given by Boggio’s formula, see e.g. [GGS10, Lemma 2.27].
From there, one sees that the resolvent is positive (and satisfies a nice lower bound).
One can then invoke the spectral theory of positive operators (or of eventually positive
resolvents, see e.g. Theorem 7.3.6) to obtain information on the eigenspace associated to
s(—Ail). Similar results remain true on small perturbations of balls (where “small” must
be interpreted in an appropriate sense). However, on more general domains such as, for
instance, annuli with small inner radius, the eigenspace associated to s(—Ail) does not
contain a positive eigenfunction; see e.g. [SS20, Section 3] and [Dal05].

A survey of results regarding positivity of resolvents and eigenfunctions for higher-
order elliptic operators can be found in [Swel6]. Much more in-depth results can be
found in the monograph [GGS10].

5We are considering the operator —Ail rather than Ail: motivated by the Laplace operator (and, much
more so, by the semigroup theory presented in the later chapters, we prefer to consider operators whose
spectral bound is finite. One can indeed show that s(—Agl) <0.).
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9. NECESSARY CONDITIONS FOR EVENTUAL POSITIVITY AND NEGATIVITY

Operator ranges

Operator ranges, defined and used in Section 9.2 and further explored in Supplement 9.A,
are studied in detail in [Cro80, COS95]. In eventual positivity, they are not only used to
prove the necessary criterion for individual eventual positivity and negativity from The-
orem 9.2.1, but also in the analysis of irreducibility and related properties for eventually
positive operator semigroups, as shown in [AG24].
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Encore: if you want to know more...

9.A Properties of operator ranges

In this supplemental section we collect a few interesting properties of operator ranges.
According to Definition 9.2.3 we call a vector subspace V' of a Banach space X an operator
range in X if there is a complete norm | - ||y on V that renders V a Banach space and
makes the inclusion map from V into X continuous. The following theorem explains the
choice of this terminology.

Theorem 9.A.1. The following are equivalent for a subspace V of a Banach space X.
(i) V isan operatorrangein X.
(ii) There exists a Banach space Z and an operator T € L(Z, X) such thatrgT =V.
(iii) V is the domain of a closed operator on X.
Proof. “(i) = (ii)” This implication is obvious.

“(ii) = (iii)”: Since rgT = V, the induced operator T; : Z/ker T — X is bounded and
bijective onto V. In particular, V is the domain of the closed operator T/‘l.

“iii) = (1) IfA: X2V — Xisaclosed operator, then any graph norm on V is complete
and renders the inclusion map V — X continuous, i.e., V is an operator range. O

By Theorem 9.A.1, every bounded operator maps operator ranges to operator ranges.
Moreover, we known from Proposition 9.2.4(a) that the inverse image of an operator
range under a bounded operator is also an operator range. Some other interesting prop-
erties are collected in the following result.

Proposition 9.A.2. Let V,...,V;, be operator ranges in a Banach space X .
(@) The subspace(;_, Vi is an operator range.
(b) The subspacey.;_, Vi is an operator range in X.

(c) IfX is the algebraically direct sum V1, ..., Vy,, which we denote by X = @Z:I Vi, then
each Vy. is closed.
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9. NECESSARY CONDITIONS FOR EVENTUAL POSITIVITY AND NEGATIVITY

Proof. (a) Foreachindexk,let| ||y, be acomplete norm on V. that makes the inclusion
map Vi — X continuous. Then

n
I-lve= )1+l
k=1

is a complete norm on V :="_. V. Moreover, < < forall feV.
p k=1 L= 1£l = 1l f

(b) and (c) Consider the Banach space W := Vj x...x V,, with the norm || (vy,..., vp)llw =
Y- lvglly, and the map J € L(W, X) given by J(vy,...,vp) = v +...+ vy Then
Y ¢_1 Vk =rgJ, which is an operator range according to Theorem 9.A.1.

Now assume that X = @}’_, Vi. Then J is bijective and thus a homeomorphism by
the open mapping theorem. For each index k the space Vi < X is the image of a
closed subspace of W under J and is hence closed in X. O

It is worthwhile to note that the intersection of infinitely many operator ranges need
not be an operator range, in general.

Example 9.A.3. Consider the Banach lattice ¢y of all scalar-valued sequences that con-
verge to 0, endowed with the sup norm and with the componentwise order on its real
part. Note that a vector u € (cg)+ is a quasi-interior point if and only if uy > 0 for all k. It
is not difficult to check that

[{(co)u:0 < uecy is a quasi-interior point} = cgp,

where cpg denotes the space of sequences with only finitely many non-zero entries. Since
coo has a countable Hamel basis, it is not a Banach space with respect to any norm (why?)
and hence not an operator range. However, each of the principal ideals (cg),, is an oper-
ator range according to Proposition 7.1.6.

9.B Sobolev functions with prescribed singularities

In this supplemental section, we provide details for the construction used in Example 9.3.1.
The following elementary lemma can be shown by means of the fundamental theorem
of calculus, Holder’s inequality, and Tonelli’s theorem.

Lemma 9.B.1. LetR,a >0, and p € [1,00). Let f: (0,R] — C be C. IffoR |f’(r)|pr“ dr <
oo, then also [} | f(r)|P r*~! dr < co.

Proposition 9.B.2. Let n = 2 and endow R" with the Euclidean norm ||| := |-|l,. Let
R>0,leth: (0,R] — C be aC? -function, and let w, u: B<g(0)\ {0} — C be given by

wx)=h(xl)  and  u(x) =x,w(x)
forall x = (%, x,) € (R"™! xR) N (B<r(0) \ {0}).
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9.B. Encore: Sobolev functions with prescribed singularities

(a) Ateveryx € B<g(0)\{0} the gradient and the Hessian of w are given by
R (lxI)
= X

Vw(x) = and
x|l
R (lx1) x x! " x x'
Hw(x) = d———|+h"(Ix]) ——.
x|l ( [l x|l ||x||) Il Nl x|l

Hence, for all such x, and for a constant C > 0 that only depends on n and the choice
of the norm on R"*",

IVw@ll = |k (lxI)|  and

LAED]
—_—+

IHwx)| < C(
x|l

|h”(||x||)|).

(b) Atevery x € Bcg(0)\ {0} the gradient and the Hessian of u are given by

Vulx)=e,wx)+Vwx)x, and

Hu(x) = x,Hw(x) + Vw(x)e, + e, (Vw(x)) .

Hence, for all such x, and for a constant D > 0 that only depends on n and the choice
of the norm on R™",

IVuEl < Ih(xDI+ Ixl [F (x| and
IEuCx) | < D( [/ (Lx| + ¢l |2 (1] ).

(c) Assume that
R 2 R 2
[ 1AG] r"ldr<oo  and f |n" ()] r"ldr <oo
0 0

Then u € H?(B<g(0) \ {0}).
Proof. (a) and (b) This can be checked by a straightforward calculation.

(c) First we note that the first condition implies fOR |h’ (r |2 r"*2 dr < oo and hence,
R
f [h(M1? r"* 1 dr < oo
0

by Lemma 9.B.1. By using spherical coordinates one can thus see that u € L?. Using
the estimates for |Vu(x)|l and [[Hu(x)| in (b), and again spherical coordinates, one
obtains that all first and second order derivatives of u are also in L2. O

We note in passing that the formula for the Hessian Hw(x) in Proposition 9.B.2(a)
immediately gives a formula for the Laplace operator applied to radially symmetric func-
tions: one has
R (lx1)

llxll

Awx) =tr(Hwx)=(n-1) +h"(lxI)
for all x € B.g(0) \ {0}.
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Chapter 10

An introduction to (positive)
Co-semigroups

The previous chapters dealt mainly with positivity and eventual positivity of the resol-
vent R (-, A) of a linear operator A4, i.e. we discussed positivity of the solution u to the
linear equation (A — A)u = f in case that f is positive. For the remaining part of the
internet seminar, we come back to a different type of equation (already known from Sec-
tion 1.3 in the finite-dimensional case): the differential equation u(#) = Au(t) for ¢ = 0,
where A: X 2dom (A) — X is alinear operator on a Banach space X. Typically,  is inter-
preted as the time variable, and thus we think of #(#) = Au(t) as an evolution equation,
as it governs the time evolution of the unknown function u: [0,00) — X.

10.1 Linear evolution equations

To study differential equations in Banach spaces we need derivatives of vector-valued
functions. For an interval I < R and a Banach space X, differentiability and the deriva-
tive of f: I — X is defined in terms of differential quotients in the obvious ways. Recall
that every continuous f: I — X is Bochner integrable on every compact interval J < I
(Example 4.A.9). For such f and fy, t € I, we use the common notation

f[tg,t] fd/ll ift= to,

t
fs) ds::{ ]
f —f[mO]fd/h if t < 15

where A, is the one-dimensional Lebesgue measure. As in the scalar-valued case, both
parts of the fundamental theorem of calculus hold, i.e. % ftz f®ds= f()if f e C(; X)

and [, f'(s)ds= f(1) - f(to) if f € C(I; X).
Let us now specify the differential equation that we study throughout the rest of the
course, along with two different solution concepts.

Definition 10.1.1 (Abstract Cauchy problems and their solutions). Let X be a Banach
space and let A: X 2 dom (A) — X be alinear operator.
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10.1. Linear evolution equations

(a) For afunction u: [0,00) — X (whose regularity is to be specified below) and a vec-
tor x € X, the initial value problem

(ACP)

u(t) = Au(t), te[0,00),
ul0) =x

is called an abstract Cauchy problem.

(b) Let x € X. A function u: [0,00) — X is called a classical solution' of (ACP) if u €
CL([0,00); X), u(t) € dom (A) for all £ € [0,00), and u satisfies (ACP).

(c) (ACP) is called classically well-posed if for each x € dom (A) it has a unique classi-
cal solution u(-, x): [0,00) — X and sup (g ;) (s, X) | x — 0 as [ xllx — O for every
7>0.2

(d) Let x € X. A function u: [0,00) — X is said to be a mild solution of (ACP) if u €
C([0,00); X), one has [ u(s) ds € dom (A) for all £ € [0,00), and

t
u(t) = x+A/ u(s) ds.
0

(e) (ACP) is called mildly well-posed if for every x € X it has a unique mild solution
u(-,x): [0,00) = X and sup o ;) (s, x) | x — 0 as [ xllx — O for every 7 > 0.

The definitions of well-posedness above consist of the three properties that one com-
monly requires of solutions: existence, uniqueness, and continuous dependence on the
initial data. It turns out that continuous dependence is actually redundant in the defini-
tion of mild well-posedness, as Theorem 10.1.7 below shows.

Before characterising well-posedness of abstract Cauchy problems, we discuss prop-
erties of solutions in the following propositions.

Proposition 10.1.2. Let A: X 2 dom(A) — X be a closed operator on a Banach space X
and let x € X. If u: [0,00) — X is a classical solution to (ACP), then x e dom (A) and u isa
mild solution.

Proof. Since u is a classical solution, x = #(0) € dom (A). We can then integrate the dif-
ferential equation in (ACP) to obtain

t t
u(t):x+f Au(s) ds:x+Af u(s) ds;
0 0

the second equality follows from Theorem 4.A.10, since A is closed by assumption. O

I This definition is not always consistent in the literature, e.g. a commonly used alternative is [Lun13,
Definition 4.1.1(iii)].

2There is a slight abuse of terminology here: (ACP) is an initial value problem, i.e. it depends on x € X.
Hence, classical well-posedness is actually not a property of (ACP), but rather of the family of all abstract
Cauchy problems (ACP) for which x € dom (A). A similar comment applies to definition of mild well-
posedness in part (e) of the definition.
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10. AN INTRODUCTION TO (POSITIVE) Cy-SEMIGROUPS

Proposition 10.1.3. Let A: X 2 dom (A) — X be a closed operator on a Banach space X.
Let x € X and let A be a scalar. A function u: [0,00) — X is a classical (mild) solution
to (ACP) if and only if the rescaled function v := e N w is a classical (mild) solution to

v()=(A-ANv(), tel0,00),
v(0) = x.

Proof. For classical solutions, the proposition follows by a straightforward differentia-
tion. It is an instructive exercise to prove the corresponding assertion for mild solutions,
hence we invite the reader to provide the details in Exercise 10.1. O

Proposition 10.1.4. Let A: X 2 dom (A) — X be an operator on a Banach space X such
that (ACP) is mildly well-posed. Foreach x € X, letu(-,x): [0,00) — X be the mild solution
of (ACP) with initial condition u(0, x) = x and for every t € [0,00), consider the map T(t):
X — X, x— u(t, x). The following properties hold:

(a) Foreacht € (0,00), the mapping X — C([0,7]; X), x — u(~,x)|[0 . is linear and con-
tinuous. In particular, T(t) € L(X) for each t € [0,00).

(b) T(0O)=idx and T(t+s)=T()T(s)=T(s)T(t) forallt,s=0.
(c) There exist numbers M > 0 and w € R such that | T(t)|lz(x) < Me“" forall t = 0.

Proof. (a) Linearity is a consequence of the uniqueness of mild solutions. Indeed, for all
x,y € X and scalars «a, 8, the function au(-, x) + fu(-,y) is a mild solution of (ACP)
with initial value ax + By, and thus au(-, x) + Bu(-,y) = u(-,ax + fy) by uniqueness.
The continuous dependence in the definition of mild well-posedness shows the con-
tinuity of the map x— u(-,x) l0.7] at x =0, and hence at every x € X due to linearity.

(b) Forevery x e X,wehave T(0)x = u(0,x) = x,so T(0) =idx. Next, let s = 0 and observe
that T(-)T(s)x = u(-, u(s, x)) is a mild solution of (ACP) with initial condition u(s, x).
On the other hand, the function v, := u(- + s, x) satisfies v4(0) = u(s, x), and

t t t+s
Af vs(r) dr:Af u(r+s,x) dr:Af u(r,x)dr
0 0

= (u(t+s,x)—x) - (u(s,x) —x) = u(t+s,x) — u(s,x)

for every ¢ = 0. This shows that v; is also a mild solution of (ACP) with initial value
u(s, x), and thus u(t + s, x) = u(t, u(s, x)) by uniqueness, i.e. T(t + s)x = T(£) T(s) x.

(c) Let M :=supgepoqy IT (). Tt follows from the continuity of mild solutions and the
uniform boundedness principle that M < co. For each t = 0, write t = s+ nfor n e Ny
and s € [0, 1). Taking w :=1log M, we deduce from (b) that

IT@OI=1TESTMI<ITEINITON" < M-M" < Me®". O

The operator family (7(¢)) ;>0 in Proposition 10.1.4 is central to the study of abstract
Cauchy problems and is studied in more detail in Section 10.2.
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10.1. Linear evolution equations

Remark 10.1.5. In the situation of the preceding proposition, note that for each x € X,
the continuity of the mapping u(-,x): [0,00) — X, t — u(t, x) = T(¢)x can be phrased in
terms of the operator family (7' (1)) ;=0 by saying that all its orbit maps are continuous.

Proposition 10.1.4(c) shows that, for a mildly well-posed Cauchy problem, mild solu-
tions are exponentially bounded. This shows why wg(A) < co in the following definition.

Definition 10.1.6. Let A: X 2 dom (A) — X be an operator on a Banach space X such
that the abstract Cauchy problem (ACP) is mildly well-posed. For every x € X let the
function u(-, x): [0,00) — X denote the unique mild solution of (ACP). Then

wo(A) :=inf{w eR:3I M =1 with [[u(t,x)| < Me“"||x]| ¥ £=0, xe X} € [~00,00)
is called the growth bound of A.
For densely defined operators, the two notions of well-posedness of (ACP) coincide:

Theorem 10.1.7. Let A: X 2 dom(A) — X be a closed operator on a complex Banach
space X. The following assertions are equivalent.

(i) (ACP) is classically well-posed and A is densely defined.
(i) (ACP) is mildly well-posed.
(iii) Forevery x € X, (ACP) has a unique mild solution.

If these equivalent conditions are satisfied and x € X, then a mild solution to (ACP) is a
classical solution if and only if the initial value x € dom (A).

Proof. “(i) = (iii)”: Uniqueness: Due to the linear dependence on the initial value, it suf-
fices to show that the constant function with value 0 is the only mild solution for the
initial value 0. So let u be a mild solution with initial value 0. It can be readily checked
by definition that v: [0,00) — X, t — v(f) == fot u(s) ds is a classical solution with ini-
tial value 0. Hence, the classical well-posedness implies that v = 0. In turn, u = 0.

Existence: For each x € dom (A), let u(-,x): [0,00) — X denote the unique classical
solution to the abstract Cauchy problem (ACP). By uniqueness of classical solutions,

S: dom (A) — C([0,00); X), x— u(-,x).

islinear. Also, for every 7 > 0, the continuity condition in the classical well-posedness
implies that the operator (S - ), (dom (A), I -llx ) — C([0,7]; X) is continuous. Den-
sity of dom (A) yields a linear map S: X — C([0,00); X) such that (S- )|[0,r]: X —
C([0, 7]; X) is the unique continuous extension of (S - )|[0’T] foreach 7 > 0.

Now let x € X and choose a sequence (x;) in dom (A) with x, — x. For each n, it
follows from Proposition 10.1.2 that the classical solution Sx;, is also a mild solution.

Moreover, Sx, — Sx uniformly on compact time intervals, so one can derive from
the closedness of A that Sx is a mild solution.

171



10.

AN INTRODUCTION TO (POSITIVE) Cy-SEMIGROUPS

“(iii) = (ii)™ For each x € X, let u(-,x): [0,00) — X denote the mild solution to the

u( i 1)
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Cauchy problem (ACP) and fix 7 > 0. We need to show that
S:: X —C([0,7], X), x-—»u(~,x)|[oyﬂ.

is continuous. By the closed graph theorem, it suffices to prove that S; is a closed
operator. Let (x;) € X be a sequence such that x, — x in X and u, := S;x, — v
in C([0,7]; X) as n — oo. The latter implies that fot Uy(s) ds — fot v(s) ds for every
t € [0,7]. Since each S; x;, is a mild solution of (ACP) restricted to [0, 7], we have

t
A[ up()ds=u,(t)—x,—v(t)—x
0
for each ¢ € [0, 7]. The closedness of A implies fot v(s)ds e dom (A) and
t
v(t)—x=A/ v(s)ds, te[0,1].
0

Hence v = S; x, and S; is indeed closed.

= (i)™ Foreach xe X, let u(-,x): [0,00) — X be the mild solution of (ACP).

A is densely defined: For x € X, the vectors v; := % fOt u(s, x) ds belong to dom (A) for
all t>0,and v; — u(0,x) =xas ¢t | 0.

To complete the proof of (i) and of the additional property stated at the end of the
theorem, it suffices to show that the mild solution u(-, x) is a classical solution of (ACP)
whenever x € dom (A). We do this in several steps.

Step 1: Observe that the mild solution u(-, x) is a classical solution under the stronger
assumption that x € dom (A) and u(-,x) € C([0,00);dom (A)), where dom (A) is
endowed with a graph norm.

Indeed, under those assumptions, the definition of a mild solution and the closed-
ness of A imply that u(t,x) = x + fOtAu(s, x) ds for all £ = 0. Hence, u(-,x) €
CY([0,00), X), tu(t, x) = Au(t, x) for all £ =0, and (0, x) = x.

Step 2: We use the exponential bound [u(t, x)| < Me®!| x| for all x € X (Proposi-
tion 10.1.4(c)) to show that A — A: dom (A) — X is bijective for some A € C.

To this end, fix A € C with Re A > w, and consider the map Ry : X — X given by

[o¢]
R/IX5=f e‘“u(t,x)dt VxeX,
0

where the integral is a well-defined Bochner integral (recall Theorem 4.A.8), since
the integrand is continuous and decays exponentially. The map R) is linear and
bounded with [ Ry || < M(ReA —w) L.

Set v := e”*' u. For each x € X, [J v(s,x) ds € dom(A) and v(t,x) = x + (A~
A) fot v(s,x) dt for all ¢ > 0 by Proposition 10.1.3. Moreover, v(t,x) — 0 as t — oo.
It follows from the closedness of A — A that Ry x € dom(A) and (A — AR, x = x.



10.2. Cp-semigroups

In particular, A — A:dom (A) — X is surjective. For injectivity, let x € ker(A — A).
Since the constant map ¢ — x is a mild solution to the shifted problem o (t) =
(A= MN)v(r),v(0) = x, Proposition 10.1.3 ensures that ¢t — eM x is a mild solution
to (ACP). By uniqueness, u(-,x) = e* x. Since e u(t, x) — 0 as t — 0o, 50 x = 0.
Thus A — A is indeed bijective, and the proof shows that R(A, A) = R,.

Step 3: Let x € dom (A). We finally show that u(-, x) is a classical solution. By Propo-

sition 10.1.3, it is equivalent to prove this for the shifted problem and v = e™*" u.

Choose A € C as in Step 2. Then R(A, A) € £(X,dom (A)) by the closed graph
theorem. Using this, it is straightforward to check that R(A, A)v(-, (A — A)x) is
also a mild solution to the shifted problem with the initial value x. Moreover, it is
in C([0,00);dom (A)), so according to Step 1 it is even a classical solution. Finally,
the uniqueness of mild solutions gives v(-,x) = R(A, A) v( S (A- A)x). O

10.2 Cy-semigroups

In Proposition 10.1.4, under the assumption of mild well-posedness, we considered a
family of operators (T'(t)) =0 in £(X) with the fundamental property that the map ¢ —
T (¢)x yields the unique mild solution of (ACP) with initial value x. We now switch per-
spectives: to answer the question of well-posedness of (ACP), we take the family of oper-
ators (T'(t)) =0 as a starting point.

Definition 10.2.1. Let (T(?)):>0 be a family of bounded operators on a Banach space X.
(@) (T(1)¢=0 is called an operator semigroup, or simply a semigroup, on X if
TO)=id and T(t+8)=THOT$)=T()T(t) Vt,s=0.

The semigroup (T'(t)) ;> is called strongly continuous, or in short a Cy-semigroup,
if T(t)x— xast|Oforall xe X.

(b) If (T'(1))s=0 is a Cy-semigroup, its generator is the operator A: X 2 dom (A4) — X:

. TMx-x . .
dom (A) := xEXthf{)l—eXIStSIHX ,
t
T(t)x—
Ax:limm.
tl0 t

The following result shows that it often suffices to check strong continuity of a semi-
group on a ‘nice’ subset of elements. On the other hand, strong continuity automatically
extends from 0 to all other times.

Proposition 10.2.2. Let (T(1)):=0 be an operator semigroup on a Banach space X. The
following assertions are equivalent:

(i) (T(5)¢=0 is a Cy-semigroup.
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(ii) Forevery x € X, the orbit map [0,00) — X, t — T(t)x is continuous.

(iii) There exists T > 0 such that sup tei0,71 1 TN £y < o0, and there exists a dense subset
Dc X suchthatT(t)x—xast]0 forallxeD.

Proof. “(i) = (ii)” The semigroup property and the continuity at ¢ = 0 in the definition
of a Cy-semigroup readily give that all orbits are continuous from the right at every

time ¢ € [0,00). Showing the left continuity at every ¢ € (0,00), is a bit more involved.
We do not discuss it here and refer e.g. to [EN0O, Proposition 1.5.3] instead.

”,

“(i) = (i) The estimate sup (o 1 I T ()l zx) < oo for all T > 0 follows from (ii) by the
uniform boundedness principle. Moreover, we can simply choose D := X.

“(iii) = (1) This implication follows by a standard 3e-argument. O

It turns out that well-posedness of (ACP) is equivalent to the operator A being the
generator of a Cy-semigroup, and this is in turn equivalent to a resolvent estimate for A.

Theorem 10.2.3 (Generation theorem). Let A: X 2 dom(A) — X be an operator on a
complex Banach space X. The following assertions are equivalent.

() Aisclosed and satisfies the equivalent conditions of the well-posedness Theorem 10.1.7.
(ii) The operator A is a generator of a Cy-semigroup (T (1)) ;=0 on X.

(iii) The operator A is closed, densely defined, and there exist w € R and M = 1 such that
(w,00) € p(A) and for each A € (w,0), we have

[A-)"RA,A"|<M V¥ neN.

(iv) The operator A is closed, densely defined, and there exist w € R and M = 1 such that
every A € C with Re A > w satisfies A € p(A) and

[ReA-w)"RA, A"||<M  VneN,.

Assume now that the equivalent conditions (i)—(iv) are satisfied. Then the Cy-semigroup
(T(1) ¢=0 in (ii) is uniquely determined and the following properties hold:

(a) Foreveryx € X, the mild solution u to (ACP) is given by u(t) = T'(t)x forall t € [0,00).

(b) Laplace transform representation: IfA € C withRe Al > wo(A), then A € p(A) and
o0
R, A)x =f e MT(s)x ds VxeX.
0
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Proof. “(i) = (iv)”: By Theorem 10.1.7, dom (A) is dense. Also, by the proof of (ii) = (i)
of that theorem, there exists w € R such that each A € C with Re A > w satisfies

Aep(A) and R()L,A)xzf e MT(s)xds VxeX.
0

From the Taylor series representation of the resolvent (Proposition 3.3.2(a)), we have

" _(_l)n—l dn—l B 1
R A =Gy a1 R Y= 5

o0
f s" e M T(s)x ds,
0

where the second equality is obtained from the above integral representation plus an
induction argument. By the choice of w, we have || T(s)|| < Me®* for all s = 0. In turn,

[Red—w)"R(A, A<M  VneN.

“(iv) = (iii)” This implication is trivial.
“iii) = (i)™ The key idea is to define a sequence of bounded operators A, € L(X) by
Ap=nARn,A) = n*R(n, A) - n. (10.2.1)

One can show that A, x — Ax for every x € dom (A) (essentially the same argument
as in Exercise 5.1). Since A,, is bounded, ¢ — e’4" can be defined as a series just as for
matrices. The tricky part is to prove convergence of (e'4n) 50 to a Co-semigroup in
an appropriate sense. This procedure is called the Yosida approximation technique.
The details are provided in the supplementary Section 10.A for the interested reader.

“(ii) > (i)™ We show that (ACP) has a unique mild solution for each x € X. So fix x € X.

Existence: Set u(t,x) :== T(t)x for all t € [0,00). Then u(-,x) € C([0,00); X) according
to Proposition 10.2.2. Let us show that u(-, x) is a mild solution of (ACP). For 7 = 0,
let y = [y T(s)xds. Then

T t _ 1 T 1 T 1 +7 1 T
M = —f T(t+s)xds——f T(s)xds= —f T(s)xds——f T(s)xds
t tJo tJo rJ: tJo

1 t+T 1 t
= —f T(s)xds——f T(s)xds
tJ: tJo

converges to T(t)x—x as ¢ | 0. In particular, y € dom(A) and Ay = T(7)x — x. This
shows that u(t, x) = T(t)x is indeed a mild solution of (ACP).

Uniqueness: Let w € C([0,00); X) be another mild solution of (ACP). By linearity, it
suffices to assume that x = 0. Fix ¢t > 0. Consider the function v: [0, f] — X given
by v(r) =T(t—-r) for w(s) ds. It is not difficult to deduce from the definition of a Cy-
semigroup that each operator T'(r) leaves dom (A) invariant and that, for each z €
dom (A), the map [0,00), r — T'(r)z is differentiable with derivative AT (¢)z = T () Az;
we refer, for instance, to [EN00, Lemma II.1.1] for the details of this argument. Using
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10. AN INTRODUCTION TO (POSITIVE) Cy-SEMIGROUPS

this and the fact that w is a mild solution, one can check that v is differentiable with
v' = 0. Hence, v(f) = v(0) = 0. Now w = 0 because w(t) = A [j w(s) ds = Av(t) =0.

A is closed: Let (x,) < dom(A) and x, y € X be such that x, — x and Ax;, — y. Fix

neNand 7 >0. Then
. T()x,—xp
IimT(s)————— =T(s)Ax,
tl0 t

uniformly for s € [0,7] and hence

T(t)—i T T
imuf T(s)x,ds= limf T(s)
tl0 t 0 t10 Jo

As shown above, u(-,x) = T(-)x is a mild solution of (ACP). Hence,

t

X5 T
ds:f T(s)Ax, ds.
0

t t
T(t)xy —xp= Af T(8)x,ds= f T(s)Ax, ds
0

0
and in turn T()x - x = [; T(s)y ds for all ¢ > 0. It follows that x € dom (A) and Ax =
T(0)y =y. Thus, Ais closed.

Consequences of (i)—(iv): Assertions (a) and (b) were shown in the proofs of (ii) = (i)
and (i) = (iv), respectively. The uniqueness of the semigroup follows from the unique-
ness of classical solutions in the well-posedness Theorem 10.1.7. O

Examples 10.2.4. We now look at some examples of semigroups and their generators.

(@) Matrix semigroups: By now, the reader is well-acquainted with the matrix semi-
group T(f) := e'4, where A € C""*" is a given matrix. Evidently, the semigroup
(e'1) ;50 on C" is strongly continuous; in fact, from the exponential series one even
obtains the stronger property lim,|o || ed—1 || = 0, which is often called uniform

continuity in operator semigroup theory. Unsurprisingly, since % t_oe”‘ = A, the

generator of (e/4) ¢ is A.

(b) Semigroups with bounded generator: Let X be a Banach space and let A € L(X).
Note that e4 makes sense if defined by the exponential series. If we set T(f) := et4
forall £ =0, then (T'(£)) ;>0 is a Cp-semigroup on X with generator A. This situation
closely resembles the finite-dimensional case and the properties we just claimed
can be shown by similar arguments as in Section 1.3. It turns out that [0,00) —
L(X), t — e'4 is even continuous with respect to the operator norm.>

(c) Left shift semigroup: Consider the Banach space X := BUC(R) consisting of bounded,
uniformly continuous functions f: R — C, equipped with the supremum norm.
The left shift semigroup (7' (#)) ;>0 on X is defined by

TOf=f(-+1 VfeX, t=0.

3In fact, every Cy-semigroup that is continuous with respect to the operator norm is of this form; see
e.g. [EN00, Theorem 1.3.7].
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It is a Cy-semigroup on X and its generator A is given by

dom (A) :={f € X: f differentiable with /' € X},  Af:=f".

Proof. The semigroup propertyis obvious. To show the strong continuity, let f € X.
Since f is uniformly continuous on R, for every € > 0 there exists § > 0 such that
||f(- +5) —f||oo < ¢ for all s € R with |s| < 6. This implies that T(f)f — fast |0, so
(T(8) =0 is indeed a Cy-semigroup.

Let B: BUC(R) 2 dom (B) — BUC(R) denote the generator of (T(?));>o. We first
show that dom (B) < dom (A) and that Bf = Af for each f € dom(B). Solet f €
dom (B). Then in particular, for every x € R, the limitlim;|o I fx+1)—f(x)) exists
and is equal to (Bf)(x). Thus f is differentiable and f' = Bf € X. Consequently
fedom(A) and Af = Bf.

To conclude that A = B it suffices to show that p(A) N p(B) # ?.% As | T(1) Il <
1 for all ¢ = 0, the Laplace transform representation of the resolvent (see Theo-
rem 10.2.3(b)) implies that 1 € p(B). On the other hand, given g € X, we can simply
solve the ODE u — u' = g under the condition that u is bounded on R and obtain

o0 o0
u(x) =f eV g(y) dy=f e “glz+x)dz  VxeR.
X 0

The second formula above easily yields the uniform continuity of u, and then u' =
u — g is also bounded and uniformly continuous. This shows that u € dom (A),
1€ p(A) and u="R(1,A)g. Therefore 1 € p(A) N p(B). O

Motivated by Example 10.2.4(b) and also the fact that a Cy-semigroup (T (?)) >0 is
uniquely determined by its generator A (Theorem 10.2.3), one often uses the notation
T(n)=e forr=0.°

In the previous examples, it was easy to describe the semigroup explicitly, and hence
determine the generator. However, one often has the converse situation: a concrete op-
erator A is given, and we want to know if it is a generator. It can be quite impractical to
check conditions (iii) or (iv) in Theorem 10.2.3 directly. A notable exception is when the
operator A comes from a sesquilinear form.

Theorem 10.2.5. Let the Hilbert spaces V, H and the sesquilinear forma: VxV — C satisfy
the assumptions of Theorem 5.1.4. Then the associated operator A: H 2 dom(A) — H
generates a Cy-semigroup on H.

Proof. By Theorem 5.1.4, A is closed and densely defined, and there exists p € R such
that every A € C with ReA > p satisfies A € p(A) and |ReA—pRA, A ,;_py < 1. So,
condition (iv) in Theorem 10.2.3 holds, and hence A generates a Cy-semigroup on H. [

4More generally, it is easily verified that if an injective operator T extends a surjective operator S, then
infactS=T.

5Note, however, that this is indeed just a notation. By no means does it imply that ¢4 could be repre-
sented as a series using powers of A.
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10. AN INTRODUCTION TO (POSITIVE) Cy-SEMIGROUPS

Example 10.2.6. Let us revisit the Laplacian with non-local Robin boundary conditions
which was studied in Exercise 5.6. Recall that Ag: dom(Ag) < L%(0,1) — L2(0,1) is the
operator associated to the sesquilinear form a: H L0,1) x H(0,1) — C defined by

u(O))
u(l)

1 — — —
a(v, u =f v'u' dx - (v(0) v(l))B( ;
0
for a given matrix B € R?*2, It is easy to see that a is a bounded sesquilinear form on
H'(0,1). Moreover, by Exercise 5.6(b) there exist numbers y € R and ¢ > 0 such that

Rea(u,u)+u|lu|li2 chlullip VueHl(O,l).

(0,1) 0,1

All the conditions of Theorem 5.1.4 are therefore satisfied, so by Theorem 10.2.5 we de-
duce that Ap generates a Cy-semigroup on L2(0, 1).

10.3 Positive semigroups on Banach lattices

At the beginning of the course, we already studied positive matrix semigroups (Defi-
nition 1.3.4). We now come full circle, and discuss the analogous concept for infinite-
dimensional linear dynamical systems.

Definition 10.3.1. An operator semigroup (7' (#)) ;>0 on a Banach lattice E is called posi-
tive if T'(¢) is a positive operator on E for each ¢ = 0.

Examples 10.3.2. Letus discuss which of the semigroups in Examples 10.2.4 are positive.

(a) In finite dimensions, we understand the situation well: various characterisations
of positivity of matrix semigroups were given in Theorem 1.3.8 and Exercise 1.2.

(b) Let E be a Banach lattice and A € L(E). The Cy-semigroup (e’?),s¢ is positive if
and only if there exists w € R such that A+ w = 0.

The implication “<” is easy to see by the same argument as in the finite-dimen-
sional case: one has e/ = e~ /?e!4*®) > ( for all ¢ > 0. The converse implication
“=" is a bit more involved on Banach lattices and we do not prove it here — see
e.g. [AGG*86, Theorem C.II-1.11] for a proof.

(c) The Banach space BUC(R) is a Banach lattice, with respect to the pointwise order
on its real part. The left shift semigroup on BUC(R) is evidently positive.

Just as in the finite dimensional case (Theorem 1.3.8), positivity of semigroups can
be characterised via the resolvent.

Proposition 10.3.3. A Cy-semigroup (e'),;=o on a complex Banach lattice E is positive if
and only if R(A, A) = 0 for sufficiently large A € p(A) NR.

Proof. “=": If (e') ;0 is positive, then the Laplace transform representation of the re-
solvent from Theorem 10.2.3(b) immediately yields the positivity of the resolvent
R(A, A) for all sufficiently large A € R.
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10.3. Positive semigroups on Banach lattices

« »”,

<" This implication can be shown using the approximating operators (10.2.1). In-
deed, if R(n, A) = 0 for all sufficiently large n € N, then

2
elAn — ot R(MA) ,—nt - VY £=>0.

It can then be shown that e?4» x — e’4x as n — oo for all x € X uniformly on compact

time intervals, and thus e’ > 0 for all ¢ = 0; see Section 10.A for details. O

Proposition 10.3.3 combined with the Beurling-Deny criterion for resolvents leads to
a very useful characterisation of positive semigroups arising from sesquilinear forms.

Corollary 10.3.4 (The Beurling-Deny criterion for semigroups). Under the assumptions
of Theorem 5.1.4, let H = L*>(Q,v) for a o-finite measure space (Q,v). Ifa is real, then the
following are equivalent for the associated operator A: [%(Q,v) 2dom (A) — L2(Q,v):

(i) A generates a positive Co-semigroup on H.
(i) Vr:=VNnL3Q,v;R) is a sublattice ofL2 (Q,v;R) and a(v~,v*) <0 forall v e V.

Proof. By Theorem 10.2.5, we know that A generates a Cp-semigroup on H. Therefore,
the equivalence is a consequence of Proposition 10.3.3 and the Beurling-Deny criterion
for positivity of resolvents in Theorem 5.1.7. O

Example 10.3.5. Let ¢ # Q € R" be open. The Dirichlet Laplacian
Apir: L*(Q) 2 dom (Apir) — L*(Q)
generates a positive Cp-semigroup.

Proof. We know that Ap;; is associated to the symmetric bounded form a(v, u) = (Vv | Vu) 2
on dom (a) = H& (Q); see Example 3.3.6(b). For each u > 0, we have

Rea(v, v) +pllvliz, = VUl + plvlf, = minfl, gHivig, .

Moreover, we know from Exercise 4.3 that R(A, A) = 0 for all A > 0. Therefore by Theo-
rem 10.2.5 and Proposition 10.3.3, Apj; generates a positive Cy-semigroup. O

Example 10.3.6. Consider Ap from Example 10.2.6 again. In Exercise 5.6(c), we showed

that R(A,Ap) = 0 for all sufficiently large A € R if and only if all off-diagonal entries of the

matrix B are positive, i.e. Bj; = 0 for all indices j # k. Hence Corollary 10.3.4 shows that

the same condition on B characterises the positivity of the semigroup generated by Ap.
In Example 5.4.3, we considered the specific choice

11 1
B=-- :
A0
whose off-diagonal entries are evidently not positive. Hence the corresponding semi-

group is not positive. However, we will come back to this semigroup later to see that it
still has some positivity properties.
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Exercises for Chapter 10

Exercise 10.1. Complete the proof of Proposition 10.1.3: Let X be a Banach space, and
fix x € X and a scalar A. If A is closed, show that u« € C([0,00); X) is a mild solution
of (ACP) with initial value x if and only if v = e 1 u is a mild solution of the shifted
abstract Cauchy problem

() =(A-ADv(), te]0,00),

v(0) = x.

Exercise 10.2. Let X be a Banach space and B: dom (B) € X — X an unbounded opera-
tor. Consider the operator A: dom (4) € X x X — X x X defined by
dom (A) := X xdom (B), A= (g 1;)

(a) Show that u: [0,00) — X x X defined by

u(t) = (x+;By), t=0

is the unique classical solution of the abstract Cauchy problem associated to A
with initial condition (x y)T e dom (A).

(b) Does there exist a unique mild solution for every (x )T € X x X?
(c) Determine whether A generates a Cp-semigroup on X x X.

Exercise 10.3. Let p € [1,00). Recall that for two functions k € LY(R) and f e LP(R), the
convolution k = f € LP (R) is given by

(kx )00 = fR k(x— ) f(y) dy

for almost all x € R. It is a standard fact in functional analysis that the convolution =* is
associative and satisfies Young's inequality ||k = f||,, < Ikl || £ .-
For each t > 0, we define

1
ki: R—R, k = .
t ¢(x) \/mex ar
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10.3. Positive semigroups on Banach lattices

(@) Show that k; € L'(R) and lk¢ll;1r =1 for each ¢ > 0.

(b) Show that kg * k; = ks, forall s, > 0.5

(c) The heat semigroup (7'()) ;>0 on LP(R) is defined by T'(0) = id and
T f:=ki*f vV feL’(R), t>0.

Show that (T(£)) ;=0 is a positive Cy-semigroup.’

Hint for the strong continuity: Use Proposition 10.2.2 and choose the set D there as
the space of test functions.

Exercise 10.4. Let K be a compact metric space. Suppose A: dom (A) € C(K) — C(K) isa
closed and densely-defined operator such that [0,00) € p(A) and R(1, A) =0 forall A = 0.
Let 1 denote the constant 1 function on K and set u:= R (0, A) 1.

(a) Show that the principal ideal C(K), contains dom (A) and conclude that u is a
quasi-interior point of C(K) .. Then derive from Exercise 7.1 that u = 1.

(b) Prove that the gauge norm |- [c(x), is an equivalent norm on C(K).

(c) Show AR(A, A)u < u for all A = 0 and conclude that ||M€(/l, A)f||C(K)u < ||f||C(K)u
forall A =0and all f € C(K).

(d) Prove that A is the generator of a positive Cy-semigroup on C(K).

6This is possible by a direct computation. No Fourier transform needed!
“The generator of the heat semigroup turns out to be the Laplace operator. We refrain from discussing
this in more detail at this point.
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Notes for Chapter 10

I hail a semigroup when Isee one, and I seem to see them everywhere! Friends
have observed, however, that there are mathematical objects which are not
semigroups.® — Einar Hille

The modern theory of Cy-semigroups originates in the late 1940s with the seminal
and independent works of Hille [Hil48] and [Yos48]. The core result, now known as the
Hille-Yosida generation theorem (Theorem 10.2.3 without the additional connection to
Theorem 10.1.7), provides a complete characterisation of generators of strongly continu-
ous semigroups on Banach spaces. Historically, however, this theorem should be viewed
not as an isolated development, but as a natural extension of earlier ideas.

Indeed, the conceptual predecessor of semigroup generation theory is Stone’s the-
orem on one-parameter unitary groups on Hilbert spaces [Sto32]. Stone’s result iden-
tifies self-adjoint operators as precisely the generators of unitary Cy-groups, and it al-
ready contains the essential paradigm: spectral information about an operator deter-
mines time evolution. Yosida himself explicitly acknowledges this lineage, noting that
the “basic result of semi-group theory may be considered a natural generalization of the
theorem of M.H. Stone” [Yos95, p. 243].

Several classical monographs from the late 1970s and 1980s helped establish semi-
group theory as a standard tool in evolution equations and partial differential equa-
tions: Davies [Dav80], Pazy [Paz83], and Goldstein [Gol85]. Each emphasises different
aspects of the theory — spectral methods, evolution equations, or applications — but to-
gether they shaped what is now regarded as the classical framework. A modern and com-
prehensive treatment is provided by Engel and Nagel [EN00, EN06]. The book [ENO00]
also has historical significance as being based on the 1st and the 2nd Internet Seminar.
Readers interested in the conceptual origins of semigroup methods may consult the brief
historical discussion of the exponential function in [EN00, Chapter VII].

The equivalence of classical well-posedness and the generation of a Cy-semigroup is
a classical insight in semigroup theory; we refer to [EN00, Notes on Section I1.6 on p. 156]
for more detailed references. The characterisation in terms of mild solutions can, for
instance, be found in [ABHN11, Theorem 3.1.12].

8From the foreword to the treatise [Hil48].
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10.3. Positive semigroups on Banach lattices

Positive semigroups

The study of positive semigroups has been intertwined with semigroup theory from its
earliest days, driven initially by applications to probability theory and diffusion pro-
cesses. Foundational contributions in this direction include the works of Feller [Fel52]
and Dynkin [Dyn56], where positivity arises naturally from Markov processes and ellip-
tic or parabolic equations.

The abstract theory of positive semigroups on Banach lattices is developed in full
generality in the monograph [AGG™86], affectionately referred to as the typewriter book
and the more recent book by Béatkai, Kramar Fijavz, and Rhandi [BKFR17] - a byprod-
uct of the 17th Internet Seminar. The result of Exercise 10.4 corresponds to [AGG™ 86,
Theorem B.II-1.8]. An alternate elegant yet very Banach lattice heavy proof of Exam-
ple 10.3.2(b) can be found in [V0i88, Proposition 2.1].
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Encore: if you want to know more...

10.A Yosida approximation

In this supplementary section, we complete the proof of the implication (iii) = (ii) in
Theorem 10.2.3.

Proposition 10.A.1. Let A: dom (A) € X — X be a closed, densely defined operator on a
complex Banach space X . Suppose there exist numbersw € R and M = 1 such that (w,00) <
p(A) and for each A € (w,00), we have

[A-)"RA, A<M VneN.
Then A is the generator of a Cy-semigroup (T (1)) =0 on X.

Proof. By making w larger if necessary, we may assume that w > 0.
Observe that for each bounded operator S € £(X), the exponential series

00 tkSk

|
k:O ka

etS .

converges absolutely in £(X). It is easy to check that (e’$);q is a Cy-semigroup with
generator S.

Step 1: For n e Nwith n > w, consider the Yosida approximants
Ap=nAR(n, A) = n*R(n, A) — ne L(X).

Since A is densely defined, A,x = nR(n, A)Ax — Ax as n — oo for all x € dom (A) by
Exercise 5.1(a).

Step 2: We show that e’/ is uniformly bounded for n = 2w and for ¢ in any bounded
time interval. Indeed, for ¢ = 0 we have

tA | eRmA | nt |2 15 o k
e 4| = e ™" e ” =e Y| —(n°R(n, A)
k!
k=0 &
B 0o l'k nZk B 2
<Me ™Yy — =Me Mo < Me®®!

whenever n = 2w.
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10.A. Encore: Yosida approximation

Step 3: Letx € X and 7 > 0. We claim that (e Any) n=20 is a Cauchy sequence in C([0, 7]; X).

To show this, we first assume that x € dom (A). For fixed ¢ € [0, 7], let

U, n(s)x = el 79AmeSAn y s€ (0,1

with m, n = 2w. Then

t t
e =4yl = [t (el ds= [ (A0 = Az ds
t
< f M2 [(An = Ap)xll €90 ds < M7 (A — Ay x] €7 — 0
0

as m, n — oo by Step 1. The claim for arbitrary x € X now follows from the density of
dom (A) in X and from the estimate shown in Step 2.

Step 4: By Step 3, for each x € X and each ¢ = 0 the limit

T(H)x:= lim erx

n—oo
exists, with uniform convergence on bounded time intervals. Thus, ¢ — T'(f)x is con-
tinuous at 0 and T'(0)x = x. In fact, it is also easy to see that T (¢t + s)x = T(£) T(s)x =
T(s)T(t)x for all t,s = 0. Consequently, (T'(#)) ;=0 is a Cp-semigroup.

Step 5: Let B: X 2dom (B) — X be the generator of (T'(#));>0 and x € dom (A). From the
proof of (ii) = (i) in Theorem 10.2.3, we know that e “x is a mild solution of the
Cauchy problem associated with A,. As A, is bounded, we therefore obtain

t
ey x= f s A, x ds.
0

Taking n — coyields T(f)x—x = fot T(s)Axds. In turn, lim;|o YT () x—x) exists and
is equal to Ax. Consequently, x € dom (B) with Bx = Ax, so B is an extension of A.

Since Cy-semigroups yield well-posed abstract Cauchy problems, it follows from the
proof of (i) = (iv) in Theorem 10.2.3 that (w,00) < p(B). Thus, for all A > w, the oper-
ators A — A and A — B are bijective. Consequently, dom (A) =dom (B)and B=A. O
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Chapter 11

Eventually positive semigroups

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

11.1 Individual and uniform eventual positivity

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

Definition 11.1.1 (Eventual positivity of semigroups). Let (e’4);>¢ be Cy-semigroup on
a Banach lattice E. Let u€ E, and 0 < Q € L(E).

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

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

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

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

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

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

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

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

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

0 e ?'(coshr—sinhtS))

In particular, e“‘g —0as t—ooforall gekerp. Nowlet 0 < f e C([—1,1]) and write
fas f={(p, f)1+g for a function g € kerg. Of course, e!1f = (¢, f)1+e'4g —
(¢, f) 1 with respect to || - ||, for  — co. Since e f is real and (¢, f) 1 is a constant
function with value (¢, f) > 0, it follows that e’ f > 0 for all sufficiently large ¢ > .

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

e f.(-1)=e+e *"(coshtg,(~1) —sinh tg.(1)) 29 e=2sinht <0.

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

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

11.2 Spectral bound vs. the growth bound

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

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

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

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

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

Proposition 11.2.1. Let (e'4);>o be a Cy-semigroup on a complex Banach space X.
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(@) For A€C, ifthelimit

t
Ryx:= tlim e e xds

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

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

(b) Suppose A € C with ReA > wg(A), and choose w € (wg(A),Re). Then there exists
M =1 such that ||e’|| = Me“! for all ¢ > 0. Hence, for every x € X, the map

0,000 =X, t—e My
is Bochner integrable, so 1 € p(A) by (a). O

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

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

(i) wo(A) <0, i.e. there exist M =0 and w < 0 such that He“‘” < Me®! forallt=0.
(i) [e"]| —0ast— oco.
(ili) There exists a ty > 0 such that || e | < 1.
Proof. The implications (i) = (ii) = (iii) are obvious.

“(iii) = (i)™ Without loss of generality, we assume ||| > 0. Let > 0 and n € N be

such that ¢ € [nfy, (n+1)15). Then for constants M := ||e®4| ™ sup,e (o, | "] and
w = t;'log||e®”| < 0, we obtain for each 7> 0 that

4] = 1(e2)" 64 = sup o] s )" < et = e, O
i)
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11.2. Spectral bound vs. the growth bound

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

1(T) :=sup{|Al: Aeo(T)} €[0,00)

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

r(T) = inf

keN

1/k
” 11.2.1)

Hllk

‘Tk = lim H T*

k—o0

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

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

i r(n<1.
(i) 7% — 0 ask— co.
(iii) There exist numbersn € [0,1) and ¢ = 0 such that | T*|| < en*for each k € No.

(iv) Forsomelall p € [1,00) one has

X p
Y ¥ <00 wxex.
k=0

Proof. “(ii) « (iii)”: The proof of this equivalence is similar to the continuous-time case
(Proposition 11.2.2), so we omit the details.

“(i) = (i)™ This follows from the spectral radius formula (11.2.1).

“(iii) = (iv) for all p”: This implication is obvious.

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

i P
Y 7| < mPuxi? v e x.
k=0

Choose a A € o(T) with |1 = r(T). Since A € do(T), it is an approximate eigenvalue
of T, i.e. there is a sequence (x,) in X such that ||x,|]| =1forallnand A - T)x,, — 0
as n — oo (Exercise 5.2). For every k € N, it follows that (A¥ — T%)x,, — 0 as n — oo
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because the operator Ak —Tk)isa multiple of A — T. In particular, H Tkxn H — Mlk as
n — oo for each k € Ny. Hence, by Fatou’s lemma

oo
MP =liminf ) ” T*x,
k=0

n—oo

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

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

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

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

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

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

o0
e x|’ dt < oo VxeX,
I

0

then wy(A) <O0.

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

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

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

We proceed to prove that wg(A) < 0. According to Proposition 11.2.2, it suffices to
show that there exists a k € N such that ||ef4|| < 1. For this, it suffices by Proposi-
tion 11.2.3 to prove that r(e?) < 1. Hence choose A € a(e?) with |A| = r(e?). Now we
use a similar argument as in the proof of Proposition 11.2.3: since A € do(e?), it is an
approximate eigenvalue of e/ (Exercise 5.2), i.e. there exists a sequence (x,,) in X such
that ||x,|l = 1 for each n and (A — e?)x,, — 0 as n — oco. For each integer k € N it follows
that (A¥ — e*4)x,, — 0 as n — oo.
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Set C = sup¢o 1) ||e“‘|| € [1,00). For each k € Ny and each t € [0,1] one can use
el=D4e!4 = ¢4 (o obtain C|le’te*x,| = |e*D4 |A|FH

for each n, one has

xn| — as n — oo. Moreover,

MP = f ||etAxn||pdt_Z f 46k, at,

so Fatou’s lemma gives M” = 220:0 [A|%+DP 1 CP_ This shows that 1> |A] = r(e?). O

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

Let (e'1) ;¢ be a Cy-semigroup on a complex Banach space X. For A € C with Re) >
wo(A), the integral [;° e~ eAx dt exists for x € X as a Bochner integral and is, accord-
ing to Proposition 11.2.1(a), equal to R(A, A) x. As discussed in the previous section and
demonstrated in Exercise 11.2, it can happen that s(A) < wo(A4). To infer information
about the spectral bound s(A) from information about the semigroup, it is quite useful
to have a similar representation of R (A, A)x even for A > s(A). In some cases, this is in-
deed possible. It follows from Theorem 11.2.4 for p = 1 that the integral [5° e~ “Ae!4x dt
cannot exist as a Bochner integral for each x € X if Re A € (s(A), wg(A)]. However, it does
sometimes exists as an improper integral, i.e. as the limit lim; . [y e MelAx dt. In par-
ticular, this is always the case for eventually positive Cy-semigroups, as we show in The-
orem 11.4.1. For the proof of this theorem, we need a general result about the Laplace
transform of positive vector-valued functions (Theorem 11.3.2).

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

Theorem 11.3.1 (Dini’s theorem in Banach lattices). Let E be a Banach lattice and let (x )
be an increasing net of real elements of E, i.e. xj, < xj, for j1 < j2. If (x;) converges weakly
to an element x € E, then it even converges in norm to Xx.

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

[x=x;| = sup |(z', x—x;}| = sup (|Z'|, x—x;) = sup (¥, x—x;),
lz'lI=1 l2'lI=1 x'eB
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where the inequality follows from the inequality at the end of Theorem 4.4.2. Therefore,
it suffices to show that

sup (x', x—x;) — 0. (11.3.1)

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

Each of these sets is open in B) with respect to the weak* topology. Moreover, since x; —
x weakly, one has B}, = ; B;.. As B!, is weak* compact by the Banach—Alaoglu theorem,
there exist finitely many indices ji, ..., j, such that B/, = B}l U---u B}g. Choose an index
Jo that dominates jy,..., j¢. Since the net (x;) is increasing it follows that <x’ ,X—X j> <e€
for all x' € B!, and all j = jj, which proves (11.3.1). O

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

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

f(/l)::f e Mf()dr V¥ A€Creso.
0

(a) The function f is analytic.

(b) Assume now that E is a complex Banach lattice, that f (t) = 0 forall t = 0, and that f
extends to an analytic function from Cge>y to E, which we again denote by f. Then

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

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

f”“)(u)=f (ke M f(r) dr (11.3.2)
0

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

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

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

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

(', fu) = Z(“ )f ket (%', (1) dt

(,Lt /Dktk

- [ ey ‘*”Z dt

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

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

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

11.4 The spectrum and the resolvent of an eventually positive
semigroup

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

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

T
R, Ax=lim | e™e4xds VxeX
T—00 0

forall A e C withReA >s(A).

Proof. We may assume x = 0. Choose fy = 0 such that e’x > 0 for all ¢ > ¢ty and define
f:10,00) — E as f() = e"*®4x for all £ = 0. By Theorem 10.2.3(b),

00 f R
RA, Ax= f e Metxds= f e Mehxds+e M f(A)
0 0
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for all A € Cre>w,a)- Since f is positive and f extends to an analytic function from
Cre>s(4) to E, the assertion follows from Theorem 11.3.2(b). O

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

Theorem 11.4.2 (The spectral bound of eventually positive semigroups). Let (e'4) ;=0 be
a Cy-semigroup on a complex Banach lattice E such that o (A) # @. If(e“‘) =0 1S individu-
ally eventually positive with respect to 0, then s(A) € o (A).

Proof. By Proposition 3.3.2(a), dist(1,0(A4)) = [R(A, A) 7! for all A € p(A). Therefore,
there exists (1,,) < p(A) such that Re A, | s(A) and [[R(A,, A)ll — oo as n — oo.

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

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

Ask—oo, 1 r(Re An) remains bounded in E, while the norm of the term on the left tends
to co. Hence |R(ReAy,, A) | f]||| — oo as well. As ReAd,, | s(A), we conclude s(A) € o (A).
O

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

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

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

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

dist (A —s(A)RA, A)x, E4) < (A —s(A)RA, Ax — (A—s(A) x|

Io
=(A-s(A) Hf e Mexds
0

l_e—/ll‘o A
< (A=s(A)——— sup e**x|| —0
SE[O,l’o]

as A | s(A); thelastline uses the local boundedness of semigroup orbits (Proposition 10.2.2).

1We already know s(A) € o(A) from Theorem 11.4.2
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(a) Let p € N denote the pole order of s(A) and let Q- denote the coefficient of (A —
s(A))7? in the Laurent series expansion of R (-, A) about s(A). By Theorem 6.2.6, s(A)
is an eigenvalue of A and A" with rgQ_p+; S ker(s(A) — A) and rg Q’_IgJr1 c ker(s(A) —
A'). Moreover, (A —s(A)PR(A,A) — Q_ p+1 in operator norm as A | s(A). It follows
from the observation above that both Q_,1 and Q" p+1 A€ positive. Hence, both A

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

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

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

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

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

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

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

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

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

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

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

2Strictly speaking, the latter condition is not more general since there is a classical representation result
saying that if the norm on a Banach lattice is additive on the cone, then the Banach lattice is isometrically
lattice isomorphic to an L!-space. In any case, additivity of the norm on E. is what is needed for the proof.
p p y p
3Local compactness means that for every point w € Q, every open neighbourhood U of w contains a
compact neighbourhood K of w. For instance, every open subset of R” is a locally compact space with
p g Ty op y p Y
respect to the Euclidean metric.
40r, more generally, a locally compact Hausdorff topological space.
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respect to the order induced from Cy (2;R), s0 (g) gec is an increasing and norm bounded
net. Hence, it converges pointwise to a function h: Q — R. Using the equicontinuity of G,
one can show that i € Cy(Q;R). Now it easily follows that # is the smallest upper bound
of G in Cy(Q;R). By the definition of G, this implies that & is also the smallest upper
bound of F in Cy(Q;R). O

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

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

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

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

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

Fix 0 < x € E. By Theorem 11.4.1 it follows from s(A) < 0 that f; e’4x dr — R(0, A)x
as T — oco. As the norm is additive on the positive cone, one can swap the norm with
integral of positive E-valued functions, so we obtain

o0 T T
f ||etAxH dtr= limf ||etAx|| dt = lim H[ ey dtH = 'R0, A) x| < oo.
0 T—00 0 T—00 0

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

(b) Let s(A) < 0 and fix a vector 0 < f € E. We show that the semigroup orbit ("4 f) ;¢
is bounded. Since E; spans E, the uniform boundedness principle then implies that
the semigroup is bounded, and thus w(A4) < 0.

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

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

Since s(A) < 0 and eSAg = 0 for each s € [0,00), Theorem 11.4.1 implies that
Io e’4gds— R(0,A)g as T — oco. Thus for every t > 1,

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

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

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

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

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

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

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

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

rela,a+pfl = OWeP)° = e(g-ef)=0

for all s > k and thus, in particular, for all s > a’ := max{k, ¢}. Lastly, we fix a time
t>a+a'+pandtheinterval I:=[t—a—f,t—a] < [a’,00). Then

sel = t-selma+Pl = (g-e"9f)=0.

We infer

1 T
lim f elgds=geCy)y,
(X’

Fom,

1 1
OSetAf=B[e”‘fdssﬁfemgdss
I I

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

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

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

t
e—sA esA

Ryx:= lim xds

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

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

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

by | £lg:= 71 v Il for all f € E.

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

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

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

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

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

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

(@) Show that there exists f = 0 such that |e’4 f| < e’ | f| for all # > f. Why does this
not follow from Proposition 4.3.22
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11.4. The spectrum and the resolvent of an eventually positive semigroup

(b) Prove that there is a norm-bounded function rr: (s(A),00) > E such that

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

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

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

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

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

Eventually positive semigroups

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

The Datko-Pazy theorem

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

Equality of spectral bound and growth bound for positive
semigroups

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

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

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

Eventual positivity in discrete time

Eventual positivity can also be studied for linear dynamical systems in discrete time - i.e.
for powers of bounded operators instead of Cy-semigroups. Similar spectral results as for
semigroups are true in this case, see [Glii17] and [AG21, Section 4]. As shown in [HK23,
HK24], several spectral results even remain true for elements with eventually positive
powers in the more general setting of ordered Banach algebras.
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Chapter 12

Convergence to equilibrium

12.1 Smoothing by C;)-semigroups

Let (e'4) ;>0 be a Co-semigroup on a Banach space X. In this section, we discuss con-
ditions on the operators e’ to map X into dom (A) for ¢ > 0. We are interested in this
property for three reasons. Firstly, we will give characterisations of eventual positivity in
the next chapter that are similar to those given for the resolvent in Chapters 7 and 8. For
the resolvent, that characterisation is closely tied to the property that the range of the
resolvent is contained in dom (A), which indicates that a similar property will be useful
for semigroups operators. Secondly, the property rge’4 < dom (A) is related to differen-
tiability of mild solutions by the following proposition.

Proposition 12.1.1. Let (et r=0 be a Cy-semigroup on a Banach space X, let x € X, and
let to = 0. The following assertions are equivalent.

(i) The orbit map [0,00) — X, t — eAx is differentiable on [ty,00).
(i) e™?x e dom(A).
If (i)-(ii) are satisfied, then e'4x € dom (A) and %e”‘x = Ae'x hold for all t € [ty,00).

Proof. “(i) = (ii)”: The map s — e(sT4x = ¢S4ehAy ig differentiable on [0,00), and in
particular at s = 0. The definition of the domain of a semigroup generator (Defini-
tion 10.2.1(b)) thus implies e x € dom (A) and ;e x|,_, = Ae""x.

The same argument works if #j is replaced with any larger real number. This shows

the property claimed at the end of the proposition.

“(ii) = (i)” Assume that e”“x € dom (A). The last part of Theorem 10.1.7 then shows
that the mapping [0,00) — X, s — e($t04x = ¢S4eh Ay is differentiable with the deriva-
tive Aes4ef04x = Ae* A x at each s = 0. O

A third reason why e’ X < dom (A) is interesting is that it implies the so-called even-
tual norm continuity of a Cy-semigroup that is discussed in Section 12.2.
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12.1. Smoothing by Cyp-semigroups

In the rest of this section, we derive conditions for the property rg e’ cdom (A) and,
more generally, rge’” < dom (AF), to hold for all k € N and ¢ > 0. We need the following
Fourier-like representation formula for the semigroup in terms of the resolvent.

Proposition 12.1.2. Let (e!4) ;¢ be a Cy-semigroup on a complex Banach space X with
wo(A) <0andlet2 <keN. Ifx € X is such that ||ﬁkR(i,B, A)kx” is bounded for all suffi-
ciently large | B|, then

k-D! [
tk‘le”‘xzuf ePRGB, A xdB Vr=o.
27 R

Before we prove the proposition, let us show in the following remark that the norm
estimate for ||R(iﬁ, Ak x|| in the theorem is automatically true if x e dom (Ak). We do not
need this fact in the course, but we consider it worthwhile to include it for context.

Remark 12.1.3. Let (e’4),5o be a Cy-semigroup on a complex Banach space X with
wo(A) < 0 and let k € Ny. If x € dom (AF), then ||B*R(if, A)*x| is for bounded for all
sufficiently large |ﬁ|

Proof. First, define C := supeg | R(iB, A)||; the assumption wo(A) < 0 implies that C < oo,
since in Theorem 10.2.3(iv) one can take any w > wo(A). Therefore, if | ,6| > 1, then using
the resolvent identity

|6Rap, 0%x| = | 8RB, 0F (RO, 4F (- %) | < || B* (RiiB, R0, )| | 4¥x|
= | (Rap, 4 - R, 0)*| | 4*x| = (C+ 1RO, 01 | 4%x] O

Proof of Proposition 12.1.2. Note that the integrand is Bochner integrable since k = 2.
To show the equality for t*~!e’4 x, we use some standard results for the scalar-valued
Fourier transform on R. Let F: L' (R) — Co(R) be given by

(FH(P) = B £ (p) de

1
— | e
V2n f[R
for all f € L'(R) and B € R. It has, among others, the following two properties:
(@) If fe LY(R) and Ff € L}(R), then (F2f) (1) = f(—¢) forall t € R.

(b) If f € L'(R) and the mappings g/: R — C, t — t’ f(#) are also in L' (R) for all £ € N,
then Ff € C*°(R) and F gy = i[(]-"f)([) forall £ e N.

Now fix a functional x” € X’ and define f: R — C by

F)= (x’,etAx> ift=0,
"o if £ € (—o0,0).

Moreover, let go: R — C, g¢(t) = t”f(t) for each ¢ € N, as in property (b) above. Since
wo(A) <0, the functions f and gy are in LY(R;C) for each £ € N.
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12. CONVERGENCE TO EQUILIBRIUM

It follows also from w((A) < 0 and from the Laplace transform representation of R (-, A)
(Theorem 10.2.3(b)) that (F f)(B) = \/%[ (x', R(ip, A)x) and thus,

(k-1)!
v2m

for all B € R; the first equality follows from property (b) above and the second equality
is due to the identify RE-D (A, A) = (-1 1(k-1)!R (A, A)* (which one can, for instance,
obtain from the Taylor serious expansion in Proposition 3.3.2(a)). Finally, we apply prop-
erty (a) above to the function gy_; and evaluate to get

Fer-0B) =1 FH () = (¥, RiiB, HFx)

1 )
g1 (0= (P (-0 = = fR P (Fgr_1)(p) dp

(k-1

itf /. . k
el (x', RGB, Ax)" dp

for all r = 0. Since x’ € X’ was arbitrary, this proves the claim. O

As a consequence of the previous proposition, one easily gets the following condition
for e’/ to map into the domain of every power of A.

Theorem 12.1.4. Let (e'4) ;5 be a Cy-semigroup on a complex Banach space X. Assume
that there exists w > wo(A) such that | fR(w +iB, A)| is bounded for all § € R with suffi-
ciently large modulus. Thentge'” < dom (A?) forall t >0 and ¢ € Ny.

Proof. Replace A with A—w, we may assume that wg(A) <0 and || fR(i, A)|| is bounded

for all € R of sufficiently large modulus. Hence, the integral representation formula for

tk=1et4x in Proposition 12.1.2 holds for each x € X, each ¢ > 0 and each integer k = 2.
Now fix an integer k = 2 and observe that

k—
ARF2R (B, A)F = (—idX +HBR(B, A)) “Riip, A2,

and thus, || ﬁzR(iﬁ, Ak H dom(AF-2)—X is bounded for all § € R of sufficiently large modu-

lus. Hence, for each x € X and ¢ = 0 the integral representation of t*~!e’4x in Propo-
sition 12.1.2 even converges as a Bochner integral in dom (Ak‘z) and therefore, e/4x €

dom (Ak_z) for all £ > 0. Since k = 2 was arbitrary, the theorem is proved. O

The resolvent decay assumption from Theorem 12.1.4 is automatically satisfied if the
semigroup generator is associated to a form on a Hilbert space (cf. Theorem 10.2.5).

Corollary 12.1.5. Let the Hilbert spaces V, H and the sesquilinear form a: V. xV — C
satisfy the assumptions of Theorem 5.1.4. Then the semigroup generated by the operator
A: H2dom (A) — H associated to a satisfiesrge'* < dom (A[) forallt>0and ¥ € Ny.

Proof. By assumption, a satisfies the ellipticity estimate

Rea(v,v) +pllvl =8 lvl (12.1.1)
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12.2. Eventual norm continuity

for some numbers p € Rand § > 0 and for all v € V. After shifting the entire situation by
areal number if necessary, we may assume that y < 0 and that wy(A) < 0.

The idea is to first check that the ellipticity estimate (12.1.1) is, up to a change of J,
preserved if we rotate a by a small angle. We use this to show that | fR (i, A)|| is bounded
on R\ {0}. The claim then follows from Theorem 12.1.4.

The continuity of the form a implies that |a(v, v)| = M || vll%, for a number M = 0 and
all v € V. Hence, if we choose 6 > 0 sufficiently close to 0, then

. . 5
Re(e ™ a(v, ) + vl =8 10l - |(e7” = 1) la(w, )| = Sl (12.1.2)

for all v € V and Re (ie™%) = sin§ > 0; we use the latter property at the end of the proof.
The inequality (12.1.2) shows that the form e~?a also satisfies the assumptions of The-
orem 5.1.4, with the same number p < 0 (and a different §). One easily checks that the
operator e~? A is associated to e7?a, so Theorem 5.1.4(b) gives s(e™'? A) < < 0 and

1 1

| ey,

for all A € C with Re A > 0 > . In particular for A := e7 i with B € (0,00), this gives,

1 1
Re(e-1%if) Bsinf’

IR, )] = [Re i, e )| <

Considering a negative 0 sufficiently close to 0, yields a similar estimate for § € (—o0,0).
O

Let us point out that the results in Theorem 12.1.4 and Corollary 12.1.5 are far from
optimal. The decay assumption for the resolvent in the theorem implies — and is in fact
equivalent to — an even stronger regularity property of the semigroup, namely that it is
analytic. Analyticity of a semigroup is a strong and useful property, and a thorough treat-
ment could easily fill to chapters on its own. Since the concept is not strictly necessary
for the remaining sections of the course, we refrain from studying analytic semigroups
and instead refer the interested readers to the literature, e.g. to [EN00, Section I1.4.a].

12.2 Eventual norm continuity

Definition 12.2.1 (Eventual norm continuity). A Cp-semigroup (e >0 on a Banach
space X is called eventually norm continuous if there exists #y = 0 such that the mapping

[tg,00) — L(X),  t—e™

is continuous with respect to the operator norm.

The main reason why we are interested in eventually norm continuous semigroups
is that their long-term behaviour is quite well understood. For instance, their spectral
and growth bounds are always equal, even without any positivity assumption.
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12. CONVERGENCE TO EQUILIBRIUM

Theorem 12.2.2. Let (e'4);>¢ be an eventually norm continuous Cy-semigroup on a com-
plex Banach space X. Then the following properties hold:

@ s(A) =wo(A).

(b) Ifs(A) > —oo, then the supremum in the definition of the spectral bound is a maxi-
mum, i.e. there exists a |1 € g (A) such thatRe 1 = s(A).

Proof. We prove both claims together. Let fy = 0 such that ¢ — e’/ is operator norm

continuous on [fy,00). There is no loss of generality in assuming #, > 0 and wy(A) =0
throughout the proof. We then need to show that A has a spectral value on iR.

A similar argument as in the proof of Proposition 11.2.2 shows that wo(A) = 0 im-
plies r(e4) = 1 (see Exercise 12.1 for details). Hence choose an angle 0 € R such that
e? € g(e™?). As e € g (e4), it follows that € is an approximate eigenvalue of ehA
(Exercise 5.2), i.e. there exists a sequence (x5) in X with ||x, | = 1 for each n and such that
(el? — etoA)xn — 0 as n — oo. For each index n, we choose a functional x), € X’ of norm
[ )| = 1 such that (x},, x,) — 1 as n — oo.

Consider, for each n, the map f;, € C([0, #]; C) given by

_i6
fu(s) = <x§l, e 1fose’m“"“‘xn>

for all s € [0, p]. The sequence (f}) is bounded in C([0, £y]; C), and it is equicontinuous
since the map ¢ — e’/ is continuous with respect to the operator norm on [#y,00).By the
Arezla-Ascoli theorem, we may replace the sequences (f,), (x5), and (xﬁl) with subse-
quences and thus achieve that f;, converges in || - |, to a function f € C([0, t];C). The
approximate eigenvector property of (x,) implies that f;,(0) — e? so f) = elf,

Therefore, f is non-zero and hence, so is at least one Fourier coefficient of f, i.e.
there exists an integer ¢ € Z such that f0t° e_i%sf(s) ds #0. Thus, Oto e_i%sfn(S) ds 40,
as n — oo which in turn implies that

) . n—oo 0+2n/¢
f eSU P plAy ds £ 0, where f:i= n dhdy (12.2.1)
0 0
We complete the proof by showing that i € o(A). Since s — eS4e’4x is a mild solution

A

to the abstract Cauchy problem (s) = Au(s), u(0) = e4x one has

Iy . .
(lﬂ _ A)f eS(A—lﬁ)el’oAxn — efoAxn _ e[o(A—lﬁ)etoAxn
0
=e 0l A(el0x, — eh4x,) —0as n— oco.

Ifif ¢ o (A), we could multiply with R (i, A) and would obtain a contradiction to (12.2.1).
O

Let us now give two sufficient conditions for a Cy-semigroup to be eventually norm
continuous. The first condition is the type of smoothing property that we studied in
detail in the previous section.
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12.2. Eventual norm continuity

Proposition 12.2.3. Let (e!4) ;> be a Cy-semigroup on a Banach space X that satisfies
rg e4 < dom (A) for some ty = 0. Then (@) 50 is eventually norm continuous.

Proof. Note that, by the closed graph theorem, e is continuous from X to dom (A),

when the latter space is endowed with a graph norm of A. Fix a t > fy and set M :=
SUPe(0.7] He“‘”. For all 11, £, € [£p, 7] with #; < t» and all x € X, Proposition 12.1.1 and the
fundamental theorem of calculus imply

t:
e el = | [ aestxas
n X

A
< (2= 1) I Allx—doma [| €| gomay—x M 111

-~

=M
This implies that [|e®24 - e14||,_, < M|t — fy| forall 1, £, € [0, T]. O

To give a first example of how the results from this and the previous section can be
applied, we revisit an old friend, the Dirichlet Laplace operator. This is mainly a toy
example in the present context, to demonstrate the previous results in a now-familiar
situation. The following properties of Ap;; can — even under weaker assumptions — also
be derived by other methods, for instance the spectral theorem for self-adjoint operators.

Example 12.2.4 (The Dirichlet Laplacian). Let @ # Q < R” be open, bounded, and con-
nected. Assume for the sake of simplicity that Q has C*® boundary.'

Consider the Dirichlet Laplace operator Ap;;: L[2(Q) 2 dom (Apj;) — L%(Q). One has
e®oir — 0 with respect to the operator norm as t — co.

Proof. From Example 7.3.8(b), we know s(Apj;) < 0. Moreover, as Ap;; is associated to
a sesquilinear form a that satisfies the assumptions of Theorem 5.1.4, we deduce from
Corollary 12.1.5 that rgemDir < dom (Apj;) for all £ > 0. In particular, the semigroup is
eventually norm continuous? (Proposition 12.2.3) and hence, Theorem 12.2.2(a) shows
that wo(Apjr) < 0. The convergence is now a consequence of Proposition 11.2.2. O

The second sufficient condition that we give for eventual norm continuity is that one
of the semigroup operators be compact. We need the following elementary result from
functional analysis.

Lemma 12.2.5. Let X be a Banach space and let S, T € L(X). Let (S;) be a bounded net
in L(X) that converges strongly to S, i.e. Sjx — Sx for all x € X. If T is compact, then
S;T — ST in operator norm.

n fact, we only need the smoothness assumption on Q to apply the result in Example 7.3.8(b) that
shows s(Apjr) < 0. As pointed out on several earlier occasions, the property s(Apj;) < 0 is also a conse-
quence of Poincaré’s inequality and is in fact true without any regularity assumptions on the boundary of Q.
Moreover, it does not require Q to be bounded, either — it suffices if Q is contained in a strip of finite width.

2In fact, a glance at the proof of Proposition 12.2.3 shows that the semigroup is even norm continuous
on (0,00) since the time fp > 0 in the Proposition can be chosen arbitrarily small.
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12. CONVERGENCE TO EQUILIBRIUM

Proof. Since the set T B<; (0) is relatively compact, it is totally bounded, i.e. for every € > 0
it can be covered by finitely many balls of radius €. By using this property, the proof is
now straightforward. O

Proposition 12.2.6. Let e =0 bea Cy -semigroup on a Banach space X such that ehA e
L(X) is compact for some ty = 0. Then (e'4) ;¢ is eventually norm continuous.

Proof. Let t € [ty,00) and let (tx) be a sequence in [#,0c0) that converges to t. By the
strong continuity of the semigroup, the sequence (e~ %)4) converges strongly to e(/~4,
and by the uniform boundedness principle the sequence is bounded. Since e”“ is com-
pact, Lemma 12.2.5 implies that

A — e(tk—l’o)AetoA N e(t—l’o)AetoA — tA

e e

with respect to the operator norm. O

12.3 Spectral decomposition and convergence to equilibrium

In Chapter 11, we saw some sufficient conditions for a Cy-semigroup to converge to 0 in
the operator norm. In the present section, we are interested in the conditions which en-
sure that the semigroup operators converge to a non-zero operator in the operator norm.
To this end, we use that the spectral decomposition from Proposition 6.2.2 is compatible
with Cyp-semigroups in the following sense.

Proposition 12.3.1 (Spectral decomposition for semigroups). Let (e!4) ;¢ be an eventu-
ally norm-continuous Cy-semigroup on a complex Banach space X. Assume that oy <
o (A) is compact, o0 (A)\ 0y is closed, and let P € L(X) be the spectral projection of A asso-
ciated to oy (Definition 6.2.3).

(a) Foreacht>0, e commutes with P and thus leaves ker P and rg P invariant.

(b) The restricted operator families (e'” g p)iso and (e, ) oo are Co-semigroups on

. . 3
rg P andker P, respectively, and their generators are A|rg pand A o

Proof. (a) One can easily derive from Proposition 6.2.2(a) that P commutes with R (-, A)
for every A € p(A) and hence, P also commutes with the approximating operators
A, from formula (10.2.1) for all n. As el4n ig given as a series over powers of A, for
each t = 0, P also commutes with e’4» for all indices n and all ¢ = 0. Since e’4» — e'4
strongly as n — oo, we finally conclude that P commutes with e’/ for each ¢ = 0.

(b) Both families are obviously Cyp-semigroups and the definition of semigroup genera-
tors (Definition 10.2.1(b)) readily gives the claimed equalities for the generators. [

3We recall from Proposition 6.2.2 that A|rg p € LgP) and that the operator A), ., on ker P has the
domain dom (A) nker P.
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Theorem 12.3.2 (Convergence to equilibrium). Let (e r=0 be an eventually norm con-
tinuous Cy-semigroup on a complex Banach space X. Assume that s(A) = 0 and that
o (A) NiR consists only of poles of the resolvent. The following are equivalent:

(i) e'4 converges with respect to the operator norm to an operator L(X) as t — oo.
(ii) e’ converges strongly to an operator in L(X) as t — co.
(iii) o(A)NiR = {0} and O is a first order pole of R(-, A).

If these equivalent assertions are satisfied, then the operator lim;_.o, ' is the spectral
projection of A associated to the spectral value0.

Proof. Note that o(A) NiR # @ by Theorem 12.2.2(b).
“(i) = (i)™ This implication is obvious.
“(ii) = (iii))” Assume that (iii) fails. Then precisely one of the following two cases occurs:

o (A) NiR contains a pointif # 0: In this case, if is a pole of R(-, A) by assumption
and hence an eigenvalue of A (Theorem 6.2.6(a)). Let x € dom (A) be an eigen-
vector of A for the eigenvalue i3. Then one readily checks that the mapping
u: [0,00) — X, u(t) = eP’x is a classical solution to the Cauchy problem () =
Au(t), u(0) = x, so e'4x = u(t) = é*x for all £ = 0. Since B # 0, it follows that
e'4x does not converge as t — co.

o (A)NiR = {0}, but the pole order of 0 is p = 2: Then one gets from Theorem 6.2.6(a)
and (b) that 0 is an eigenvalue of A that is not semisimple. Hence, there exists a
vector 0 # x € ker A%\ ker A. It is now easy to check that the mapping u: [0,00) —
X, u(t) = tAx + x is a classical solution to the Cauchy problem u(t) = Au(?),
u(0) = x. Hence, e'4x = tAx+ x for all £ = 0. Since Ax # 0, this solution does
not converge in X as ¢ — oo.

“(iii) > (i)™ Let P denotes the spectral projection of A associated to the point 0. Since
0 is a first order pole of R(-, A), Theorem 6.2.6(b) and (c) shows that rg P = ker A, so

A|rg p is the zero operator on rg P. Hence, the semigroup acts as the identity on rg P.

On the other hand, Proposition 6.2.2(b) shows that (7(A|ker P) =0 (A) \ {0} and hence,
every spectral value of A}, has strictly negative real part. Obviously, the restriction
of the semigroup to ker P is also eventually norm continuous, so it follows from The-
orem 12.2.2(b) that s(4, ) <0 and from part (a) of the same theorem that spectral
and growth bounds of 4, , coincide. Since this operator generates the restriction
of the semigroup to ker P, this restriction converges to 0 in operator norm as ¢ — oo.

Additional property at the end of the theorem: From the proof of the implication (iii) = (i),
it follows that lim;_.., e’/ is indeed the spectral projection of A associated to 0.  [J

As a simple example for Theorem 12.3.2, we discuss an application to the Neumann
Laplace operator in Exercise 12.2.
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12. CONVERGENCE TO EQUILIBRIUM

12.4 A convergence result for eventually positive semigroups

In this section we demonstrate that eventual positivity does, under sufficiently strong
assumptions on the generator, imply convergence to equilibrium as ¢ — co. While this is
an interesting insight in its own right, it will also turn out to be very useful for the proof
of the characterisations in the next chapter.

Theorem 12.4.1. Let E be a complex Banach lattice. Let (') be a Cy-semigroup on
E that is real *, individually eventually positive with respect to 0, and eventually norm
continuous. Assume that A has compact resolvent and that s(A) > —oo, and let P denote
the spectral projection of A associated to s(A). The following are equivalent:

(i) The poles(A) of R(-, A) has order one.
(i) e!‘A=s) _, p with respect to the operator norm as t — oo.

Ifthese equivalent conditions are satisfied, then s(A) is a strictly dominating spectral value
of A.

For the proof of the theorem we need the following nice lemma from topological
dynamics on the complex unit circle T.

Lemma 12.4.2. Let m € N and let y1,...,um € T. There exists a sequence of integers 1 <
4. — oo such thatuf’“ —lask—ooforallje{l,...,m}.

The lemma is, in fact, a special case of the following more general result on com-
pact groups. Just apply Proposition 12.4.3 to the group T"" (endowed with the pointwise
multiplication) to obtain Lemma 12.4.2.

Proposition 12.4.3. Let G be a group with neutral element 1 and, at the same time, a com-
pact metric space. Assume that the group operation Gx G — G, (g, h) — gh is continuous.’
For each g € G there exists a sequence of integers 1 < ¢, — oo such that g’ — 1 as k — co.

Proof. Fix g € G. We say that a set S € G is left invariant under g if gS < S. As G is
compact, the intersection of any chain of non-empty closed subsets of G is non-empty.
Hence, it follows from Zorn’s lemma that, among all subsets of G that are non-empty,
closed, and left invariant under g, there exists at least one — let us call it M — that is
minimal under set inclusion.

Choose an arbitrary element h € M. For every ¢, € N the closure of {g‘h: ¢ = ¢y}
is a non-empty, closed subset of M that is left invariant under g. So by the minimality
of M, the closure of {g’ h:¢ = ¢y} equals M; in particular, it contains k. Thus, one can
construct a strictly increasing sequence (¢) in N such that g*h — h as k — oco. Finally,
we multiply with #~! from the right to obtain the conclusion of the proposition. O

4This means that e’/ is real for each t = 0.

5By a theorem of Ellis (see for instance [EFHN15, Theorem G.12]) this is equivalent to the formally
weaker property that the multiplication on G is separately continuous in each variable. Moreover, it implies
that the map G — G, g — g~ ! is continuous (in other words, G is a compact topological group).
We note in passing that the proposition remains true for compact topological groups that are not metris-
able (but whose topology is Hausdorff) if one allows (¢}) to be a net rather than a sequence.
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12.4. A convergence result for eventually positive semigroups

Proof of Theorem 12.4.1. We may assume throughout the proof that s(A) = 0. Observe
that the individual eventual positivity then implies 0 € o (A) according to Theorem 11.4.2.
Choose ty =0 such that ¢ — elis operator norm continuous on [fy, c0).

“(ii) > (i)™ This implication follows from Theorem 12.3.2.
“(i) = (ii) and 0 (A) NiR = {0} ”: We proceed in several steps.

We show that o (A) NiR is finite: Since Ahas compact resolvent, all spectral values of
Aareisolated (Theorem 6.2.9(b)) so it suffices to prove that o (A) NiR is bounded.
Assume to the contrary that there exists (i,) < 0(A) NiR such that | B n| — 00.

Since A has compact resolvent, eachif3,; is an eigenvalue of A (Theorem 6.2.9(a)),
say with normalised eigenvector x, € E. Since the orbits of the semigroups are
solutions of the corresponding Cauchy problem, e4x,, = e/’ x,, for all ¢ = 0 and
all n € N. Hence, the set {t — e’ x,, : n € N} < C([1o, fo + 11, X) is not equicontinu-
ous as | f,| — co. This contradicts the norm continuity of #— e’ on [, fo + 1].

We show each A € 0 (A) NiR is a first order pole of R(-, A): As Ahas compactresolvent,
each of its spectral values is a pole of the resolvent (Theorem 6.2.9(a)). It follows
from Exercise 11.3(c) that the pole order of all spectral values on the imaginary
axis is dominated by the pole order of the spectral value 0. Since the latter is
equals 1 by assumption, the claim of this step is proved.

We show that the spectral projection Q € L(X) of o (A) NiR is positive: We denote the
spectral values of AiniR by ip,...,iBm,, andlet Qy, ..., Q,, denote the associated
spectral projections. Each if; is a first order pole of R(-, A) according to the
previous step. Thus, Theorem 6.2.6(b) and (c) show that rgQ; = ker(if; — A) for
each j€{1,...,m}. Hence, for each such j and each ¢ = 0, the semigroup operator
e actsonrgQ ; as the multiplication with the scalar e'Pit. The contour integral
formula for spectral projections in Proposition 6.2.2 implies that Q = Q; +--- +
Qm and Q;Q; = 0 whenever i # j. Thus rgQ = @7:1 ker(if; — A). According to
Lemma 12.4.1, there exists a sequence (¢;) — oo in N such that ePilx — 1 for each
jefl,...,m}as k — oo. This implies that e/*4x — x as k — oo for each x € 1g Q.

On the other hand, the generator A}, 0 of the restricted semigroup on kerQ
(Proposition 12.3.1(b)), has no spectral value on iR according to the spectral
splitting property of the spectral projection Q (Proposition 6.2.2(b)). It follows
from Theorem 12.2.2 that wo(A|ker Q) = s(A|ker Q) < 0 and hence, the semigroup

on ker Q converges to 0 in operator norm as t — oco.

In summary, one has e’*4x — Qx as k — oo for each x € E. Since the semigroup

is individually eventually positive, it follows that Q = 0, as claimed.

We show that o (A) NiR = {0} and derive (ii): Since Q is a positive projection on a com-
plex Banach lattice, it follows that its range rg Q is a complex Banach lattice in its
own 1right6 (Exercise 4.4(c)). Observe that the eigenvalues if,...,if;, of A have

6More precisely, the order on the real part of rgQ is inherited from the order on the real part of E, but
the lattice operators on (the real part of) rg Q might be different from those on (the real part of) E.
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finite algebraic multiplicity, since A has compact resolvent (Theorem 6.2.9(a)).
Therefore, all the operators Qy,..., Q;; have finite-dimensional range and hence,
so does Q. Hence rgQ is a finite-dimensional complex Banach lattice. One can
show that every finite-dimensional real Banach lattice is isomorphic to R” for
some n (see e.g. [Sch74, Corollary 1 to Theorem I1.3.9]) and from this it follows
that every finite-dimensional complex Banach lattice is isomorphic to C". As we
assumed the semigroup ('Y ;=0 to be real, so is its generator A. Hence, we can
identify its restriction A|rg 0 with a real matrix in R”*" that generates an eventu-
ally positive semigroup.
The finite-dimensional result Theorem 2.2.3(b) now implies that (7(A|rg Q) = {0}.
Since a(A|rg Q) = 0(A) NniR by the choice of Q and by Proposition 6.2.2(b), it fol-
lows that o (A) NniR = {0}. Observe that this also implies Q = P. To conclude, the
operator norm convergence e’ — P as t — oo follows from Theorem 12.3.2(iii).
O



Exercises for Chapter 12

Exercise 12.1. Let (e/4);s0 be a Co-semigroup on a complex Banach space X and let
fp > 0. Set e~*° := 0. Show that

plowo(A) — r(el’oA) )

Exercise 12.2. Let ¢ # Q < R" be open, bounded, and connected, and assume that Q has
C*® boundary. Let Aney: L2(Q2) 2 dom (Aney) — L?(Q) be the Neumann Laplace operator
introduced in Example 9.3.3. Show that

1
effven — — 181,
12|

with respect to the operator norm as ¢ — oo, where |Q)] is the Lebesgue measure of Q.
Hint: Theorem 12.3.2.

Exercise 12.3 (A refinement of Example 12.2.4). Let @ # Q < R" be open, bounded, and
connected, and assume that Q2 has C* boundary. Let Ap;;: L?(Q) 2 dom (Apji) — L?(€Q)
be the Dirichlet Laplace operator, and set A¢ := s(Apj;).

In Example 7.3.8, we proved that 1y < 0 and ker(A¢ — Apj;) is spanned by a positive
function v. Assume that v is normalised in L2(Q), i.e. || v|| 12(q) = 1. Prove that

e Mtpthor _, gy

in operator norm as ¢ — oo.

Exercise 12.4 (Modes of convergence). Let (e'Y),;>obea Co-semigroup on a Banach space
X and assume that e’/ converges strongly to an operator P € £(X) as t — oo.

(a) Prove thatrgP is the space of all fixed vectors of the semigroup (i.e. the space of all
those x € X that satisfy e’Ax = x for all £ > 0.)

(b) Show that P is a projection that commutes with e'4 for every t = 0.

(c) Assume now that the convergence e* — P as t — oo even takes place with respect
to the operator norm. Prove that there exist numbers M = 0 and w < 0 such that

|e'4-P| = Me®"  forallt=0.
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12. CONVERGENCE TO EQUILIBRIUM

(d) Let the assumption of (c) hold and let P # 0. Show that 0 is an isolated spectral
value of A and a first order pole of R(-, A).

(e) Find an example where the convergence of e’/ to P as t — oo is only strong but not
in operator norm.

Exercise 12.5. Find an example of a Banach space X and a Cy-semigroup (e'?) ;=0 on X
such that ¢ — e’ is operator norm continuous on [1,00) but not on (0,c0).
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Notes for Chapter 12

The results of this chapter are standard material in Cy-semigroup theory as it can, for
instance, be found in [EN00] and [ABHN11]. We adjusted the presentation to pave an
efficient way to the results that we will need for the next chapter.

The inverse Laplace transform

Proposition 12.1.2 — which can be interpreted as an inversion theorem for the Laplace
transform, in the sense that it recovers the semigroup from the resolvent — critically as-
sumes k = 2, since for k = 1 the resolvent decay is insufficient to ensure that integral
exists in the Bochner sense (consider the space X = C to see that one cannot expect
R(@iB, A)x to decay faster than |;T| as | ﬁ| — 00). However, under appropriate assumptions
the integral still converges as an improper Bochner integral, i.e. one has

ey = 1 lim ! R (iw, A)x dw
271 n—oo J_ n
if x € dom (A). This follows from integration by parts, see [ABHN11, Proposition 3.12.1]
for details. If the underlying Banach space X is “sufficiently good”, the same formula
even holds for all x € X, see [ABHN11, Theorem 3.2.12].

Deriving Theorem 12.1.4 from the inverse Laplace (or Fourier) formula in Proposi-
tion 12.1.2 seems uncommon, though it is certainly unsurprising for those working at the
intersection of harmonic analysis and semigroup theory. A drawback of this approach is
that it does not — at least not without additional effort — give the optimal result, namely
analyticity of the generated semigroup (see the discussion at the end of Section 12.1).

Semigroups that map into dom (A)
It is worthwhile to point out that there are Cy-semigroups (e’);>o such that rge’4
dom (A) for all £ > 0, but not rg e'4 < dom (AZ) — although we have not presented any
methods in this chapter to identify such semigroups, since Theorems 12.1.4 and Corol-
lary 12.1.5 yield the much stronger conclusion 4 X < dom (Aé ) for all £ € Np.
Furthermore, one can find examples where indeed rge”“ < dom (A) for some #, > 0
(and hence also for all ¢t = #y) but not necessarily for ¢ < . Due to the differentiability
property in Proposition 12.1.1, such semigroups are called eventually differentiable.
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12. CONVERGENCE TO EQUILIBRIUM

Quite a lot can be said about eventual differentiability, and other eventual regularity
properties of operator families that are not semigroups; see [Per22].

Eventual norm continuity

The proof of Theorem 12.2.2 is essentially taken from [EN00, Lemma IV.3.9]. As explained
in this reference, the proof actually shows more, namely a characterisation of when the
spectral mapping theorem holds for the approximate point spectrum of a semigroup
generator. For more spectral information on eventually norm continuous semigroups
we refer to [ENO0O, Section I1.4.c].

Spectral decomposition and convergence to equilibrium

Spectral decomposition is a classical technique to study the long-term behaviour of Cy-
semigroups, in particular in the operator norm. It is particularly well-suited to situations
where the semigroup generator A has compact resolvent and can then often replace ar-
guments based on the spectral theorem if the underlying space X is not a Hilbert space
or Ais not self-adjoint.

Other well-known techngiues include the so-called Jacobs-de Leeuw-Glicksberg de-
composition that is based on an ingenious application of the theory of (semi)topological
semigroups to functional analysis (see e.g. [EN00, Section V.2]), the theory of vector-
valued Laplace transforms that is detailed in [ABHN11], and the concept of constrictors
of semigroups that is described in [Eme07, Section 1.3].

Convergence of eventually positive semigroups

Theorem 12.4.1 is just one example of a variety of results about the long-term behaviour
of eventually positive semigroups that can, in particular, be found in [AG21, Aro25a].

Versions of Lemma 12.4.2 are quite prevalent in the literature that relate positivity
properties to convergence to equilibrium. The ad hoc proof of Proposition 12.4.3, which
can be formulated without introducing any further concepts from topological dynamics,
is taken from [GG25, Lemma 4.3].
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Chapter 13

Characterisations of eventually
positive semigroups

13.1 The individual case

The first main result in this chapter characterises individual eventual positivity of semi-
groups with respect to a quasi-interior point u under sufficiently strong regularity as-
sumptions on the semigroup. It is a semigroup analogue to the characterisation of indi-
vidually eventually positive resolvents in Theorem 7.3.6.

For a closed linear operator A: X 2 dom (A) — X on a complex Banach space X with
s(A) € R, we say that s(4) is a strictly dominant spectral value of A if s(4) € 0(A) and
Re A < s(A) for all other spectral values A of A. This resembles a similar notion for eigen-
values that occurred in the finite-dimensional result of Theorem 2.2.3.

Theorem 13.1.1. Let E be a complex Banach lattice and u € E.. a quasi-interior point. Let
(e') ;=0 be a real and eventually norm continuous Cy-semigroup on E and assume that A
has compact resolvent and non-empty spectrum. Consider the following conditions:

(i) The semigroup (e'?),sq is individually eventually positive with respect to u.

(ii) The spectral bound s(A) is a strictly dominant spectral value of A and its associated
spectral projection P satisfies P f = u whenever0 < f € E.

(iii) The spectral bound s(A) is a strictly dominant spectral value of A, the eigenspace
ker(s(A) — A) is spanned by a vector v = u, and ker(s(A) — A') contains a strictly
positive functional .

Each of them implies that s(A) is an algebraically simple eigenvalue of A and hence a first
order pole of R(-, A),' and that e'* — P in the operator norm as t — oo.

One has (i) = (ii) < (iii), and ifrge™? ¢ E,, for some ty = 0, then all three assertions
are equivalent.

1By Theorem 6.2.6(b).

217



13. CHARACTERISATIONS OF EVENTUALLY POSITIVE SEMIGROUPS

Proof. Without loss of generality, we assume s(A) = 0.
“(ii) « (iii))” This follows from the corresponding result in Theorem 7.3.6.

“(i) = (iii), algebraic simplicity, and convergence of e’A”: The argument is along the same
lines as the proof of (i)= (ii) in Theorem 7.3.6. Assume (i).

Since A has compact resolvent, 0 is a pole of the resolvent (Theorem 6.2.9(a)) of or-
der, say p. Let Q_,; denote the coefficient of A7 in the Laurent series expansion
of R(A, A) about 0. We assert that p = 1. By Lemma 7.3.3(b), it suffices to show that
Q-p+1 is positive and ker A contains a quasi-interior point of E,.

To this end, recall from the proof of Theorem 11.4.3(a), that the individual eventual
positivity implies that Q1 is positive. Moreover, by Theorem 11.4.3(a), there exists
0 < v € ker A. The individual eventual strong positivity with respect to the quasi-
interior point u implies that there exists ¢ > 0 such that v = e*4v > u. In particular, v
is also a quasi-interior point of E..

Hence, the characterisation of convergence of eventually positive semigroups (The-
orem 12.4.1) ensures that e’4 — P in the operator norm as t — oo. In particular,
P is positive. The proof of Theorem 12.4.1 or alternatively, an application of Theo-
rem 12.3.2 also shows that 0 is a strictly dominant spectral value.

From Theorem 11.4.3(a), there exists 0 < y € ker A’. It remains to show that v is
strictly positive. For this, let 0 < x € E and choose 7 > 0 such that e’4x > «. Then

(y,x)= <e”"1//, x> =(y, e x)=(y,u)>0

because u is a quasi-interior point (Proposition 7.1.4).

Lastly, assume that rge”4 < E,, for some t; = 0.

“(ii) > (i)™ Since A has compact resolvent, each spectral value is a pole of R(-, A) by
Theorem 6.2.9(a). Moreover, the positivity property of P ensures that 0 is a first order
pole (Theorem 7.3.6). We can thus conclude from the characterisation of conver-
gence of semigroups (Theorem 12.3.2) that e’4 — P in the operator norm as t — co.

On the other hand, as 0 is a first order pole, Theorem 6.2.6(b) and (c) show thatrg P =
ker A, so A|rgP is the zero operator on rg P. Hence, e’ P = P for all ¢ > 0. Also, by the

closed graph theorem, e € L(E, E,;). Wherefore for each 0 < x € E,

A tgAe(t—to)A

edx=e fo

x— e Px=Px ast— oo

in E,. The assertion is now a consequence of Lemma 7.3.5. O

Example 11.1.2 demonstrated that there are Cy-semigroups that are individually but
not uniformly eventually positive. It is natural to ask whether additional compactness
assumptions, for instance on the semigroup operators, makes individual and uniform
eventual positivity equivalent. The answer is negative, as the following alienated version
of Example 11.1.2 shows. It also serves nicely as an application of Theorem 13.1.1.
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13.1. The individual case

Example 13.1.2. There exists a real Cy-semigroup (e'4) ;>0 on a Banach lattice E with the
following properties:

(a) The generator A has compact resolvent. Moreover, for each ¢ > 0 the operator e’4

is compact and satisfies rge’4 < dom (A).
(b) (e'4) r=0 is individually eventually positive with respect to 1.
(¢) (e');=0 is not uniformly eventually positive with respect to 0.

Proof. Let c := c(Z) be the Banach lattice of all complex-valued convergent sequences
on Z endowed with the supremum norm and let ¢y < c consist of those sequences that
converge to 0. Since each sequence (x,) € ¢y can be written as

() + (x=)  (xn) — (x=p)

Xp) = + ,
(xXn) 5 5

we have the decompositionc=C1@&co =C1@&cjecj, where
cp={(xp)€co:x_p=x,VnezZ} and cj:={(xp)€Co:X_p=—%x,V nEZ}

are the subspaces of all symmetric and anti-symmetric sequences in cy.
On c, consider the block diagonal operator

0 0 0
D:=|0 -Mg 0 |eL(Clecyecy);
0 0 _Ma

where a = (ay), f := (B,) are chosen to be strictly positive symmetric sequences such
that @y, B, — oo as |n| — oo and a, < B, for all n € N. This in particular implies that

e P _on o YpeN, (13.1.1)

In addition, consider the block diagonal operator on ¢ = C 1 & ¢y given by

B(b 0):=(b+<g’x> 0) Vbl+xeCl+co;
0 x 0 X

where g := (g,) € ¢! (Z) nc) is chosen such that g, >0 forallnez, ||g|, =1, and
2g, +e P — g7 < (13.1.2)

for sufficiently large n € N.

It is shown in Exercise 13.4(b) and (f) that —M, and —Mp are semigroup generators,
so D generates a Cyp-semigroup (e'P) ;>0 on c. Hence, the operator A = B7'DB gen-
erates the semigroup (B~le!PB) r=0 on c (see Exercise 13.3 for similarity transforms of
Cp-semigroups). Let us now show that A has the claimed properties (a)- (c):
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13. CHARACTERISATIONS OF EVENTUALLY POSITIVE SEMIGROUPS

(a) For the semigroups generated by the multiplication operators M, and Mg those
properties follow from Exercise 13.4(e). All three properties are preserved by taking
direct sums and by similarity transforms, so they are true for (et =0 as well.

(b) It follows from (a) and from Proposition 12.2.3 (or Proposition 12.2.6) that e ;>0
is eventually norm continuous. Moreover, o(A) is non-empty since 0 € g(A). Also,
rg e!4cc=cy forall ¢ > 0. Thus, the conditions (i)—(iii) in Theorem 13.1.1 are equiv-
alent for the semigroup (et =0 and u = 1. We show that condition (iii) is satisfied.

Exercise 13.4(a) implies that o(My) < (—00,0) and o(Mp) S (—00,0), so 0 is a strictly
dominant spectral value of A. A brief computation shows that the associated spectral
projection P is given by

Pbl+x)=(b+(g,x))1=(g, bl+x)1

for every b € C and x € cg; here we have used that (g, IL} = Hg”[l = 1. In other words,
P=1®g.Soindeed, Py > 1 foreach 0 < y € csince each entry of g is strictly positive.

(c) Let n € N be such that (13.1.2) holds and let e™ € co be the vector with 1 in the pth
position and 0 elsewhere. We compute

(g,2eM — M (gl) 4 =) 0 0
2e" e = 0 e "M (e + et=1) 0
0 0 e M (o) — o=m)
2(g,eM) 0 0
< 0 e Mp (o) + e=M) 0
0 0 e~ "Ma (e(n) _ e(—n))
In particular,
1
(e"te™) < > (2gn +e P _ e‘”“") <0
and so (e’) ;> is not uniformly eventually positive with respect to 0. O

13.2 The uniform case

Similarly as for resolvents (Corollary 9.1.3), one gets a characterisation of uniform even-
tual positivity if one adds a smoothing assumption on the dual semigroup.

Theorem 13.2.1. Let E be a complex Banach lattice, u € E, a quasi-interior point, and ¢ €

E' be a strictly positive functional. Let (e'?) ;¢ be a real and eventually norm continuous

Co-semigroup and assume that A has compact resolvent and non-empty spectrum.
Ifrge"“ C E, andrg e ¢ E(’p for some t,, t, = 0, then the following are equivalent:

(i) The semigroup (e');= is uniformly eventually positive with respect to u ® .

(i) The spectral bound s(A) is a strictly dominant spectral value of A and its associated
spectral projection P satisfies P = u® .
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(iii) The spectral bound s(A) is a strictly dominant spectral value of A, the eigenspace
ker(s(A) — A) is spanned by a vector v = u, and ker(s(A) — A') contains a strictly
positive functional v = .

Proof. Without loss of generality, we assume s(A) = 0.
“(ii) < (iii)”: This can be easily deduced from Theorem 7.3.6.

“(i) > (iii))” By Theorem 13.1.1, 0 is a strictly dominant spectral value, ker A is spanned
by a vector v = u, and there exists a strictly positive ¢ € ker A’. Choosing ¢ > 0 suffi-
ciently large, we get ¥ = e!Ay = (e = (u® @)y = (v, u)p = .

“(ii) = (i)™ ByTheorem 13.1.1, 0 is an algebraically simple eigenvalue, a first order pole,
and e’ — P in the operator norm as ¢ — oo. In particular, e’AP = P for each ¢ > 0.

Further, the assumptions rge”4 € E,, and rg e24 ¢ E(’p imply by Corollary 8.2.4 that
e(t+t1+l’2)A _ P — etlA(etA _ P)etzA € L(E(p,Eu)

for each t > 0. It follows that ¢4 — P in L(E?,E,,) as t — co. Since P = u® ¢, one can
deduce that 4 = u® ¢ for sufficiently large . O

For operators associated to symmetric sesquilinear forms on L? — in other words, for
self-adjoint operators — Theorem 13.2.1 takes quite a simple form.

Corollary 13.2.2. Let H = L2(Q,v) for a o -finite measure space (Q2,v) and let V be a com-
plex Hilbert space such that V embeds continuously, densely, and compactly into H. Let
a: V xV — C be a bounded, real, and symmetric sesquilinear form on V that satisfies the

ellipticity estimate
Rea(v,v) +plvl3; =58 lvi3

forsomepueR,0>0andforallveV.
Let u € Hy such that the operator A: H =2 dom (A) — H associated to the form a satis-

fiesdom (A™) < H,, for some m € Nj. °
Q) (et =018 individually eventually positive with respect to u.
(ii) (e');=¢ is uniformly eventually positive with respect to u® u.
(iii) The spectral projection P associated to s(A) satisfies P f = u whenever0 < f € E.
(iv) The eigenspaceker(s(A) — A) is spanned by a vector v = u.

The equivalence of individual and uniform eventual positivity above should not come
as a surprise because symmetric forms correspond to self-adjoint generators and we
have seen in Theorem 13.2.1 that to go from individual to uniform eventual positivity,
it suffices that the dual operator behaves nicely as well.

2In particular, u is a quasi-interior point of Hy since A is densely defined (Exercise 9.1).
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13. CHARACTERISATIONS OF EVENTUALLY POSITIVE SEMIGROUPS

Proof of Corollary 13.2.2. First of all, since the form a is symmetric, o(A) is non-empty
(Proposition 6.2.10(c)) and contained in (—o0o,s(A)) (Theorem 5.1.4(c)). As o (A) is closed,
it follows that s(A) is a strictly dominant spectral value. Additionally, compactness of the
embedding V — H ensures that A has compact resolvent due to Proposition 6.2.10(b).
Consequently, s(A) is even an eigenvalue (Theorem 6.2.9(a)).

Next, since the form a is symmetric, the operator A is real (Proposition 5.1.6) and self-
adjoint (Proposition 8.4.3). In particular, the semigroup (e') >0 is also real. Moreover,
the assumption rge’4 € dom (A™) < H, holds for all ¢ > 0 due to Corollary 12.1.5. In turn,
(e =0 is eventually norm continuous by Proposition 12.2.3. 3

The equivalences thus follow by employing Theorems 13.1.1 and 13.2.1. O

We illustrate the characterisation of uniform eventual positivity by different differen-
tial operators in the following two examples.

Example 13.2.3 (The Laplacian with non-local boundary conditions, re-revisited). Con-
sider our friend the Laplace operator Ag: I%(0,1) 2 dom (Ag) — L%(0,1) with non-local
boundary conditions, whose domain is

Nue oy [(YO) < L1 1O
dom(AB)—{ueH (0,1).( u'(1) )— 2(1 1) (u(l))}'

We know that Ap is the operator associated to the symmetric form a in Exercise 5.6 for
the choice B:= -1 (}1). By Examples 10.2.6 and 10.3.6, Ap generates a non-positive Co-
semigroup. Nevertheless, (e?*#) ;5 is uniformly eventually positive with respectto 1 ® 1.

Proof. All the assumptions of Corollary 13.2.2 hold: We showed in Example 10.2.6 that
Ap is associated to a symmetric form satisfying the assumptions of Theorem 5.1.4. The
form domain is H'(0, 1), that embeds compactly into [%(0,1) by Theorem 6.3.1. Clearly
1 is a quasi-interior point of L%(0,1).. We know that dom (Ag) < H2(0,1) — L*®°(0,1) =
L?%(0,1)1; indeed, the 1-dimensional Sobolev embedding theorem (Theorem 5.3.7) even
gives H'(0,1) — L*®(0,1).

Finally, recall from Example 8.3.5 that s(Ap) < 0 is a strictly dominant spectral value
and the corresponding eigenspace is spanned by a vector v > 1. The asserted uniform
eventual positivity is thus a consequence of Corollary 13.2.2. O

Example 13.2.4 (Minus the square of the Dirichlet Laplacian). Let @ # Q < R"” be a
bounded, open, and connected set. For the sake of simplicity, assume that Q has C*-
boundary, and consider once more the Dirichlet Laplacian Ap;;: dom (Apj) € L2(Q) —
[2(Q). In Example 7.3.8, we showed that s(Apj;) < 0 is a strictly dominant eigenvalue and
the corresponding eigenspace is spanned by a function v > u := dist(-,0Q).

The semigroup (e "Abir) 1o is uniformly eventually positive with respect to u ® u but
not positive.

3In fact, a glance at the proof of Proposition 12.2.3 shows that the semigroup is even norm continuous
on (0,00).
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13.2. The uniform case

Proof. The non-positivity of the semigroup is outsourced to Exercise 13.2.
By Exercise 9.4(a), —A%H is associated to the form a: dom (Apj;) x dom (Api) — C
given by
a(v, w) == (ApirV | Apirw) 12(q) Vv, w e dom (Apjr) . (13.2.1)

Since Apj; is self-adjoint, the form a is symmetric. Observe that
2 _ 2 2 _ 2 .
Re a(vy V) + ” y”LZ(Q) - ”ADer”Lz(Q) + ” UllLZ(Q) - ” v”dom(ADir) V Ve dom (ADH) y

so a satisfies the ellipticity estimate in Corollary 13.2.2. The form domain is dom (Apj,),
which we already know embeds compactly into L?(Q) (since the Dirichlet Laplacian has
compact resolvent, see Example 6.3.5). Hence the compactness of the resolvent of —AZDH
follows from Proposition 6.2.10(b). The smoothness of the boundary now enters the pic-
ture as it allows us to apply Example 7.2.4(a) to deduce dom (Aglir) c 12(Q), for some
m € N. Thus we have verified all the assumptions of Corollary 13.2.2.

It remains to show that (e_tAzDir) =0 is individually eventually positive with respect to
u. We show that condition (iv) in Corollary 13.2.2 holds. In fact, we verify that s(—AzDir) =
—s(Apir)? and that the corresponding eigenspace is spanned by v as well.

Set Ag := s(Apjr). Then clearly —A%irv = —)L% v, so v is an eigenfunction of —AzDir cor-
responding to the eigenvalue —/1%. On the other hand, if w € dom (Apj;) is such that

—AzDirw = —/13 w, then

0= (Ao + Apir) (Ao — Apir) w.
As the operator Ay + Apjy = —(—Ag — Apir) is invertible (since —Ag > 0), it follows that
w € ker(Ayg — Apjr). But then w is a scalar multiple of v, since we have proved in Ex-
ample 7.3.8(a) that ker(1p — Apj;) is spanned by v. O
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Exercises for Chapter 13

Exercise 13.1. Consider the Cy-semigroup (') ;>0 from Example 11.1.2, but this time
on the space LP(-1,1) for p € [1,00).

(a) Show that (e’4) =0 is not individually eventually positive with respect to 0.

(b) Show that 0 is an isolated and strictly dominant spectral value of A and that the
associated spectral projection P satisfies Pf = 1 forall 0 < f e LP(-1,1).

(c) Show that A does not have compact resolvent and that
rge!t¢ 1°(-1,1) = LP(-1,1);

for every t = 0.*

tA?

Exercise 13.2. Under the assumptions of Example 13.2.4, show that (e™*"pir) ;¢ is not a

positive semigroup.
Hint: Use the Beurling-Deny criterion in Corollary 10.3.4 and the regularity result for
dom (Apj;) in Theorem 5.3.2(a).

Exercise 13.3. Let X and Y be Banach space over the same field, let ® € £(X, Y) be bi-
jective, and let (') ,;>0 be a Co-semigroup on X. Show that

A —
(Pe' 1) 120
is a Cy-semigroup on Y whose generator B: Y 2 dom (B) — Y is given by
dom (B) = ®(dom(4)), By=0A® 'y.

Exercise 13.4. Consider the space cg := cy(Z) of complex-valued sequences (x,) ez that
satisfy x, — 0 as |[n| — co. Let a = (a,) ez be a sequence of complex numbers. We define
alinear operator M, : ¢o 2 dom (M,) — co by

dom (M,) ={x€cy:axecy}, Myx=ax,

where products of sequences are defined componentwise.

4Since A does not have compact resolvent, Theorem 13.1.1 cannot be applied to A — however this is
actually an artifact of the techniques that we used to prove this theorem. By more advanced techniques one
can show that Theorem 13.1.1 remains true if A does not have compact resolvent, but o (A) N (s(A) + i[R) con-
sists of poles of the resolvent only. So the actual reason why the implication (ii) = (ii) from Theorem 13.1.1
fails in this example is that the semigroup operators do not map into the principal ideal LP (-1,1)1.
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13.2. The uniform case

(a) Determine the spectrum and the eigenvalues of M.
Hint: Compare Exercise 3.2(c).

(b) Show that M, generates a Cyp-semigroup on cp if and only if sup,,.;Rea, <oco. In
this case, compute the operator e’™« for each t = 0.

(c) Assume that the sequence (aj),ez consists of real numbers only5 and that one
has sup,,c; @, < co. Show that rge’™« ¢ dom (M,) for every ¢ > 0. Is (e'Ma) 5
eventually norm continuous?

(d) Show thata set S < ¢y is relatively compact if and only if the exists y € cg such that
|x| < yforall xeS.

(e) Assume that M, generates a Cy-semigroup and let fy > 0. Show that one has (i)
(ii)  (iii) = (iv) for the following conditions:

(i) eMeaisa compact operator on ¢ for each ¢ > 0.
(ii) eM« is a compact operator on cj.
(iii) Rea, — —oo as |n| — oo.
(iv) M, has compact resolvent.
(f) Assume that M, generates a Cyp-semigroup and that «a is symmetric, i.e. ¢, = a_j
forallne Z. Let

cg={xn)eco:x_p=x,¥nez} and cf:={(xn)€co:x_p=-x,Vnez}

Show that e’ leaves cj and c¢ invariant and determine the generators of the re-
strictions of (e/Ma) > to those two spaces.

5This assumption is not optimal for the following conclusion, but it suffices for applying this exercise to
Example 13.1.2.
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Notes for Chapter 13

The theory of eventually positive semigroups was developed in the previous decade with
contributions by Daners, Kennedy, the ISEM 29 lecturers, and many others. An overview
of the topic as of 2022 can be found in [Glii22]. To keep the self-praise at an acceptable
level, let us try to be brief in the following notes.

A theory for eventually positive semigroups

Before the development of the general theory, eventual positivity (and local versions
thereof) was observed for the semigroup generated by —A? on the whole space R” in
[FGGO08, GGO8]. For the semigroup generated by the Dirichlet-to-Neumann operators
on a disk, Daners showed in [Dan14] that eventual positivity occurs for certain parame-
ters choices.

The general theory for eventually positive semigroups began where the ISEM ended
with this chapter. The characterisation of individual eventual positivity in Theorem 13.1.1
is given in in the special case of C(K)-spaces in [DGK16b]. On general Banach lattices it
was proved in [DGK16a], with the caveat that the smoothing assumption e‘4E < E,, was
also needed there for the implication (i) = (ii). The smoothing assumption was then
shown in [DG17] to be unnecessary for this implication. Example 13.1.2 is also taken
from [DGK16a]. A characterisation of uniform eventual positivity for self-adjoint semi-
groups on L? (Corollary 13.2.2) was given in [Glii16, Theorem 10.2.1]. This was gener-
alised to non-self-adjoint semigroups and to general Banach lattices (Theorem 13.2.1) in
[DG18a]. The non-local Robin boundary conditions from Example 13.2.3 can be treated
in much more generality [GM24].

Further topics about eventual positivity

To keep the amount of material at a reasonable level, we only touched upon a subset of
topics related to eventual positivity. Topics not treated in the ISEM include perturbation
theory in infinite dimensions [AM25, DG18b, PRS25], local eventual positivity (see the
articles [Aro22, DGM23, Mui23b] and the PhD theses [Ar023, Mui23a]), irreducibility of
eventually positive semigroups [AG24, Aro25b], and eventual domination of semigroups
[GM21, AG23b]. Results about the growth behaviour of eventually positive semigroups
that are more subtle than the ones treated in Section 11.2 can be found in [AC23].
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13.2. The uniform case

Applications

Throughout the lecture notes we presented a small selection of differential operators that
generate eventually positive semigroups or whose resolvent is eventually positive. The
choice which operators to include was mainly made based on whether we could provide
or at least explain the necessary tools for their analysis within the ISEM lecture notes.

There is a large variety of further examples for which eventual positivity has been
shown in the literature. They include various delay differential equations (see [DGK16Db,
Section 6.5], [DGK16a, Section 9], [Glii16, Sections 8.4 and 11.6], and [PRS25]), various
differential operator with Wentzell boundary conditions [DKP21, KMP25, Plo24], fourth
order differential operators with unbounded coefficients [AGRT22], and differential op-
erators on metric graphs (see e.g. [GM20a, GM20b]).
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Chapter 14

Finale: what we would like to know

14.1 Individual versus uniform eventual positivity for
self-adjoint semigroups

Corollary 13.2.2 shows that for a o-finite measure space (Q,v), avector 0 < u € L2(Q,v),
and a self-adjoint semigroup generator A on L?(Q, u), individual eventual positivity of
(e') ;¢ with respect to u is equivalent to uniform eventual positivity with respect to
u ® u if, for some m € N, the domain dom (A™) is contained in the the principal ideal
L?(Q,v),. In fact, the proof of Corollary 13.2.2 shows that the same equivalence stays
true under the slightly weaker assumption that rge®4 < L?(Q,v), for some #, > 0 and
that u is strictly positive almost everywhere.

On the other hand, Examples 11.1.2 and 13.1.2 show that individual and eventual
uniform eventually positivity are in general not equivalent without appropriate “smooth-
ing assumptions”. However, the spaces in those counterexamples are quite far from be-
ing L2-spaces, and the semigroups appear to behave very “symmetrically”, which would
suggest that one could modify them to obtain self-adjoint counterexamples on L?. This
motivates the following question.

Open Problem 14.1.1. Let (e =0 be areal Cy-semigroup on L2(Q,v) for a o-finite mea-
sure space (Q2,v) and assume that A is self-adjoint.

(a) Are individual and uniform eventual positivity of (e/),»o with respect to 0 equiv-
alent?

(b) Let 0 < u € L?>(Q,v) be strictly positive almost everywhere. Is individual eventual
positivity of (e’4),so with respect to u equivalent to uniform eventual positivity
with respect to u ® u?

If these questions turn out to be too difficult to answer in general, can they be answered
under the additional assumption that A has compact resolvent?

The lecturers are not aware of a promising approach to prove a positive result, nor do
they have good suggestions on how to construct counterexamples. In [Glii16, Theorem
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10.2.1], the result of Corollary 13.2.2 was shown by quite different methods, but they also
heavily rely on the assumption dom (A™) € L*(Q, 1) ..

14.2 Eventual positivity via forms

The Beurling-Deny criterion (Theorem 5.1.7 and Corollary 10.3.4) is extremely useful to
check positivity for semigroups whose generator stems from a sesquilinear form on an
L2-space, as evidenced by many examples where we employed these criteria through-
out the ISEM 29. Likewise, having a criterion for eventual positivity of semigroups (or
resolvents) in terms of sesquilinear forms would likely be extremely useful in studying
eventual positivity for many further PDEs. Thus it is natural to ask the following:

Open Problem 14.2.1. Let (e' =0 be a real Cy-semigroup on L%(Q,v) for a o-finite
measure space and assume that the generator A is associated to a sesquilinear form
a: V x V — C that satisfies the assumptions of Theorem 5.1.4 (for H = L2(Q,v)).
Characterise individual/uniform eventual positivity of (e r=0 (with respect to 0 or
respectively a non-zero vector/operator) in terms of the form domain V and the form a.

There are a number of reasons to believe that this problem is very hard:

(a) In finite dimensions, where A is a simply a matrix, there are no issues with the
domains of forms and operators, and the connection between a form and its asso-
ciated matrix is very simple. Therefore, a complete answer to Open Problem 14.2.1
would likely include a characterisation of eventual positivity for matrix semigroups
in terms of the entries of the generator. However, no such criterion is currently
known. Even for matrices, criteria to check eventual positivity of (e!4) ;¢ rely on
the analysing the spectral bound of A and the associated eigenspaces of A and A”.

Nevertheless, this does not exclude the possibility of finding such characterisa-
tions for important classes of differential operators. Such operators, and their as-
sociated forms, exhibit a “local” type of behaviour that does not occur in finite
dimensions, except for diagonal matrices.

(b) The proof of the Beurling-Deny criterion in Theorem 5.1.7 relies heavily on the
behaviour of the resolvent R (A, A) for large real numbers A. This corresponds to
the behaviour of the semigroup for small times.

(c) There are differential operators A on bounded domains Q € R” for which the semi-
group ('), can be eventually positive or not, depending on the specific geom-
etry of Q. In the setting of Theorem 13.1.1, it is necessary for eventual positivity
that the spectral bound is a strictly dominant eigenvalue, and that the correspond-
ing eigenspace is spanned by a positive eigenfunction. The latter is a very subtle
matter for higher-order elliptic operators. For instance, we refer to [SS20, Section
3] for an intriguing discussion of positivity of the eigenfunctions corresponding to
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14. FINALE: WHAT WE WOULD LIKE TO KNOW

the spectral bound for the biharmonic operator A? with clamped boundary con-
ditions' for family of annuli in R?. Any criteria for eventual positivity in terms of
the associated form a would thus likely establish a rather direct link between the
geometry of Q and properties of the form a and its form domain V.

The more “direct” or “explicit” the eventual positivity criterion, the more clearly
the geometry of Q2 would have to be encoded inaand V.

14.3 Spectral bound vs. growth bound on L”

Theorem 11.4.4 shows the equality s(A) = wo(A) of the spectral and the growth bound for
eventually positive semigroups (e'?) > if the underlying space is L! or Cy(Q). The same
result is known to hold on Lz-spaces [DGK16b, Theorem 7.8(i)]; there it follows from
the famous Gearhart-Priiss theorem (see e.g. [EN00, Theorem V.1.11]) and the resolvent
estimate in Exercise 11.3(b). On LP-spaces for general p € [1,00], the equality s(A) =
wo (A) was shown for uniformly eventually positive semigroups by Vogt [Vog22]. Even for
positive semigroups this proof is simpler than earlier proofs on L”. Unfortunately, the
argument cannot simply be transferred to individually eventually positive semigroups,
which leaves the following question open.

Open Problem 14.3.1. Let (Q,v) be a o-finite measure spacelet p € [1,00] and let (e?4) ;>
be a Cy-semigroup on LP(Q,v) that is individually eventually positive with respect to 0
(and real, if this is of any help). Does it follow that s(A) = wg(A)?

As pointed out above, the answer is known to be positive if p =1 or p = 2. For p =00
the answer is also positive for any of the following independent reasons: on one hand,
L*®(Q, ) is, as a Banach lattice, isomorphic to C(K) for an appropriate compact Haus-
dorff space K due to Kakutani’s representation theorem of AM-spaces with unit [MN91,
Theorem 2.1.3]; so the result is a special case of Theorem 11.4.4(b). On the other hand, it
was shown by Lotz that a Cy-semigroup (e4) ;=0 on L®(Q, ) is always continuous with
respect to the operator norm on the entire time interval [0,00) (see [Lot85] or [AGG™ 86,
Theorem A-11.3.6]), so the equality s(A) = wq(A) follows from Theorem 12.2.2(a).

14.4 A priorilower bounds

Theorem 9.1.1 gives necessary conditions for uniform eventual positivity of resolvents in
terms of the resolvents bounds +R (v, A) < u® ¢ for all v € p(A) NR. It turns out that this
theorem is not optimal. If the vector u and the functional ¢ are comparable to eigenvec-
tors of Aand A*, the same conclusion can be shown even under weaker assumptions:

Theorem 14.4.1. Let A: E 2 dom (A) — E be a closed, densely defined, and real operator
on a complex Banach lattice E. Assume Ay € 0(A) NR is an isolated spectral value of A. Let
uc€ E,, let g € E', be strictly positive, and assume:

ISee the Notes for Chapter 9.
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14.4. A priorilower bounds

(0) ker(Ag— A) is spanned by a vector v that satisfies v = u, and ker(Ag — A) contains a
vector v that satisfies v = .

(1) dom(A™) < E, for some my € N.
(2) dom((A)™2) < (E"), for some my € N.

(3) There are real numbers p_,u+ € p(A) that satisfy u— < Ay < p+ as well as the esti-
matesR(u-,A) 2u® @ and R(i+, A) = -u®@.

Then the resolvent R(-, A) is uniformly eventually positive and negative with respect to
u® @ at Ay and thus, +R(v,A) u® @ forallv e p(A) NR by Theorem 9.1.1.

This is (and even a bit more) is proved in [AG22a, Theorem 1.2]. The most important
thing here is what happens in condition (3): the assumption on the right of Ay is merely
R+, A) = —u® @ — carefully note the minus sign on the right hand side. Likewise, the
assumption on the left of Ay is merely R(u—, A) < u ® ¢, which is a priori much weaker
than the conclusion of uniform eventual negativity with respect to u® ¢. Theorem 14.4.1
is useful to prove or disprove uniform eventual positivity of resolvents in various concrete
examples of differential operators.

At the same time, it raises two questions. The first one is inspired by the observation
that assumption (0) was not needed in Theorem 9.1.1.

Open Problem 14.4.2. If one drops assumption (0) in Theorem 14.4.1, does the last con-
clusion of the theorem (xR (v, A) = u® ¢ for all v € p(A) N R) still remain true?

The remaining assumptions in Theorem 14.4.1 are certainly not enough to imply the
uniform eventual positivity and negativity of R (-, A) with respect to u® ¢ if one drops as-
sumption (0), since then the information provided by (3) is too little. (To find an explicit
counterexample, use the Neumann Laplace operator on L?(0,1) and choose u = ¢ to be
functions in L2(0, 1) that are not in L°°(0,1).)

The second problem is inspired by the question of how the assumptions R (-, A) <
u®@and R(y+,A) = —u® ¢ in Theorem 14.4.1(3) can be checked in concrete examples
where A is a differential operator. Here, a quite surprising phenomenon occurs: it has
been shown by PDE methods that at least the second of those two estimates is true for a
variety of higher order elliptic operators. More specifically, the situation is as follows:

For a “sufficiently nice” differential operator A on a bounded domain Q < R” one
can write the resolvent R(A, A) at 1 € Rn p(A) as an integral operator, where the integral
kernel Gy : Q x Q — R s called the Green’s function of A (at the point A). Upper or lower
estimates for G, are equivalent to upper or lower estimates of the resolvent operator
R(A, A). In higher dimensions, the Green’s function usually explodes at the diagonal of
Q ® Q. Remarkably, however, if A > s(A), one can show for many differential operators
that the negative values of G, are actually bounded —i.e. the singularity of G has a positive
sign, although the resolvent is not necessarily positive. Similarly, one often has very good
control over the negative part of G, close to the boundary of Q, which is also useful to
establish estimates of the type R(u+, A) = —u® @.
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Positivity (and negativity) properties of the Green’s function of higher-order elliptic
operators have been extensively studied over the past few decades. In particular, anal-
ysis of the ‘smallness’ of regions of negativity can be found in [GR10, Theorem 1], with
further refinements in [GRS11, Theorem 1]; see also [GS02, Theorem 1.2], [DMS05, The-
orem 1.5], and [Pull5, Theorem 4.1] on the subject of upper and lower estimates.

However, the lecturers find themselves to be completely oblivious regarding any ab-
stract operator theoretic explanation for this kind of behaviour. This motivates the fol-
lowing problem.

Open Problem 14.4.3. For an operator A: E 2 dom (A) — E on a complex Banach lattice
E with s(A) € 0(A) and elements u € E, and ¢ € E, find general criteria to ensure

RAA=-uep Y A >s(A).

In other words, the problem is to give an operator theoretic explanation why the negative
part of the Green’s function G, of a higher-order elliptic differential operator can often
be much better controlled than its positive part.

The bi-Laplacian with Wentzell boundary conditions on bounded domains with Lip-
schitz boundary was analysed by Denk, Kunze, and Plo8 in [DKP21]. They show that
the operator generates a bounded Cy-semigroup that is uniformly eventually positive
under appropriate assumptions. In fact, using Theorem 7.3.6, one can even show (for
low dimensions) that the resolvent is individually eventually positive (and negative) at
the spectral bound; see [Ar023, Theorem 5.2.4] for details. On the other hand, we do
not know whether the resolvent is uniformly eventually positive, as the corresponding
resolvent bounds are unknown, cf. [Ar023, Remark 5.2.5].

14.5 Criteria for eventual positivity with respect to 0

All our characterisation results for eventual positivity (both for resolvents and for semi-
groups) always refer to individual eventual positivity with respect to a quasi-interior
point u € E, or with respect to an operator u ® ¢ for a quasi-interior point u € E; and
a strictly positive functional ¢ € E',. For eventual positivity with respect to 0, we have
only discussed — and in fact only know — necessary criteria in terms of spectral properties
of the operator A. We thus ask:

Open Problem 14.5.1. For a (real, if it helps) closed operator A: E 2 dom(A) — Eon a
complex Banach lattice E with spectral bound s(A) € R, what are characterisations for...

(@) ...individual or uniform eventual positivity of R (-, A) at s(A) with respect to 0?

(b) ...individual or uniform eventual positivity of (e’4) ;> with respect to 0 (under the
assumption that A generates a Cy-semigroup)?

The lecturers consider it likely that the question is far too difficult to have a com-
prehensive answer in full generality. But even in many special cases, for instance if A
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has compact resolvent, such a characterisation would probably provide very interesting
additional insights into the structure of eventual positivity.
A very closely related question is the following.

Open Problem 14.5.2. Let (e'4),5 be a (real, if it helps) Cy-semigroup on a complex
Banach lattice E and assume that s(A) € o(A4). Clarify the relation between individual
(uniform) eventual positivity of (e’ 4y ;20 with respect to 0 and individual (uniform) even-
tual positivity of R(-, A) at s(A) with respect to 0.

14.6 (Local) eventual positivity on unbounded domains

Observant readers may have noticed that all examples of eventual positivity discussed in
these lecture notes involve operators acting on function spaces over bounded domains.
The underlying reason is that most available results on eventual positivity — and, in par-
ticular, sufficient conditions for it — require the spectral bound s(A) to be a pole of the
resolvent and a geometrically simple eigenvalue. This situation commonly arises for dif-
ferential operators on bounded domains, where compact embeddings between suitable
Sobolev spaces often imply compactness of the resolvent under mild assumptions.

By contrast, for operators on unbounded domains the resolvent is typically not com-
pact, and poles of the resolvent occur only in rather exceptional cases; see, for instance,
[AGRT22, Remark 3.9]. This naturally raises the question of what can be said in the un-
bounded setting. In fact, the first examples where eventual positivity — or more precisely,
a local version thereof — was observed, is the biharmonic heat equation 7(t) = —A%u on
the whole space R? [FGG08, GG08]. It is hardly an exaggeration to say that the methods
presented throughout the ISEM 29 to prove eventual positivity completely break down if
the spectral values are not eigenvalues.

This stands in sharp contrast to certain methods to prove positivity (rather than only
eventual positivity): in particular, the Beurling-Deny criterion in Theorem 5.1.7 and
Corollary 10.3.4 neither requires boundedness of the spatial domain nor depends on de-
tailed spectral information, let alone the existence of positive eigenvectors.

Local eventual positivity of the biharmonic heat equations was shown in [FGGOS,
GGO8] and, for higher-order differential operators on R”, in [FF19], by means of explicit
estimates for the convolution kernel of the associated semigroup - the so-called bihar-
monic or polyharmonic heat kernel. An alternative and more qualitative approach,
based on Fourier transform methods, can be found in [DGM23]. There, these techniques
are further combined with spectral-theoretic arguments to obtain local eventual positiv-
ity for the biharmonic heat equation on infinite cylinders in R"*1.

Nevertheless, all currently available methods appear to rely heavily on the relatively
simple structure of the differential operator and on the specific geometry of the under-
lying domain. Even seemingly modest extensions — such as considering the biharmonic
heat equation on a half-space or on a quadrant in R? — require the development and
careful adaptation of substantial, largely ad hoc, computational machinery. In this light,
abstract operator-theoretic results would be highly desirable, both to alleviate the com-
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putational burden and to sharpen our conceptual understanding of when (local) even-
tual positivity can be expected on unbounded domains.

Open Problem 14.6.1. Develop general tools to analyse when the semigroup generated
by a differential operator on an unbounded domain is (locally) eventually positive.
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