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Introduction

M-matrices and their generalizations are extensively employed in numerical procedures,
and occur as well in the theory of linear operators on vector spaces which are equipped
with a partial ordering. A rich theory on M-matrices is developed e. g. in [BNS89] and
[BP94]. Certain generalizations of M-matrices are known as “generalized M-matrices”
in the finite-dimensional setting and “M-operators” in a general case. The infinite-
dimensional theory, however, is not yet as developed as the finite-dimensional one. We
extend results, which are well-known for M-matrices or generalized M-matrices, to a
more general setting. We study two different notions of an M-operator on an ordered
normed space and establish some of their properties.

In the thesis a real ordered normed space (X, K, ||-||) is considered. The partial ordering
< induced by the cone K (i. e. z < y provided y — z € K for x,y € X) is in accord
with the vector space operations. The norm will be related to the ordering by means
of additional topological assumptions on the cone K. We deal with the set £(X) of all
linear continuous operators on X and, in particular, with the set of positive operators
in £L(X). There are several options to define an “M-operator” on an ordered normed
space. We single out two of them, where the first, classical, one is related to operators
that are dominated by a multiple of the identity, and the second, more general, one
employs positive-off-diagonal operators. An operator A € L(X) is called

- a positive-off-diagonal operator, if for each x € K and each positive linear conti-
nuous functional f with f(x) = 0 the inequality f(Ax) > 0 is valid.

- an M;j-operator, if there is a positive operator B € L(X) and a number s > r(B)
such that A = sI — B. Here r(B) denotes the spectral radius of B.

- an Ma-operator, if A has a positive inverse A=! € L(X) and the operator —A is
positive-off-diagonal.

Positive-off-diagonal operators are studied in the theory of operator semigroups, e. g.
in [CHA'87]. In a finite-dimensional setting, for a positive-off-diagonal operator the
terms “cross-positive matrix” or “exponentially non-negative matrix” are used. Some
investigations can be found in [SV70], [Tam76], [BNS89] and [GKT95].
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Each M;-operator is an My-operator. In our investigation of M-operators (i. e. M- and
Ms-operators) we focus on two questions:

1. For which types of ordered normed spaces do the both notions coincide ?

2. Which conditions on an M-operator ensure that its (positive) inverse satisfies cer-
tain maximum principles ?

Question 1 is motivated by results (which establish that the both notions are equal)
known in the case that the underlying space is a Banach lattice, as well as in a finite-
dimensional setting, where the cone is finitely generated. The thesis aims to show that
the both notions of an M-operator coincide for certain more general classes of ordered
normed spaces.

Question 2 is of interest since there are certain results on M-matrices concerning maxi-
mum principles, in particular, the maximum principle for inverse column entries, cf.
[Sto82], [Sto86], [Win89]. For maximum principles of this type a general approach for
ordered normed spaces (X, K, ||-]|) is developed under the assumption that the cone K
possesses a non-empty interior. Moreover, the corresponding maximum principles are
geometrically characterized and sufficient conditions for M-operators are provided such
that their inverses satisfy these maximum principles.

The exposition consists of three chapters.

In Chapter 1 the basic theory on ordered normed spaces is presented, where we mainly
refer to [Jam70], [Vul77], [Vul78]. We focus on the link between the ordering and the
norm and, in particular, on cones with a non-empty interior. Certain results on vector
lattices are listed as well, based on [AB85] and [AB99].

Chapter 2 is dedicated to the study of question 1. We discuss positive-off-diagonal
operators in ordered normed spaces and the related class of operators that dominate a
multiple of the identity. If these both classes of operators are equal, then the notions
M;j-operator and Ms-operator coincide.

It is known that the both classes of operators are equal provided the underlying space
is a Banach lattice [Are86]. We provide some techniques to relax the assumption on
the underlying space to be a Banach lattice. We use the embedding theory to answer
question 1 confirmatively, provided

- X is a dense linear subspace of a Banach lattice, where the induced cone in X has
to satisfy additional conditions (Theorem 2.2.7 and Corollary 2.2.8).

Inspired by the technique in the finite-dimensional case with the standard ordering, we
show that the both classes of operators are equal, provided

- X is an ordered Banach space with a shrinking positive Schauder basis (Proposition
2.2.10).
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Using certain properties of the dual space, in particular, a total set of positive functionals
with directed kernel, we state the equivalence of the both operator classes if

- X is an ordered normed space that satisfies the Riesz decomposition property, with
additional conditions on the link between the ordering and the norm (Theorem
2.3.11 and Corollary 2.3.12).

We apply our results on positive-off-diagonal operators to list ordered normed spaces
where the both notions M-operator and Msa-operator coincide (Corollary 2.4.5).

Maximum principles are defined and studied in Chapter 3. The following maximum
principle for an n x n-matrix B = (b;5); j, which is developed in [Sto82] in connection
with the study of discrete approximations for differential equations, serves as a starting
point:

- For any y = (y1,...,yn)? € R\ {0} with Bx = y there follows z > 0 and,

moreover,
maxxr; = max ;, (1)
1EN i€N+(y)

where N = {1,...,n} and Ny (y) ={i € N: y; > 0}.

This so-called mazimum principle for inverse column entries is based on the standard
ordering in R™. It is generalized to the case of arbitrary cones in R" in [PSW98]. For a
given operator equation, the maximum principle can roughly be described as follows.

A positive input causes a positive output, and the maximum response takes place
in that part of the system where the influence is non-zero.

In the thesis we consider maximum principles for positive operators on an ordered
normed space (X, K,||-]|). The method to consider “maximizing positive functionals”
on a given element works whenever the cone of all positive functionals in the dual space
X'’ has an appropriate base. Assume that the cone K possesses a non-empty interior.
Then for a fixed interior point u of K the set

F={feX" f(K)C[0,00) and f(u)=1}

is a o(X’, X)-compact base of the cone in X’. The two maximum principles that we
consider are defined as follows: A positive operator A € L(X) is said to satisfy the
maximum principle

- MP with respect to u, if for each non-zero element x in K there is a functional
f € F which is maximizing on Az (i. e. f(Azx) is the maximum of all g(Az),
whenever g € F') and strictly positive on z (i. e. f(x) > 0);

- SMP with respect to u, if for each non-zero element x in K every functional in F'
is strictly positive on x, whenever f is maximizing on Az.



The maximum principle SMP (“strong maximum principle”) implies MP. Concerning
(1), a regular matrix B satisfies the maximum principle for inverse column entries if and
only if B~! is positive and satisfies MP with respect to (1,1,...,1)7 € R”. In a similar
sense, MP covers the maximum principles studied in [TW95] and [PSW9S].

For the maximum principle MP in a finite-dimensional setting some geometrical charac-
terizations are known in the case that K is a circular or a finitely generated cone. In the
thesis geometrical characterizations of the maximum principles MP and SMP are given
in the general case (Theorem 3.3.10). These geometrical characterizations describe how
the operator maps the faces of the cone. This provides a convenient tool to show MP
or SMP for a given operator.

Concerning question 2, we consider the inverses of M-operators and list sufficient con-
ditions such that they satisfy the introduced maximum principles. The following result
on M-matrices is given in [TW95]:

- Let R" be equipped with the standard cone R}, let u be an interior point of R’}
and B an M-matrix such that Bu € R’}. Then B! satisfies MP with respect to
U.

As a generalization of this result we show:

- If R” is equipped with a circular or a finitely generated cone K, u is an interior
point of K and B is an Ma-operator with Bu € K, then B~! satisfies MP with
respect to u (Theorem 3.5.17, Corollaries 3.5.18 and 3.5.19).

The latter result is not true for arbitrary cones in R™. We present a counterexample
(Example 3.5.11), where we use a cone in R3 that possesses an extreme ray which is not
exposed. If we strengthen the assumption on the operator B to map the interior point u
into the interior of the cone K, we get a stronger result, even for the infinite-dimensional
case:

- Let (X, K,||-|]|) be an ordered normed space, where K is closed and has a non-empty
interior, let u be an interior point of K and let B € L(X) be an Ma-operator such
that Bu is an interior point of K. Then B~! satisfies SMP with respect to u
(Theorem 3.5.5).

For an Mj-operator a different approach is investigated to get a sufficient condition such
that the inverse of the operator satisfies a maximum principle. One of the obtained
criteria reads as follows (Propositions 3.2.7 and 3.2.9, Theorem 3.5.1):

- If (X, K,|-||) is an ordered normed space such that K has a non-empty interior
and the norm |[|-|| is semi-monotone, then for a fixed interior point u of K the
following statements are true:

(i) There are constants m and M such that for each x € K the inequalities
mllz| <max{f(z): f € F} < M||z|

are valid.
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(ii) Let B € L(X) be a positive operator with
1Bl < 3% -
Then the inverse of the M;-operator I — B satisfies SMP with respect to w.

A commentary with some conclusions and open problems is included after Chapter 3.
Some results of the thesis have been published in [KWO00a], [Kal03a] as well as [Kal03b].
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Chapter 1

The Framework

The objective of this chapter is to introduce the basic concepts and results that will be
used throughout the text. The definitions and statements are well-known and can be
found in almost any textbook on partially ordered vector spaces or vector lattices. They
are included for reference and to leave no room for ambiguity. It is not intended to give
a survey of the literature or to point out the origin of the results. Detailed references or
proofs are included for the readers’ convenience, only.

The survey treats partially ordered vector spaces, vector lattices, norms on partially
ordered vector spaces and its properties, partially ordered normed spaces where the
positive cone has a non-empty interior, the set of positive functionals on a partially
ordered vector space, and finally, basic properties of positive operators. For certain
mathematical standard notations see the Appendix A.1.

1.1 Partially Ordered Vector Spaces

This section lists the standard terminology on partially ordered vector spaces and vector
lattices. We refer mainly to [Vul77], [Vul78] and [AB85]. All vector spaces that appear
in this text are assumed to be (non-trivial) vector spaces over the real numbers.

Definition 1.1.1 Let X be a vector space.

(i) A non-empty subset K # {0} of X is called a wedge in X if z,y € K, A\, € [0,00)
imply Az + py € K. If K is a wedge, then the set K N (—K) is called its blade.
For a subset M C X the (by inclusion) smallest wedge which contains M (i. e. the
positive-linear hull of M) is denoted by pos M, i. e.

posM = {z € X: xzz/\ixi with \; € [0,00), z; € M forall i=1,...,n}.
i=1

(ii) If K is a wedge in X with the additional property K N (—K) = {0}, then K is
called a cone in X.



1.1. PARTIALLY ORDERED VECTOR SPACES

(iii) A partial ordering (i. e. a reflexive, transitive and antisymmetric relation) < on X
is called a wvector space ordering if

(a) z,y,2€ X and z <y imply x + 2z < y + z,
(b) z€ X,0<uz, A €[0,00) implies 0 < Ax.

x < y will also be written as y > x. Instead of x < y, x # y we write x < y
(or y > x). An element x € X is called positive (negative) if 0 < z (x < 0,
respectively). For given a,b € X, a < b, we denote [a,b] = {r € X: a < x < b}
and call [a,b] an order intervall.

In a vector space the notions of a cone and a vector space ordering are closely related.
Proposition 1.1.2 Let X be a vector space.

(i) Let K be a cone in X and < the binary relation on X defined by means of © <y
ify—ax € K. Then < is a vector space ordering.

(ii) Let < be a vector space ordering on X. Then the set K = {x € X: 0 < z} of all
positive elements in X s a cone in X.

If in a vector space X a cone! K is given, then we equip X with the vector space ordering
< introduced in Proposition 1.1.2 (i) and call (X, K) a partially ordered vector space.
Occasionally we write loosely X instead of (X, K), provided that K is fixed in advance.

Definition 1.1.3 Let (X, K) be a partially ordered vector space.

(i) A subset M C X is called directed if for any x,y € M there is z € M such that
<z y<z

(ii) A subset M C X is called order bounded if there are a,b € X such that M C [a,b].

(iii) The cone? K is called generating if each z € X can be represented as x = y — 2,
Y,z € K.

(iv) An element u > 0 is called a wunit if for every z € X there is a A € (0,00) such
that € [—Au, \u].

(v) A subset D of K is called a base of K if D is a (non-empty) convex set such that
every element z € K with z # 0 has a unique representation x = \y with y € D
and A € (0,00).

If K is a wedge in the vector space X and < the binary relation introduced in Proposition 1.1.2
(i), then the relation < is reflexive and transitive and satisfies the properties (a) and (b) of Definition
1.1.1 (iii). On the other hand, if X is a vector space and < a reflexive and transitive relation on X that
satisfies the properties (a) and (b) of Definition 1.1.1 (iii), then the set of all elements that are greater
or equal zero is a wedge in X.

2 Analogously, a wedge H in X is called generating if H — H = X.



1.1. PARTIALLY ORDERED VECTOR SPACES

(vi) A face of K is a proper non-empty subcone H # {0} of K such that x € H and
0<y<zimplyye H.

(vii) An element 0 < z € X is called an atom? if the ray r(z) = {\z: A € [0,00)} is a
face of K.

(viii) X has the Riesz decomposition property if for every y,x1, 29 € K with y < x1 + z9
there exist y1,y2 € K such that y = y; + y2 and y1 < 21, yo < xo.

(ix) X is called a wvector lattice if < is a lattice ordering on X, i. e. for every z,y in
X the set {x,y} has a least upper bound (supremum) and a greatest lower bound
(infimum), denoted by = V y and = A y, respectively.

(x) A net {z,} C X is called decreasing (in symbols, x,, |, or, if the index is stressed,
Za la), whenever o > [ implies 2, < x3, and increasing if the net {—z,} is
decreasing. For € X the notation z, | = means that z, | and inf{z,} = =
both hold, i. e. = is the greatest lower bound of the set {4} in X. The meanings
of z,, T and z, T x are analogous.

(xi) X is called Archimedean if for every x,y € X such that nx <y for all n € N one
has that z < 0.

(xii) X is called Dedekind complete, if every directed set that is bounded from above
has a supremum, and o-Dedekind complete if every increasing sequence that is
bounded from above has a supremum.

In (X, K) the cone K is generating if and only if X is directed. The existence of a unit
w in X implies that K is generating, since for every = € X there is A € (0, 00) such that
A —x € K, moreover \u € K and x = Au — (Au — z).

A set H C K, H # {0}, is a face of K if and only if it is an extreme subset of K. For
properties of extreme subsets of a convex set see the Appendix A.2. If z is an atom,
then each element Az with A € (0,00) is an atom. Let K have a base D with extreme
points. It is straightforward that every element of the set ext D of extreme points of D
is an atom of K. On the other hand, let x be an atom and let y € D be the unique
element such that z = Ay for some A € (0,00), then y € ext D.

X is Archimedean if and only if for every € K one has that inf{1z: n € N} exists
and equals zero* [Vul77, Theorem 1.3.1]. Clearly, if X is Dedekind complete, then X is
o-Dedekind complete. Moreover, if X is o-Dedekind complete, then X is Archimedean
[Vul77, Theorem 1.3.2].

X possesses the Riesz decomposition property if and only if for any vi,v9 € K one has

[0,v1 + va] = [0,v1] + [0, v2] . (1.1)

3In the literature also the notions discrete element [ABS85, p. 105] or extremal element [KLS89, p.
25] are used.
1Cf. [AB99, Definition 7.2] or [ABS5, p. 7).



1.1. PARTIALLY ORDERED VECTOR SPACES

Another characterization of the Riesz decomposition property is the so-called Riesz
separation property®, which is stated next.

Proposition 1.1.4 [Vul77, Lemma 1, V.1] A partially ordered vector space (X, K) has
the Riesz decomposition property if and only if for any four elements ai,as,b1,b0 € X
that satisfy the inequalities a; < b (i,j = 1,2) there is an element c € X such that

aigcgbj (i,j:1,2).

Every vector lattice has the Riesz decomposition property. On the other hand, if X is
a Dedekind complete partially ordered vector space with a generating cone K and has
the Riesz decomposition property, then (X, K) is a Dedekind complete vector lattice
[Vul77, Theorem V.2.1].

Definition 1.1.5 Let (X, K) be a vector lattice.

(i) For an element x € X, the element 2T = x V 0 is called the positive part of x,

x~ = (—z) V 0 the negative part and |x| = x V (—x) the modulus of z.

(ii) The elements x and y of X are called disjoint, in symbols = L y, if |z| A |y| = 0.
The disjoint complement of a non-empty set M C X is the set M? = {z € X: 2 L
y for all y € M}.

(ili) A set M C X is called solid if y € X, z € M, |y| < |z| imply y € M. A solid
vector subspace of a vector lattice is called an ideal. The ideal generated by a
subset M of X is the (with respect to inclusion) smallest ideal that contains M.
For an element z € X the ideal generated by {z} is called a principal ideal and
will be denoted by I.

(iv) A net {za}aca in X is order convergent to some x, written x, > , if there exists
a net {yYq}aca in X satisfying y, | 0 and |z, — 2| < y, for each a € A. A set
M C X is called order closed if for every net {xo}aca in M and z € X from
To > x follows z € M.

(v) An order closed ideal is called a band. The band generated by a subset M of X
is (with respect to inclusion) the smallest band that contains M. For an element
x € X the band generated by {z} is called a principal band and will be denoted
by B;.

(vi) A band B in X is called a projection band if X = B® B9, i. e. every z € X has a
unique decomposition & = x; + 2, where 1 € B and 25 € B%. By

Pg: X —-B, z— a1,

a projection operator is defined, which is called a band projection. X is said to
have the principal projection property if for each x € X the according principal
band B, is a projection band.

5Cf. [Wic95].
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For an element z of a vector lattice X one has |z| =21 + 27, 27 Az~ =0 and
r=a" -2, (1.2)

If 1 =y— 2z with y,2 € K, then 27 <y, = < 2. Moreover, the decomposition in (1.2)
is unique in the sense that if z = y — 2z with 4,2 € K and y A 2 = 0, then y = 2™ and
z = x~. The principal ideal of z is given by

I, ={y € X: thereis s > 0 such that |y| < s|z|}, (1.3)

whereas the according principal band equals the set

By ={y e X: |y[Anfz[ Tn [yl } (1.4)

[AB85, Theorem 3.4]. The following is straightforward:

For z,y >0 with = Ly one has [0,y] NI, ={0}. (1.5)

Observe for elements x,y, z € X the subsequent inequalities [AB99, Corollary 7.8]:
wAy— Ayl <|o— 2, (1.6)

||z = [yl| < |z —yl. (1.7)

A vector lattice X is Archimedean if and only if for every z,y € X with 0 < nx <y for
all n € N one has z = 0, cf. [AB99, Definition 7.2]. Indeed, let X be Archimedean and
let z,y € X be such that 0 < nx < gy for alln € N. Then 0 < z < %yforallneN,
and, since y € K, one has x < inf{%y: n € N} =0, so x = 0. Vice versa, let z,y € X
be such that nx <y for all n € N. Then

0<nzt=ma)vo<yv0o=y"

for all n € N, so + = 0, and, consequently, z < 0.

A vector lattice X is Dedekind complete if and only if every nonempty subset that is
order bounded from above has a supremum [Vul77, Theorem 1.5.1].

In an Archimedean vector lattice every band B satisfies B = B9, and the band gene-
rated by a set M C X is the set M [AB99, Theorem 7.18].

Proposition 1.1.6 [AB85, Consequence of Theorem 3.13] Any o-Dedekind complete
vector lattice has the principal projection property.

Proposition 1.1.7 Let (X, K) be an Archimedean vector lattice and 0 < xz € X. The
element x is an atom if and only if B, = {\x: X € R}.
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Proof Let 0 <z € X be an atom and let y € B,. Then by (1.4) one has
lyl = sup { |y| Anfe]: neN}.

Since z is an atom, the relations 0 < |y| A n|z| < n|z| = nx imply the existence of a
number «a,, € R for any n € N such that |y| A n|z| = a,z. We show that the sequence
(e )nen is bounded. If the contrary is assumed, then for each m € N there exists an
n € N such that mz < apz = |y| An|z| < |y|. Since X is Archimedean, we conclude
x < 0, which is a contradiction. If C' denotes an upper bound of (a,)nen, then

ly| =sup{ |yl Anlz|: ne N} =sup{aynz: ne N} <Cuz.

Since x is an atom, we get |y| = ax for some a > 0. Finally, y ™ and y~ are multiples of
x as well because of 0 < y*,y~ < |y| = az. Hence y = y* —y~ = Az for some \ € R.
Vice versa, let x € K and B, = {Ax: A € R}. Obviously, since B, is solid, 0 <y < x
implies y € Bz, hence y = Az. U

We list some properties of linear operators between partially ordered vector spaces,
which we need later on.

Definition 1.1.8 Let (X3, K;) and (Xs, K2) be partially ordered vector spaces and
S,T: X1 — Xy linear operators.

(i) S is called positive if S(K1) C Ko. We write S < T if T — S is positive.
Let, in addition, (X7, K7) and (X3, K3) be vector lattices.

(i1) S is called a lattice homomorphism if for all x,y € X7 one has

S(xVy) = (Sz)V (Sy).

The set of all positive linear operators is a wedge in the vector space of all linear
operators. Moreover, if K is a generating cone in Xj, then the set of all positive
linear operators is a cone in the set of all linear operators, so the space of all linear
operators becomes a partially ordered vector space.

If X1 = Xo = X, then, as usual, I: X — X denotes the identity operator. If B is a
projection band in a vector lattice X, then for the projection Pp one has the relations

0<Pp<I.
The set B? is a projection band as well, where
Ppa=1-Pg.
We consider now the special case (X2, K2) = (R,R} ), where the partially ordered vector

space (X1, K1) is written as (X, K). Denote by X* the algebraic dual of X, i. e. the set
of all linear functionals on X, and let

K*={feX": f(K)C[0,00)} (1.8)

be the set of all positive linear functionals on X. K* is a wedge in the vector space X*.
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Definition 1.1.9 [KLS89, p. 102] A non-empty subset M C K* is called total if x € X
and f(x) > 0 for every f € M imply z € K.

The following statement is the HAYES Theorem [Jam70, Theorem 1.8.1] (cf. also [KLS89,
Theorem 3.3]) applied to vector lattices.

Proposition 1.1.10 Let (X, K) be a vector lattice and 0 < f € X*. The functional f
is an atom of K* if and only if f is a lattice homomorphism.

Finally, we state an extension result for a map which is additive on the cone.

Proposition 1.1.11 [AB85, Theorem 1.7] Let (X, K) be a vector lattice and let
fO: K — [07 OO)

be an additive map (i. e. fo(x +y) = fo(x) + foly) holds for all x,y € K). Then f
extends uniquely to a positive linear functional f on X, where f(z) = fo(z™) — fo(z™)
for every x € X.

1.2 Ordered Normed Spaces

In this section we consider a partially ordered vector space (X, K) that is equipped
with a norm |||, where we simply write (X, K, ||-||). Instead of using the terminology
partially ordered normed space we write shortly ordered normed space. The closure of a
subset M C X in the norm topology is denoted by M. An interesting theory of ordered
normed spaces requires certain relations between the ordering and the norm.

Definition 1.2.1 Let (X, K, ||-||) be an ordered normed space.
(i) K is called weakly generating if X = K — K.

(ii) The norm ||-|| is called semi-monotone if there is a constant N (the constant of
semi-monotony) such that for every z,y € X with 0 < x < y one has that
llz|| < Nl|y||. If ||-|| is semi-monotone, then the cone K is called normal.

(iii) K is called non-flat% if there is a constant (the constant of non-flatness) k > 0
such that each x € X possesses a representation z = y — z with y,z € K and
[yl [I2]] < &ll]]-

An important property is the closedness of the cone K.

Proposition 1.2.2 [Vul77, Theorems 11.3.2, I1.1.3 and II1.2.1] Let (X, K,|||) be an
ordered normed space.

The definition is stated according to [KLS89, Section 1.8]. In the related English literature such a
cone is said to give an open decomposition, see e. g. [Jam70, Section 3.3].
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(i) If K is closed, then X is Archimedean.
(ii) If X is Archimedean and K has an interior point, then K is closed.

(iii) [KREIN-SMULJAN] If X is, in addition, a Banach space and K is closed and gene-
rating, then K s non-flat.

Proposition 1.2.3 Let (X, K) be a vector lattice and ||-|| a norm on X. K is normal
and non-flat if and only if there is a constant C' such that for all x,y € X with |z| < |y
one has ||z|| < C|ly]|.

Proof Let K be normal and non-flat, where the according constants of semi-monotony
and non-flatness are N and k, respectively. Note that for z € X one has 27,2~ < |z,
so =], l=~[] < N|[x]||. Moreover,

lzll =l — 27| < || + [l | < 2N || ]|

On the other hand, there are y, z € K such that x = y — z and |[|y||, ||z]| < &||z||. Due to
2t =2V 0 <y one has

\|33+H < Nlly|| < Nk||z|| and, analogously, |lz7| < Nk|z||. (1.9)

So,
Izl | = [la™ + 27| < [l + lz7|| < 2Nk|z] .

Now let z,y € X with |z| <|y|, i. e. |||z||| < N| |y||. Then
lzll < 2Nzl || < 2N?| [yl Il < AN"s]y]l,

hence C = 4N3k.

Vice versa, assume that there is a constant C' such that for all z,y € X with |z| < |y| one
has ||z|| < C|ly|. Clearly, K is normal, where as a constant of semi-monotony N = C
can be taken. For x € X one has zt, 27 < |z|, so [|a™],[27| < C|z||, hence K is
non-flat, where the constant of non-flatness is k = C. O

By means of this proposition we show the following result.

Lemma 1.2.4 Let (X, K) be a vector lattice and ||| a norm on X such that K is a
normal and non-flat cone. Let u > 0. An element x > 0 is contained in the norm
closure of the principal ideal I, if and only if

lim ||z —nuAz||=0.
n—oo

Moreover, I, C B,.
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Proof Let 2 > 0 be contained in I, i. e. there is a sequence (zk)ken C I, such that
limg 0 || — x| = 0. Due to (1.3) for every k € N there is ny € N such that |zj| < nu
for every n > ny, i. e. |zg| = |zk| A nu. The inequalities (1.6) and (1.7) imply

llzg] —nuAz| = ||zg| Anu— 2 Anul
< lexl - 2
< e — .

Due to Proposition 1.2.3 there is a constant C' such that || |zx| — nu A z|| < Cllz — 2|
and || |zx| — || < Cl|zy — z||. Hence,

lo —nuna] = llo— okl + ag] — nunal
< o = fanl | + || 2] = nu ]
< 20|ax —al.

Summing up, for each ¢ > 0 there is kg € N such that ||z, — z[| < 55 and there is
nk, € N such that for all n > ny, one has ||z —nuAz| < 2C||z, —z|| < e, which implies
lim, e [z —nu Azl =0.

Vice versa, let > 0 be such that lim, . ||[x —nu A x| =0. Due to 0 < nuAz < nu

one has nu Az € I, for every n € N, so x € I,,.

Finally, we justify I, C B,. Let z € I, and y be an upper bound of the set {nuAz: n €
N}. Then for each n € None has nuAx <z Ay, so [t Ay —nuAz| < Cllx—nuAnz,
which implies lim,, . ||z Ay —nu A x| = 0. Since the limit of the sequence (nu A x)nen

is unique, one gets * = z Ay, so z < y. This means z = sup{nuAz: n € N}, so x € B,
due to (1.4). O

Definition 1.2.5 Let (X, K) be a vector lattice. A norm |[|-|| on X is called a lattice
norm, if |z| < |y| implies ||z| < |ly|| for arbitrary =, y € X . If ||-|| is a lattice norm
on X, the space (X, K, ||-||) is called a normed vector lattice. If, in addition, X is norm
complete, then X is called a Banach lattice.

Let (X, K) be a vector lattice and ||| a norm on X. If there is a constant C' such that
for all z,y € X with |z| < |y| one has ||z|| < C|y||, it is straightforward that

]l = sup{{lyll: 0 <y <[} (1.10)

defines a lattice norm on X which is equivalent to the norm ||-||.

We collect some properties of a lattice norm. In the approximation theory the notion of
a proximinal set in a normed space X is widely used. For a non-empty subset M C X
and an element z € X denote

dist(z, M) = inf{ ||z — v||: ve M}.

Definition 1.2.6 Let (X, ||-||) be a normed space. A non-empty subset M C X is called
proziminal if for each x € X there is an element y € M such that ||z — y|| = dist(z, M).
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If M C X is proximinal, then M is closed”. Indeed,  is in the norm closure of M if and
only if dist(x, M) = 0. Since there is an element y € M with ||z — y|| = dist(z, M) =0,
one gets z =y € M.

Proposition 1.2.7 If (X, K, ||-||) is a normed vector lattice, then

(i) K is normal and non-flat, where the constants of semi-monotony and of non-
flatness are both equal to 1;

(il) K is proziminal and, in particular, closed.

Proof (i) This is an immediate consequence of Proposition 1.2.3 (second part of the
proof).

(ii) Let z € X be a fixed element, then for every y € K we have x > x — y, hence
- <(z-y)” <|r—yland |z — 2" = [l27| < [lz - y||. Consequently,

dist(z,K) = ||z — 27|
Hence K is proximinal and therefore closed. [

Remark 1.2.8 If (X, K) is a vector lattice equipped with a norm ||-|| such that K is
normal and non-flat, then due to Proposition 1.2.3 we get a lattice norm ||-||, on X
according to (1.10). Due to Proposition 1.2.7 (ii) K is closed with respect to the norm
||-]|;; and since the norms |[-|| and |||, are equivalent, K is also closed with respect to
the norm ||||.

If (X1,[]|l;) and (Xa,||:||5) are normed spaces, then the set of all continuous linear
operators A: X1 — Xy is denoted by L(X1, X2). In the vector space L(X;, X2) for an
element A € L(X7, X2) the usual operator norm is defined by

[All = sup [lAz]2.

[lxfl1=1

If (X1, K1,]-||;) and (X2, K2, ||-||,) are ordered normed spaces, then the set of all positive
operators in L(X7, X5) is denoted by L (X7, Xs), which is a wedge in L£(X7, Xs). We
list some properties of the set L (X1, X2).

Proposition 1.2.9 Let (X1, Ky, ||-||;) and (X2, Ko, ||-||5) be ordered normed spaces.
(i) If Ky is weakly generating, then L (X1, X3) is a cone in L(X1, X2).

(ii) If Ko is closed, then L (X1, X3) is closed in L(X1, X>).

"If M C X is convex, closed and weakly locally compact, then M is proximinal [K6t66, 26.2.(1)]. In
particular, if (X, ||-]|) is a reflexive Banach space and M C X is convex and closed, then M is proximinal
[K&t66, 26.2.(2)].

10
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Proof (i) Let K7 be weakly generating and T',—T € L, (X3, X2). For x € K; one has
Tz, —Tx € Ky, so Tx = 0. Therefore T(K; — K;) = {0}, and, since T is continuous,

T(X)=T(K;— K;)={0},s0T =0.
(ii) Let K9 be closed and consider a sequence {A, }nen C L4 (X7, X2) such that

lim ||A, —A]|=0
n—oo
for some A € L(X1, X3). For every z € X7 one has
lim ||Apz — Az|| < ||z|| lim ||A, — A =0.
n—oo n—oo
Moreover, if x € K7, then A,z € K9 and Az € K5 since K> is closed. So,

Ac L+(X1,X2) .d

For a normed space (X, ||-||) abbreviate L(X, X) by L(X). For A € L(X) there exists
the limit )
lim_[|A™[[= =r(A),

n—oo

the spectral radius of A, where r(A) < ||A]|.

As usual, X’ denotes the dual space, i. e. the vector space L(X,R) of all continuous
linear functionals on X. X’ equipped with the operator norm® becomes a Banach space.
Moreover, on X and X’ the weak topology o(X, X’) and the weak* topology (X', X)
are considered, respectively. (X, X') is a bilinear system with

(z,f) = f(z)
for x € X, f € X'. For an operator A € L(X) via
(Az, f) = (z, A'f) (1.11)

the dual operator A': X’ — X’ is defined. Then A’ € L(X') and ||A’]| = || 4]

If (X,K,|||) is an ordered normed space, then L (X, X) is abbreviated by L (X).
According to (1.8), denote
K =K*nX'.

K’ is called the dual wedge. The statements (i) and (ii) in the following proposition are
immediate consequences of Proposition 1.2.9.

Proposition 1.2.10 Let (X, K, ||-||) be an ordered normed space.
(i) If K is weakly generating, then K' is a cone.

(ii) K’ is closed in X'.

8We use the notation ||-|| for both the norm in X and in X’, which norm is ment follows from the
respective context.

11
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(iii) [Vul77, Theorem IV.5.1, KREIN| K’ is generating if and only if K is normal.

If K is a cone in X', then K’ is called the dual cone, and (X', K’) becomes a partially
ordered vector space. Combining the statements (i) and (ii) in Proposition 1.2.10 with
Proposition 1.2.2 (i), for an ordered normed space with a weakly generating cone K the
dual space (X', K',||-||) is an Archimedean ordered Banach space. If K is, in addition,
normal, then K’ is non-flat due to Proposition 1.2.2 (iii).

Proposition 1.2.11 Let (X, K, ||||) be an ordered normed space. If K is non-flat with
the constant k, then the dual cone K’ is normal, where a constant of semi-monotony of
the dual norm is 2k.

Proof Let f,g € K’ such that g < f. Let x € X with [|z|| = 1. There are y,z € K
such that z = y — z and ||y||, ||z|| < k||z]]. So,

l9(y) — g(2)]
9(y) +9(2)
fly)+ f(2)
A1+ 11211
[ flI12&][z| -

lg()]

(VAN VAN VAN VAN

Hence, |lg] < 2¢]f]. O

We sum up the previous statements.

Corollary 1.2.12 Let (X, K, ||-||) be an ordered normed space with a normal and non-
flat cone K. Then K' is a normal and non-flat cone in X'.

Next we address the issue under which assumption the dual cone becomes a total set,
i.e.z € X and f(z) >0 for each f € K" imply = € K.

Proposition 1.2.13 [Vul77, Section I1.4] If K is closed, then for each x € X \ K there
is a functional f € K' such that f(x) < 0.

If x > 0, then —z € X \ K, so the following is obvious.

Corollary 1.2.14 If K is closed, then for any x > 0 there is a functional f € K’ such
that f(x) > 0.

Corollary 1.2.15 If K is closed, then K’ is a total set.

Moreover, if K is closed and K’ has a base F, then F is a total set.

In an ordered normed space (X, K, ||-||) certain faces of K are specified.

Definition 1.2.16 A non-empty subset H # {0} of K is called ezposed if there is a
functional f € K’ such that H = f~1(0) N K. An exposed subset of K which is a ray is
called an exposed ray.

12
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Every exposed subset of K is a face of K, but not vice versa (cf. Example 3.5.11 below).

Now conditions on an ordered normed space are stated which ensure that the dual space
is a vector lattice.

Theorem 1.2.17 [Vul77, Theorem V.3.1, RIESZ-KANTOROVIC| If an ordered normed
space (X, K, ||||) with a non-flat and normal cone K satisfies the Riesz decomposition
property, then (X', K') is a Dedekind complete vector lattice, where the lattice operations
forx € K and f,g € X' are given by

(fAg)(x) = inf{f(y)+g(z—y): yel0,z]}
and (fVg)(x) = sup{f(y)+g(x—y): yel0,z]}.

Clearly, under the assumptions of this theorem for each f € X’ one has |f| > f, |f| > —f,
and so for x € K

[fl(z) = fz) v (= f(2) = [f(2)]- (1.12)

Some inverse result to Theorem 1.2.17 is stated next.

Theorem 1.2.18 [Vul77, Theorem V.4.1] Let (X, K, ||-||) be an ordered Banach space,
where K is closed and generating. If (X', K') is a vector lattice, then (X, K) satisfies
the Riesz decomposition property and K is normal®.

Corresponding results can also be found in [Wic74].
The next statement contains some explicit estimate for the constant of non-flatness of

K’, provided the necessary constants of K are given.

Proposition 1.2.19 Let (X, K, ||||) be an ordered normed space which satisfies the
assumptions of Theorem 1.2.17, where N and k are the constants of semi-monotony
and of non-flatness of K, respectively. Then as a constant of non-flatness of K' one can
take 2N k.

Proof Let f € X' and € X with ||| = 1. Since K is non-flat, there are elements
y,z € K such that © =y — z, where ||y||, ||z]| < k. So,

fT @) = 1) - (2

< ffy)+ ()

= sup{f(v): v € [0,y]} +sup{f(w): w € [0,z]}

< sup{[[fl{[vll: v € [0,y]} + sup{[|f[[[lw]: w € [0, 2]}
< ANyl + 1IN =]

< [IflIN2.

Hence, ||fT| < 2N«&| f]]. Analogously, ||f~|| < 2N« f]|. O

A similar technique can be applied for band projections in normed vector lattices.

9The non-flatness of K follows by the KREIN-SMULJAN theorem, see Proposition 1.2.2 (iii).

13



1.2. ORDERED NORMED SPACES

Proposition 1.2.20 Let (X, K) be a vector lattice equipped with a norm ||-|| such that
K is normal and non-flat, where the constant of semi-monotony is N and the constant
of non-flatness is k. If B is a projection band in X, then for the projection Pg: X — B
one has ||Pg|| < 2Nk.

Proof Let z € X with ||z|| = 1, then there are elements y, z € K with x =y — z and
[yl 2]l < &. So,

IPs()| = [|1Pp(y) — Pe(2)|l < [P + |1PB(2)] -
Due to 0 < Pg < I one has 0 < Pg(y) <y, hence
1P|l < Nllyl| < Nk

and, analogously, ||Pg(z)|| < Nk. So, ||Pg(x)|| < 2Nk, which implies || Pg|| < 2Nk. O

We recall some properties of the dual operator.

Proposition 1.2.21 Let (X, |||, K) be an ordered normed space and A € L(X). If A
is positive, then A’ is positive. The converse is true provided K is closed.

Proof If A > 0, then for each f € K’ and = € K one has (A'f)(z) = f(Ax) > 0, so
A'f € K'. Hence, A’ > 0.

On the other hand, let A’ > 0 and x € K. For any g € K’ one has g(Azx) = (A’g)(x) > 0.
Due to Corollary 1.2.15 the set K’ is total, so Az € K. Hence, A > 0. [

At some places below we deal with operator semigroups, where, as usual, for an operator
A € L(X) the operator ¢4 defined as

X Lk Ak
tFA
et = —— for t>0
k!
k=0

belongs to L(X). Here the series converges with respect to the operator norm in L(X),
and A° = I.

Proposition 1.2.22 [CHA 87, Theorem 3.16,(iv)-(vi)] Let (X, ||-]|) be a Banach space
and A € L(X). Then (et) = etA'.

If (Y,|]|) is a normed space, X a (norm) dense linear subspace of ¥ and (Z, ||| ;) a
Banach space, then the spaces £(Y, Z) and £(X, Z) are isomorphic. If A € L(Y, Z), then
A= Alx € L(X,Z). Vice versa, if A € L(X,Z) and y € Y, then there is a sequence
(Zn)nen C X which converges to y, so (z,)nen is a Cauchy sequence in X. Since A is
continuous, (A(xy) )nen is a Cauchy sequence in Z, i. e. the element lim, . A(xy,) is
defined in Z. For each sequence in X that converges to y one gets the same limit in Z.
Therefore, by

A(y) = lim A(zy) (1.13)

n—oo

14
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an operator A is ‘well-defined on Y, and /Al| x = A. It is straightforward that A is
continuous and [|A]| = [|4]|.
If Ky is a cone in Y, Kx a cone in X such that Kx C Ky, and Kz a cone in Z, then

Ae L, (Y,Z) implies Ae L (X,Z). (1.14)

If, in addition, Ky C Kx and Ky is closed, then the converse implication in (1.14) is
true as well. Indeed, for A € L, (X, Z) and y € Ky there is a sequence (zy,)nen in Kx
which converges to y. One has Ax, € Ky for all n, so fl(y) € Kz, since K is closed.
Summing up, we have the following:

Proposition 1.2.23 Let (Y, Ky, ||:||) be an ordered normed space, X a dense linear
subspace of Y and Kx a cone in X such that Kx C Ky C Kx. Let (Z, Kz, |||;) be an
ordered Banach space with a closed cone K. Then

AelL,y(Y,Z) ifand only if Ae L (X,Z).

If Z = R, then one obtains the statement (i) in the subsequent corollary. For the
statement (i) put (Z, Kz, || ;) = (Y, Ky, |-]))-

Corollary 1.2.24 (i) Let (Y, Ky, ||-||) be an ordered normed space, X a dense linear
subspace of Y and Kx a cone in X such that Kx C Ky C Kx. ThenY’' and X'
are isomorphic, and one can identify (Ky)" and (Kx)'.

(i) Let (Y, Ky, |||) be an ordered Banach space with a closed cone Ky, let X be a
dense linear subspace of Y and Kx a cone in X such that Kx = Ky . Then L(Y)
and L(X,Y') are isomorphic, and one can identify L (Y) and L4 (X,Y).

1.3 Cones with Non-empty Interior

In this section let (X, K, ||-||) be an ordered normed space such that the cone K has a
non-empty interior. Clearly, if v € int K and « > 0, then z + v € int K, and su € int K
for any s € (0,00). An element u > 0 is an order unit in X if and only if v € int K.

Fix u € int K, then there is tg > 0 such that the closed ball B(u, to) belongs to K. Then

forxeX\{O}onehasu—F”tTO”sz,sox—F%uannd
a::(m—l—%u)—%uef(—[(.

Moreover,
o+ L) < (14 By, (1.15)

which yields the following statement.
Proposition 1.3.1 If K has a non-empty interior, then K is non-flat.

In particular, K is generating. Applying Proposition 1.2.10 (i), the following is obvious.

15
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Corollary 1.3.2 If K has a non-empty interior, then K' is a cone.

Proposition 1.3.3 [Vul77, Section I1.2] Let int K # &. Then an element u € K is an
interior point of K if and only if f(u) > 0 for each non-zero functional f € K'.

Fix an element v € int K and consider the set
F=F,={feK': flu)=1}. (1.16)
Theorem 1.3.4 [Vul78, Theorem I1.3.2] The set F is a o(X', X)-compact base of K'.

The set F' is a non-empty convex compact set in the locally convex Hausdorff space
(X',0(X’, X)). The KREIN-MILMAN Theorem (A.11) implies ext F' # & and

F =X X (ext F). (1.17)
For the fixed element u € int K denote
v=sup{teRy: B(u,t) C K}. (1.18)
Then v > 0, and + is finite due to K N (—K) = {0}.
In the following let K be closed. For x € X \ {0} one has

u:l:H%”:L‘ZO, (1.19)

and for every f € F one gets

which implies
()] < 3] (1.20)

(which also holds for x = 0).

Due to Corollary 1.2.15 the closedness of K implies that F' is a total set. Moreover,
(1.17) yields the following assertion.

Proposition 1.3.5 If K is closed, then ext F' is a total set.

In the space R™, each generating cone has a non-empty interior.

Proposition 1.3.6 [Vul77, Theorems I1.3.3 and I1.1.2] Let (X, K, ||-||) be a finite-dimen-
stonal Banach space.

(i) X is Archimedean if and only if K is closed.

(ii) K has an interior point if and only if K is generating.

16
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We list certain cones in R™ which we need frequently later on. The standard cone in the
space R is the set

}Rﬁ:{(ml,...,xn)Tean x; >0 foralli=1,...,n}.
The unit vectors in R” are denoted by eU) for j = 1,...,n, i. e. e¥) = (z1,...,2,)7
with ; =1 and z; = 0 for all 7 # j.

Definition 1.3.7 Let the space R™ be equipped with the Euclidean norm ||-|| and let
K be a closed'? cone in R™.

(i) K is called finitely generated if there is a non-empty finite set S C R"™ such that
K =posS.

(ii) The cone

n—1
K,={tz: z=(z1,...,2,)" €R", Zm?gl, t >0}
i=1

is called the n-dimensional ice-cream cone. If T is a linear homeomorphism in R"”,
then K = T(K,) is called ellipsoidal.

(iii) K is called a circular cone if there is an element z € R™ with [|z]| = 1 and a
number r > 0 such that

K={tx: 2eR", (z,2) =1, [z —z2|| <r, t>0}.

(iv) K is called strictly convex if each of its faces is one-dimensional.

(v) K is called smooth if for each x € OK there is a (up to scalar multiplication)
unique f € K’ such that f(z) = 0.

The n-dimensional ice-cream cone is a circular cone in R™, where z = ¢(™ and r = 1.
For a circular cone given in (iii), the cone K* is obtained by

K*={tz: zeR" (z,2)=1,||lz—z| <Lt t>0}. (1.21)
For more details see e. g. [PSW98, Lemma 8§|.

Next we specify the extreme points of a base of the dual cone in two examples.

Example 1.3.8 Let the space X = R" be equipped with the standard cone K = R} and
the Euclidean norm. It is straightforward that K’ =R"}. We fixe = (1,1,.. ., DT e R,
which is an interior point of K. The corresponding base of K’ according to (1.16) is

Fo={(x1,...,2,)" €R}: (e,a) =) x;=1}. (1.22)
=1

Tn (i), (ii) and (iii) the definition automatically implies that the cone is closed.
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1.3. CONES WITH NON-EMPTY INTERIOR

The set ext F, consists of the unit vectors, i. e.

ext F, ={e®:i=1,...,n}.

The value of the functional e(? at a point z = (x1,...,2,)" € R is the coordinate ;
of the vector .
Now fix an arbitrary vector u = (uy,...,u,)’ € int R, i e u; >0foralli=1,...,n.
Then
n
F,={(z1,...,2,)" €R": Zuzxz =1} and (1.23)
i=1

ext F, :{uiie(i): i=1,...,n}.

Example 1.3.9 Given a compact Hausdorff space T, we deal with the vector space
X = C(T) of all continuous real-valued functions on 7'. We equip X with the maximum
norm ||z||ec = max{|x(t)|: t € T} and consider the usual order on X with respect to
the cone

K=C (T)={x€eX: z(t)>0 forall teT}

of all non-negative functions in X. In this situation we will say that C'(T) is equipped
with its natural norm and ordering. (X, K, |-||) becomes a Banach lattice, where the
lattice operations are defined pointwise. All elements u € K with u(t) > 0 for each
t € T (and thus min{u(t): ¢ € T} > 0) are interior points of K. Due to the Riesz
representation theorem one can identify X’ with the vector space M(T) of all finite
signed regular Borel measures p on 7' normed by |u|(T), i. e. each functional f € X’
corresponds to a measure 1 € M(T) such that || f|| = |u|(T) and f(x) = [, xdp for each
x € X. The constant function 1, i. e. 1(¢) = 1 for all t € T', is an interior point of K.
Then

Fr={peMT): pn>0, u(T) =1}.

The set ext Fy corresponds to the collection of the evaluation maps e; determined by
the points ¢t € T', where ¢;: X — R, z — x(¢) [K6t66, Section 25.2, p. 337]. Due to the
remarks after Definition 1.1.3, the set of atoms of K’ is

{Aer: A€ (0,00),t€T}. (1.24)

A natural question in the theory of partially ordered vector spaces is to provide condi-
tions under which such a space is isomorphic (preservation of algebraic, topological and
order structure) to a subspace of C(T") for some compact Hausdorff space T'.

Proposition 1.3.10 [Vul78, Theorem 1.7.1] Let (X, K, ||-||) be an ordered normed space
such that K is closed, normal and non-flat, and let T = K' N B’ be the intersection of
the dual cone with the dual unit ball, endowed with the topology o(X', X). Then T
is (X', X)-compact, and X is isomorphic to a subspace of C(T), where x € X 1is
represented as the function & € C(T') with z(f) = f(x) for all f € T.
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1.4. THE RIESZ DECOMPOSITION PROPERTY: EXAMPLES

If K, in addition, has an interior point u, then K is non-flat due to Proposition 1.3.1,
and K’ possesses a o(X’, X)-compact base F defined according to (1.16). A similar
statement to Proposition 1.3.10 holds, where F' is used as the set T'. This serves as a
motivation for a technique used in Section 3.2.

Proposition 1.3.11 Let (X, K, ||-||) be an ordered normed space such that int K # &.
Furthermore let K be closed and normal. Then X is isomorphic to a subspace of C(F),
where x € X is represented as the function & € C(F) with &(f) = f(x) for all f € F.

Proof We use an analogous argumentation as in [Vul78, proof of Theorem 1.7.1], and
only sketch the line of reasoning here. Let i: X — C(F), i(x) = Z, be the representation
mapping. Obviously, ¢ is linear. Let & = 0, i. e. Z(f) = f(z) = 0 for every f € F,
consequently f(z) = 0 for every f € K’'. Since K is normal, due to Proposition 1.2.10
(iii) the dual cone K’ is generating, hence f(x) = 0 for every f € X’ and therefore
x =0, i. e. i is injective. If x is positive, then i(z) is positive. The converse is true since
K is closed and hence F is total. The inequality (1.20) ensures the continuity of i. On
the other hand, Corollary 1.2.12 yields that K’ is non-flat. Therefore the continuity!!
of i~1 is justified by Proposition 3.2.12 that will be shown later on. [

1.4 The Riesz Decomposition Property: Examples

In Section 2.3 we will deal with ordered vector spaces that possess the Riesz decompo-
sition property. In the present section we consider examples of such spaces. First we
describe the situation in a finite-dimensional partially ordered vector space.

Proposition 1.4.1 [Vul77, Sections 1.5 and V.3| Let R™ be ordered by a closed gene-
rating cone K. Then the following conditions are equivalent:

(i) (R™, K) is a vector lattice.
(ii) (R™, K) has the Riesz decomposition property.
(iii) K s a finitely generated cone with n extreme rays.
Observe that the space R™ ordered by the n-dimensional ice-cream cone does not satisfy

the Riesz decomposition property.

We continue with an example of a subspace of C[0,1] that is not a vector lattice, but
has the Riesz decomposition property.

Let A be an arbitrary set. For a family of real numbers {r, € (0,00): a € A} define, as
usual,

Zra = sup { Z rqo: Ag C A, Ag ﬁnite}.
acA acAy

We need the following well-known statement.

" Using the notations in Section 3.2, one can write ||| = max{|f(z)|: f € F} = max{|a(z)|, |8(z)|}.
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Lemma 1.4.2 Let A be a set and {r, € (0,00): o € A} a family of real numbers. If
the family is summable, 1. e.
Z o < 00,

acA

then A is a finite or countable set.

Proof Put A, ={a € A: ro > 1} for every n € N. Since

Zra<oo,

acA

the set A, is finite for every n € N. Moreover,

U An=4,

neN

i. e. the set A is a countable union of finite sets. Therefore, A is finite or countable. [J

Example 1.4.3 We consider the space X = C1[0,1] of all continuously differentiable
functions on [0, 1], which is a linear subspace of C0, 1]. The derivatives at the points 0
and 1 are the corresponding one-sided derivatives. Let X be equipped with the natural
norm and ordering of C0,1]. Then X is not a vector lattice. By means of Proposition
1.1.4 we show that X has the Riesz decomposition property. Let ai,as,b1,b2 € X be
elements such that a; < b; (4,5 = 1,2) and denote a = a1 V az and b = by A by, which
are elements of the vector lattice C0,1] and satisfy a < b. We are going to construct
an element ¢ € X such that a < ¢ <b. Put

S ={s€(0,1): ais not differentiable at the point s} .

We list some properties of the element a and the set S.

(i) For each s € S there is €5 > 0 such that a is continuously differentiable on
(s —es,8)U(s,8+¢5).

Indeed, let s € S. Then, in particular, ai(s) = az(s) but @} (s) # a\(s). Without loss
of generality assume a)(s) < ab(s). Since @} and af, are continuous functions, there is
gs > 0 such that a(t) < al(t) for all t € (s —e5, s+ ¢€5). So, the function as — a1, which
vanishes at the point s, is strictly monotone increasing on (s — €5, s + £5). This yields

asz(t) —ai(t) <0 forall te€ (s—es,5) and aa(t) —ai(t) >0 forall te€(s,s+¢5).

Hence, by definition of a as a = a; Vag, one obtains both a(t) = a1 (¢) for all t € (s—es, s)
and a(t) = aq(t) for all t € (s,s + &5), i. e. the function a is continuously differentiable
on the set (s —e5,5) U (s,5+ €5).

(ii) S is a countable set.
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Indeed, consider the following collection of (non-empty) open intervals (s,t) C [0,1],
which turn out to be maximal intervals on which the function a is continuously differ-
entiable:

A={(s,t): s,t € SU{0,1} and a is continuously differentiable on (s,?)} .

For I = (s,t) € A put r; =t — s, where (i) implies r; > 0. Since A consists of pairwise
disjoint subintervals of [0, 1], one has

Z?“ISL

IeA

such that Lemma 1.4.2 implies the at most countability of the set A. Due to (i), for
each s € S there is Iy € A such that (s,s 4+ ;) C I;. Moreover, for s,u € S with s # u
one has I, # I, so S is a countable set.

(iii) If for some s € (0,1) one has a(s) = b(s), then a is differentiable at s.

Indeed, let s € (0,1) be such that a(s) = b(s). In the case a1(s) # as(s), the function
a coincides with the greater one of a; and as and, therefore, is differentiable in s. It
remains to consider the case aj(s) = aa(s) = a(s) = b(s). Now there is a jo € {1,2}
such that a1(s) = aa(s) = bj,(s). For each i € {1,2} the function d; = b;, — a; satisfies
the relations d;(t) > 0 for all ¢t € [0,1] and d;(s) = 0. So, both functions d; attain their
minimum at the point s, which implies d;(s) =0, i. e.

a;(s) = b, (s) for i=1,2.

Consequently, da/(s) = a)(s), i. e. a is differentiable at the point s.

Now we specify the construction of the required element c. If S = &, then put ¢ = a,
and we are done. Otherwise, since S is countable, let

S:{Sk: I{IEN}

If S is finite, i. e. S = {sx: k = 1,...,n} for a fixed n € N, adapt the subsequent
construction.
For every k € N put

Tp = 0,1\ {s;: j = K},
so Ty =[0,1] \ S. Let ¢; = a. For every k € N we establish a function
ck: [0,1] = R,

which is continuously differentiable on every open interval of the set T%. If ¢ is available,
then the function cg1q is constructed such that it becomes continuously differentiable
in a neighbourhood of sy.

Due to (i) and (ii), for the point sj there are intervals Iy, Is € A such that

(sk — €s,56) €Ty and (g, sk +€5,) C .
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Moreover, from (iii) follows a(sg) < b(sg). Due to the continuity of a and b there is
dp > 0 such that a(t) < b(t) for all ¢t € [sy — o, i + dp]. Put

§ =min{iry, , irp, 00}
and let t; = s, — 0, ta = s+ 0 and e = min { b(t) — a(t): t € [t1,t2] }. Define
ck+1(t) = e (t) for all ¢ e [0,1]\ [t1,1e].

The set
X = {1‘ S Cl[tl,tQ]: a:/(tl) = 33’(152) = 0}

is a subalgebra of C'[t1, t2] which contains the constant functions and separates the points
of [t1,t2]. Due to the STONE-WEIERSTRASS theorem, the space X is dense in C[t1, o).
We consider the function a + 51 on the interval [t1,?s]. In the F-neighbourhood of this
function a function d € X; can be found, i. e.

a(t) < (a+ §1)(1) < d(t) < (a+ F1)(1) <b(1)
holds for ¢ € [t1,t2]. Let t1 = s, — g, to = s + g and put
cre1(t) = d(t) forall t € [fy,ts].
On the interval [ty, £1] one proceeds as follows: A polynomial p of third degree is uniquely

defined on [t1,#1] by the conditions p(t1) = 0, p'(t1) = 0, p(t1) = 1, p'(f1) = 0. We
combine the continuously differentiable functions c; and d on [ty,#;] by defining

i (£) = () (1 — p(8)) + dt)p(t) for all t € [tr, 5]

Then cpy1(t1) = cx(tr), &pq(t1) = c(t), crra(tr) = d(t1), ¢4 (f1) = d'(t1). Proceed
analogously on the interval [f2,ts]. One gets c; € C[t1, o] such that

a<cp<cp1 <d<b on [t1,ts].

The function cjy1 is continuously differentiable on all open intervals of T, 1, moreover
a < ¢ < cgq1 < bon [0,1]. Clearly, ey Tk = [0, 1]. Define finally

c(t) =sup{ck(t): k€ N} for each te€[0,1],

then ¢ € C1[0,1] and a < ¢ < b.
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Chapter 2

Positive-off-diagonal Operators
and M-Operators

In this chapter we first study operators which appear to be a generalization of square
matrices with non-negative off-diagonal entries. Such matrices map the faces of the
standard cone of R™ in a specific manner. The latter property is used to define “positive-
off-diagonal” operators if R" is equipped with an arbitrary cone, as well as for arbitrary
ordered normed spaces.

In the first section we collect the relevant definitions and certain basic properties of
positive-off-diagonal operators. The second section is dedicated to the class of all
positive-off-diagonal operators on a given ordered normed space and to related classes
of operators, in particular, to the class of operators which dominate a multiple of the
identity. We survey the corresponding literature and establish certain sufficient condi-
tions on the underlying space such that the two mentioned classes of operators coincide.
In the third section we consider ordered normed spaces with the Riesz decomposition
property. Again certain sufficient conditions are provided such that the two classes of
operators are equal.

Matrices with non-positive off-diagonal entries appear in the theory of M-matrices. As
a generalization of M-matrices, in the fourth section M- and Ms-operators on ordered
normed spaces are defined. We apply the results on positive-off-diagonal operators in
order to list some spaces where the notions M- and Ms-operator coincide.

2.1 Positive-off-diagonal Operators

We start with the well-known notions from the finite-dimensional theory.

Definition 2.1.1 [BF04] A matrix A = (a;j)n,n is called a METZLER matriz if a;; > 0
for i # j.

In the subsequent definition let the space R™ be equipped with the standard cone R’}
i. e. for an n x n-matrix B = (b;j)nn, one has B > 0 if and only if b;; > 0 for all
i,7=1,...,n. As usual, (B) denotes the spectral radius of the matrix B.
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2.1. POSITIVE-OFF-DIAGONAL OPERATORS

Definition 2.1.2 [BP94, Chapter 6, Definition (1.2)] A matrix A = (a;j)n,n is called
an M-matriz if A= sI — B, where B > 0 and s > r(B).

We only consider non-singular M-matrices. Singular M-matrices, i. e. matrices of the
form A = r(B)I — B, are not relevant in our investigation. If A is an M-matrix, then —A
is a METZLER matrix. On the other hand, if for a matrix A = (a;;)n,, the matrix —A is
a METZLER matrix, and A is strictly row diagonally dominant, i. e. |as|—3_; ; |ai| >0
for i =1,...,n, and has only strictly positive diagonal elements, then A is an M-matrix.
Recall the following characterization of M-matrices.

Proposition 2.1.3 [BP94, Chapter 6, Theorem (2.3), Nsg| Let A = (a;j)nn be a matriz
such that A1 exists. A is an M-matriz if and only if a;; <0 for alli # j and A1 > 0.

Generalizations of M-matrices will be studied in Section 2.4.

In the present section we deal with the generalization of METZLER matrices to the
case of linear operators on ordered normed spaces, which leads to positive-off-diagonal
operators. We refer to [CHA 87, Definition 7.18].

Definition 2.1.4 Let (X, K, ||-||) be an ordered normed space, let K’ be the dual wedge
and let D be a linear subspace of X. A linear operator A: D — X is called positive-
off-diagonal, if for every z € K N D and each f € K’ such that f(x) = 0 one has
f(Az) > 0. The operator A is called negative-off-diagonal if —A is positive-off-diagonal.

If there are different cones in consideration, we write positive-off-diagonal with respect to
K. Positive-off-diagonal operators appear in the literature in a broad variety of different
names. In the theory of operator semigroups the notion positive-off-diagonal is used in
[CHA87], whereas in [Are86, Chapter CII, Definition 1.6] a positive-off-diagonal oper-
ator is said to satisfy the positive minimum principle. In the matrix theory a positive-
off-diagonal operator with respect to a closed and generating cone K in R" is called
a cross-positive matrix. Such matrices are discussed e. g. in [SV70], [Tam75], [Tam76]
and, more recently, in [GKT95]. In [BNS89, Definition 3.2], the notion subtangential
matrix is used.

In the non-linear theory an operator A: D — X (D C X) is called quasimonotone
increasing if for every z,y € D with x < y and f € K’ with f(z) = f(y) follows
f(Az) < f(Ay), see e. g. [Vol72]. Clearly, if D is a linear subspace of X and A is
a linear operator, then A is quasimonotone increasing if and only if A is positive-off-
diagonal.

If int K # @, then only for points x that belong to the boundary of K there are non-
trivial functionals f € K’ such that f(z) = 0 (Proposition 1.3.3). So, the behaviour
of the boundary points of K under a linear operator is responsible for the positive-off-
diagonality of this operator. For the special case K = (int K')U{0}, each linear operator
A: D — X is positive-off-diagonal. The condition int K # & implies that K’ is a cone
(Corollary 1.3.2), and for a fixed element u € int K there is a o(X’, X')-compact base
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2.1. POSITIVE-OFF-DIAGONAL OPERATORS

F = F, in K’ (Proposition 1.3.4). To show that in this case an operator is positive-off-
diagonal, only the extreme points of I’ have to be attracted. For the next statement we
use the fact that for an element x € 0K the set

Fo(z) ={f € F: f(z) = 0}
is non-empty and can be represented as
Fy(z) = co” XX (Fy(a) Next F) . (2.1)
This will be discussed in detail in Section 3.2, cf. (3.6).

Proposition 2.1.5 Let (X, K, ||-||) be an ordered normed space such that int K # &.
Let D be a linear subspace of X and F a base of K'. Then a linear operator

A: D — X

is positive-off-diagonal if and only if for every x € OK N D and each f € ext F' such that
f(z) =0 one has f(Ax) > 0.

Proof We have to show only the sufficiency of the condition. Consider x € K N D
and an arbitrary functional g € K', g # 0, with g(x) = 0. Since F is a base of K',
there is a functional f € F' such that g = A\f for some A > 0. Due to (2.1) there is a
net {fa}acs C co(Fo(z) Next F) which converges pointwise to f. For each functional
fas @ € J, there is a natural number m = m(«) such that f, is represented as follows:

m m
fazz,ujhj, hj € Fo(x)Next F and p; >0for j=1,...,m, Z/,szl.
j=1 j=1

By assumption, we have hj(Az) > 0 and, therefore, f,(Ax) > 0, hence f(Az) > 0 and
g(Az) > 0. O

In general, D may differ from X and A may not be continuous. In the following we
consider mostly the case D = X and A € L(X), i. e. A is a linear continuous operator on
X. Clearly, each positive operator is positive-off-diagonal. For a given ordered normed
space (X, K, ||-||) we denote

Y(X,K)={A e L(X): A is positive-off-diagonal }.

Occasionally, we abbreviate (X, K) by X(K).

Next we consider the situation as in Example 1.3.8, i. e. the space R" is ordered by the
cone R’. The base F, = {x € R} : (e,x) = 1} of the dual cone, according to (1.22),
has the collection of all unit vectors e(?, i = 1,....n, as its set of extreme points. A
linear operator A: R™ — R" is identified with its matrix representation with respect to
the standard basis in R™ consisting of the unit vectors. Due to the previous proposition,
A = (ajj)nn is positive-off-diagonal with respect to R’ if and only if 2 € R’} and
i€ {l,...,n} with (z,e®) = z; = 0 imply (Az,e®) = (Az); > 0.
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Corollary 2.1.6 The linear operator A = (aij)nn on R™ is positive-off-diagonal with
respect to R} if and only if it s a METZLER matriz.

Proof Let A = (a;j)nn be positive-off-diagonal. Since
aij = <Ae(j), e(i)>
and (e, e() = 0 for i # j, the assumption implies ai; > 0.
Vice versa, let a;; > 0 for i # j and x € R"! with z; = 0 for some fixed i. Then
(Al')Z = Zaijmj = Zaija:j Z 0,
J J#i
so A is positive-off-diagonal. [

If one considers an arbitrary cone K in R™ and a matrix A that is positive-off-diagonal
with respect to K, then it is not surprising that the off-diagonal entries of A need not
be non-negative, as the next example illustrates, cf. [BNS89, Section 4 (1.6)].

Example 2.1.7 We consider the space X = R3, ordered by the 3-dimensional ice-cream

cone
x1 2 2
K:ng{t(rla): a:1+a:2§1,t20}.

D={(2): A+a3<1)

is a base of K. Clearly, X* = R3 and K* = K, cf. (1.21). Whenever

The set

xr = (ié) €D and f= (%) e K*
1 w3
are such that f(z) = (x, f) = 0, where without loss of generality ws = 1, then

0 S (:U1+w1)2+(x2+w2)2

= (2f +a3) + (W] + wd) + 2(z1w1 + Tows)

< 242((z, f) — 1)

- 0,
which implies wy = —x1 and wy = —z2. Moreover, one gets (¥ + x3) + (w? + w3) = 2,
and so 23 + 23 = 1 and w} + wi = 1.
Consider the matrix

-1 1 0
A=| -1 -1 0
0 0 -1

One has oyt Y
F(Az) = (A, f) = <(fxzx) (ff§)> —a2 42l -1=0,
i. e. A is positive-off-diagonal with respect to K. Observe that A is negative-off-diagonal

with respect to K as well.
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If (X, K,||-]|) is a Banach lattice, then there is a convenient characterization of positive-
off-diagonal operators.

Theorem 2.1.8 [Are86, Theorem 1.11] If (X, K, ||-||) is a Banach lattice and A € L(X),
then the following conditions are equivalent:

(i) Ae X(K), and
(ii) A+ |A|1 > 0.

In view of the technique in Corollary 2.1.6, we consider positive-off-diagonal operators
on an ordered Banach space (X, K, ||-||) that has a Schauder basis (b)) e, i. e. for each
x € X there is a unique sequence (z;);cn of real numbers such that

w .
T = ijbm ,
j=1

where the series converges in norm. In the Appendix A.1 the corresponding notations
and statements are listed. In particular, for each j € N, a (biorthogonal) coordinate
functional fU) on X is defined by f): X — R, x + x; (cf. also the formulas (A.2) and
(A.3)).

Definition 2.1.9 [AB99, Section 15.3] A Schauder basis (b)) ;cy of an ordered Banach
space (X, K, ||-||) is called positive if for every x € X one has z € K if and only if
fU(z) >0 for all j € N.

If (b(j))jeN is a positive Schauder basis, then bU) € K for all j € N due to (A.5). Clearly,
fU) e K’ for each j € N. To an operator A € L(X) a matrix

(aij)ijen

is associated by means of (A.7). For sake of convenience, we write A = (a;;); jen. If A
is positive, then AbU) € K for all j € N, so aj; = f@O(Ab) > 0 for all 4,5 € N. Vice
versa, if a;; > 0 for all 4,j € N, then x € K implies

FOAz) = ay fO(z) > 0
j=1

for all i € N, where we use (A.9). So, Az € K, and we get the following:

Proposition 2.1.10 Let (X, K, ||-||) be an ordered Banach space with a positive Schauder
basis. Then A € L(X) is positive if and only if a;; > 0 for all i,j € N.

The positive-off-diagonality of a linear continuous operator in the Banach lattices ¢q or
I, for p € [1,00) can be characterized similarly to the finite-dimensional case, as the
next example shows.
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Example 2.1.11 We consider sequence spaces X according to Definition A.1.1, 1. e. X
is equipped with the standard ordering. For each j € N denote

eV = (z;)ieny with z; =1 and 2; =0 for all i # j. (2.2)

If X equals one of the Banach lattices ¢ or 1, for p € [1,00), then the sequence (e\) jeN
is a positive Schauder basis in X [AB99, Theorems 15.12 and 15.21].

Consider an operator A € L(X) and its matrix representation (a;j); jen. A combination
of Theorem 2.1.8, Proposition 2.1.10, (A.8) and (A.10) implies that A is positive-off-
diagonal if and only if a;; > 0 for all ¢ # j.

In the next statement we make use of the Definition A.1.4 of a shrinking Schauder basis
for a characterization of the positive-off-diagonality of linear continuous operators.

Proposition 2.1.12 Let (X, K, ||-||) be an ordered Banach space with a shrinking pos-
itive Schauder basis. Then A € L(X) is positive-off-diagonal if and only if a;; > 0 for
alli,7 € N with i # j.

Proof Let A € L(X) be positive-off-diagonal. Since b)) € K, f® € K’ and
FOBYY =0
provided i # j, one gets a;; = FO(ADYD)) > 0 for all 4,5 € N with i # j.

Vice versa, let A € L(X) be such that a;; > 0 for all 4, j € N with i # j. Fix 2 € K and
f € K’ such that f(z) = 0. Since the Schauder basis (b)) ey is shrinking, we have

NGOV
i=1
according to (A.6). Due to
0=f(z) =Y fOo) ),
i=1

f(b®) >0 and f@(x) >0 for all i € N, one has

FOO) O () =0
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for all 7 € N. Now we conclude

2
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Next we investigate the relation between a positive-off-diagonal operator and its restric-
tion on a dense subspace. We use the notation in (1.13) and employ Corollary 1.2.24

().

Proposition 2.1.13 (i) Let (Y, Ky, ||-||) be an ordered normed space and let K be a
cone inY with K C Ky C K. Then

S(Y, Ky) C (Y, K). (2.3)

(i) Let (Y, Ky, |[]) be an ordered Banach space, let X be a dense linear subspace of
Y and let Kx be a cone in X such that Kx C Ky C Kx. If A€ (Y, Ky), then
A€ DX, Ky).

(iii) If, in addition to the assumptions in (ii), for each f € Ki one has
fH0)NKy C f-10)NKx, (2.4)
then A € X(Y, Ky) if and only if A € %(X,Kx).
Proof (i) Let A € X(Y,Ky), z € K and f € K’ be such that f(x) = 0. Corollary
1.2.24 (i) implies that f € K. So, f(Az) >0, 1. e. A € X(Y, K).
(ii) Let A € ¥(Y,Ky), = € Kx and f € K% such that f(z) = 0. Then f € K} due

to Corollary 1.2.24 (i). Since A is positive-off-diagonal with respect to Ky, one has
f(Az) > 0. Clearly, Az = Ax, so f(Ax) > 0. Hence, A € ¥(X, Kx).

(iii) Let A € ¥(X,Kx), y € Ky and f € Ky such that f(y) = 0. Due to the
assumption, there is a sequence (z,)nen C f1(0) N Kx that converges to y. Now
f e K% and f(z,) = 0 for all n € N imply f(Az,) > 0, i. e. f(Az,) > 0, for all
n € N. Since the sequence (f(Azy) )nen converges to f(Ay), one gets f(Ay) > 0, i. e.
Aex(Y,Ky). O
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Remark 2.1.14 If the cone Ky has an interior point, then Kj{ has a base F, and
due to Proposition 2.1.5, in (iii) it suffices to require the assumption (2.4) only for all
f € ext F. An illustration will be given in Example 2.2.9.

We illustrate the statement (i) of Proposition 2.1.13 by the following example.

Example 2.1.15 Let the space I; be ordered by the cone ™ of all finite sequences
with non-negative coordinates. ¢* is not closed in Iy, the closure of ¢* is 1. Let
A = (aij)ijen € L(X) be such that a;; > 0 for all ¢ # j. Example 2.1.11 justifies
that A is positive-off-diagonal with respect to lf. Due to (2.3) the operator A is also
positive-off-diagonal with respect to ™.

Clearly, the converse implication in (2.3) is not true in general. Consider e. g. Y = R?,
Ky =R?% and K = (int R?) U {0}. A matrix

(1)

with b < 0 is positive-off-diagonal with respect to K, but it is not positive-off-diagonal
with respect to Ky due to Corollary 2.1.6.

2.2 Related Classes of Operators

In this section we study properties of the set (X, K) of all positive-off-diagonal opera-
tors on a given ordered normed space (X, K, ||-||). We consider subsets of L(X) that
are related to (X, K), where we use the standard notations that are employed in the
finite-dimensional theory, cf. e. g. [SV70], [GKT95]. As usual, £ (X) denotes the set
of all positive operators in L(X). We consider the set

e(X,K)={A e L(X): e’ >0 forallte[0,00)}

of operators in £(X) that are generators of a positive operator semigroup {e‘4};>¢, as
well as the set
(X, K) = L4 (X) +RI.
Definitions and basic statements concerning operator semigroups are listed in the Appen-
dix A.3. We occasionally abbreviate e(X, K) and II; (X, K) by e(K) and II;(K), re-
spectively. If A € IT; (K), i. e.
A=B+sl (2.5)

for some operator B > 0 and s € R, then A > sI, i. e. II;(K) is the class of operators
that dominate a multiple of the identity. Instead of (2.5) we will occasionally write
A+ tI > 0 for a certain constant ¢ > 0. Theorem 2.1.8 states that for a Banach lattice
X the sets X(K) and II; (K) coincide.

Let (X, K, ||-||) be an ordered normed space and A € L(X) be given according to (2.5).
If x € K and f € K’ are such that f(z) = 0, then

f(Az) = f(Bz) + sf(z) = f(Bx) > 0,
i. e. A € ¥(K). Hence we obtain the following.
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2.2. RELATED CLASSES OF OPERATORS

Proposition 2.2.1 The sets 11 (K) and 2(K) are wedges in L(X), where the inclusions
£4(X) T (K) € S(K)
are satisfied.

Since the identity operator I and the operator —I are both in II; (K), the set II;(K) is
not a cone in L(X), so £(K) is not a cone in L(X) as well. The blade of the the wedge
I1;(K) is the set

{A € L(X): thereis s € Ry such that —sl <A <sl},
which is known as the centre of L(X).

Proposition 2.2.2 The set ¥.(K) is closed in L(X) with respect to the uniform operator
topology.

Proof The set ¥(K) is closed in £L(X) with respect to the weak operator topology.
Indeed, let (A,)nen be a sequence in X(K) that converges to A € L(X) in the weak
operator topology, i. e. for each z € X and f € X’ one has

lim f(A,z) = f(Ax).

n—oo
If z € K and f € K’ are such that f(z) = 0, then f(A,z) > 0 for each n € N, so
f(Az) > 0 and A is positive-off-diagonal.
The closedness of ¥(K) with respect to the weak operator topology implies that 3 (K)
is closed in L(X) with respect to the uniform operator topology. [

Some properties of the set e(K) can be obtained e. g. by applying results given in [HL9S]
to our case. In that paper the corresponding statements are shown for elements of a real
Banach algebra (with unit) that is ordered by a closed algebra cone. If A is an algebra
with unit 1 and A, is a cone in A, then A, is called an algebra cone if 1 € A, and
a,be Ay implies a * b € A, where * denotes the multiplication in A.

Given an ordered normed space (X, K, ||-||), it is well-known that the set £(X), equipped
with the operator norm, is a normed algebra, where the composition of operators cor-
responds to the algebra multiplication. The identity operator I € L(X) is a unit in the
algebra L(X). If X is a Banach space, then £(X) is a Banach algebra. If K is weakly
generating, then due to Proposition 1.2.9 the set £ (X) is a cone in L(X). If K is
closed, then L4 (X) is closed. One has I € £, (X), moreover A,B € L, (X) implies
A(B(K)) € A(K) C K, hence the composition of A and B is in £ (X), which yields
that £, (X) is an algebra cone in £(X). So, we can apply the results in [HLI8| to our
setting.

Proposition 2.2.3 If X is a Banach space and K a weakly generating closed cone in
X, then the following statements hold:

(i) The inclusions 111 (K) C e(K) C X(K) are valid.
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(ii) The set e(K) is a wedge in L(X).

(iii) The set e(K) is the closure of 111 (K) in L(X) with respect to the uniform operator
topology.

The inclusion II; (K) C e(K) in (i) is given in [HLI8, Remark 1], the inclusion e(K) C
Y(K) is a special case of Proposition A.3.3. The assertions (ii) and (iii) are stated in
[HL98, Theorem 1, (1), (6)].

Note that in [HL98, Theorem 1, (2), (3), (8) and Example 2] it is shown that the centre
of L(X), i. e. the blade of the wedge II1(K), is a closed subalgebra of L(X), whereas
the blade of the wedge e(K) is a closed subspace of L(X), but need not be a subalgebra
in general.

In view of Proposition 2.2.3 (i), we list two examples, where the corresponding inclusions
are proper.

Example 2.2.4 Consider the 3-dimensional ice-cream cone K = K3 in the space X =
R3 and the matrix

-1 1 0
A=| -1 -1 0
0 0 -1

as in Example 2.1.7. We show that A € e(K), but A ¢ II;(K). We diagonalize the
matrix A and get A = SDS~!, where

—1+i 0 0 1 10 1 1 =10
D= 0 —-1—-i 0 |, S=| i1 0] and 5—1:5 —i 10
0 0 -1 0 01 0 0 2
For every k € N one has A¥ = SD*S~! and so for t > 0
X Lk Ak
t*A
tA _ _ q tDg-1
e’ = Z X = Se'" S,
k=0
With
e+t 0 0 cost +isint 0 0
eth = 0 e(-1-Dt =t 0 cost —isint 0
0 0 et 0 0 1
it is straightforward that
cost sint 0
e =et| —sint cost 0

0 0 1

Let z = (%%) e K,i. e x%—l—ac% < 1. For every t > 0 one has

tA x1 cost+xosint

er = 6_t<—a:1 sin t+xo cost) e K
1
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2.2. RELATED CLASSES OF OPERATORS

because of (71 cost+xosint)? + (—xq sint+xgcost)? = x2 + 22 < 1. So, €' is a positive
operator for each ¢t > 0, hence A € e(K).

On the other hand, there is no number s such that s/ + A is positive. Indeed, for

v = (—(1)1) € K one has y(s) = (s[+ A)v = (1_—119) :

S—

If y(s) would belong to K for some s € R, then we would get (—1)%2+(1—35)? < (s—1)2,
a contradiction. Hence, y(s) ¢ K for every s € R, consequently A ¢ II;(K). So,
A€ e(K)\II(K).

Example 2.2.5 Consider the ordered Banach space as in Example 2.1.15, i. e. the
space X = l; ordered by the cone K = ¢ of all finite sequences with non-negative
coordinates. For a sequence b = (b;);en € lf \ K consider the matrix A = (a;;); jeny with

a; = 1, 1€N,
aip = b1, 1€N,1>2,
a;; = 0 otherwise,
1 0 0 0
bp 1 0 0
i. e A — b2 0 1 0
bs 0 0 1
For z € l; and 7 > 2 one has
(A{L‘)Z = bj_1x1 4+ x;, hence

lAzi = ) |(Az)i|
=1

(e} [e.e]
< Zbifl\l‘l\ + Z |z
=2 i=1

< (lIplly + Dlzl1

so A € L(X). One has a;; > 0 for all 4, j € N, so due to Example 2.1.15, the operator A
is positive-off-diagonal with respect to K. Observe that A is not positive, since eV € K
but A(eM) ¢ K.
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We justify that A ¢ e(K). It is straightforward that for A™ (n > 1) one has

(An)” = 1, iEN,
(A")y = nbi—1, ie€N,i>2,

(A")i; = 0 otherwise,

1 0 00

nby 1 0 0

e An = | b 0 10
nb3 0 0 1

So, the operator

‘A S tk Ak
e _

k!
k=0
is determined by
(etA)ii = et, 1 €N,
(etA)il = tetbifl, 1e€N,1>2,
(eM);; = 0 otherwise,
e 0 0 0
tetby e 0 0
i e. A = tetby 0 et 0
0 0 ¢

tetbg

For ¢t = 1 and the element e(!) € K this implies
eA(eM) = (e, eby, eby, ...) ¢ K,
since (b;);en ¢ K. Hence, A € X(K) \ e(K).

The next proposition indicates some conditions on an ordered Banach space that guaran-
tee the equality e(K) = X(K).

Proposition 2.2.6 In an ordered Banach space (X, K, ||||) with a closed cone K each
of the conditions

(a) int K # &, or
(b) K is proziminal
implies e(K) = X(K).
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For (a) see [CHAT87, Theorem 7.27] (cf. also Proposition A.3.4). For (b) the statement
is shown in [EHOT9, Theorem 1.11].

For a Banach lattice (X, K, ||-||) the stronger statement IT; (K) = X(K) is satisfied due
to Theorem 2.1.8. In particular, we have e(K) = X(K), which is a special case of (b),
since the cone in a normed vector lattice is proximinal, cf. Proposition 1.2.7 (ii).

In what follows, we consider certain ordered normed spaces (X, K, ||-]|) and investigate
whether the equality
Hl(X) K) = Z(Xa K)

is satisfied. In particular, we look for statements similar to Theorem 2.1.8. We start with
an investigation of dense subspaces of Banach lattices. In the proof of the subsequent
theorem we use the notation (1.13).

Theorem 2.2.7 Let (Y, Ky, ||||) be an ordered Banach space and let X be a dense linear
subspace of Y ordered by the cone Kx = X N Ky, where Ky C Kx. Assume that for
each f € (Ky)' the condition (2.4) is satisfied, i. e.

FHO) N Ky C f7H0) N Kx .
Ile(Y7 KY) = Z(Y7 KY); then HI(X, KX) = E(X, Kx)

Proof We have to show (X, Kx) C II; (X, Kx). Let A € ¥(X, Kx). Due to Propo-
sition 2.1.13 (iii), one has

121 S E(Y, KY) = Hl(Y) KY)7

i. e. there is s € R and B € L,(Y) such that A = sI + B, where I is the identity
operator in L(Y). Since A = Alx € L(X), one gets B = B|x € L(X). Moreover,
B(Kx) = B(Kx) C B(Ky) C Ky. Consequently, B(Kx) C X N Ky = Ky, i. e.
B e L, (X), which implies A = sI + B € II1(X). O

Corollary 2.2.8 Let (Y, Ky, ||-||) be a Banach lattice and let X be a dense linear sub-
space of Y, ordered by the cone Kx = XN Ky, where Ky C Kx. Let for each f € (Ky)'
the condition (2.4) be satisfied. Then for an operator A € L(X) the following conditions
are equivalent:

(i) Ae ¥(X,Kx), and
(ii) A+|A|lLI > 0.

Thus, T (X, Kx) = $(X,Kx).

Since Y is a Banach lattice, Ky is closed, so Ky C Kx implies Ky = K.

In the case that Ky has an interior point, according to Remark 2.1.14 it is sufficient
to verify the assumption f~1(0) N Ky C f~1(0) N Kx in Theorem 2.2.7 (and Corollary
2.2.8, respectively) for all functionals f € ext F', where F' is a base of (Ky)'.
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Example 2.2.9 The space X = C1[0,1] is a dense linear subspace of the Banach lat-
tice Y = (C0,1], equipped with its natural norm and ordering. One can identify the
corresponding dual spaces (cf. Corollary 1.2.24 (i)). So, the set of atoms in X' is given
in (1.24). We show that for each ¢y € [0, 1] the inclusion

e (0)N Ky Ce ' (0)NKx

holds. Let x € Et_ol(O) N Ky, i e. x>0 and z(tg) = 0. For each n € N we construct a
function z,, € C1[0, 1] such that x, > 0, x,(tg) = 0 and ||z —z, || < n%rl, where we use a
similar argument as in Example 1.4.3. Let r = %H, then by density there is v € C'*[0, 1]
in the 7-neighbourhood of the function z — 1. Put a = 0 V v, then a < x, and there
is a neighbourhood of tg such that a equals 0 there, which yields that a is continuously
differentiable there. Due to 1.4.3 (ii) there are at most countably many points in [0, 1]
where a is not differentiable. If a is not differentiable at some point s € [0, 1], then there
is 9 > 0 such that a is continuously differentiable on (s —4,s)U(s,s+0), and a(t) < z(t)
forall t € [s— 0,54 0], so tg ¢ [s — 0, s+ d]. This is sufficient to employ the construction
given in 1.4.3, which yields the desired function x,. The sequence (z,),en is contained
in 5{01(0) N Kx and converges to x. So, as a consequence of Corollary 2.2.8, for any

operator A € ¥(X, Kx) one has A+ ||A|| > 0.

In the previous section we considered ordered Banach spaces that possess a shrinking
positive Schauder basis. In this case the class of positive-off-diagonal operators and the
class of operators that dominate a multiple of the identity operator coincide. This result
is a consequence of the Propositions 2.1.10 and 2.1.12, where (A.8) and (A.10) are used.

Proposition 2.2.10 Let (X, K, ||-||) be an ordered Banach space with a shrinking posi-
tive Schauder basis that has the basis constant s. For an operator A € L(X) the following
conditions are equivalent:

(i) Ae X(K), and
(il) A+ 2s||A|I > 0.

Thus, 111 (K) = 2(K).

We conclude the section with some remarks concerning positive-off-diagonal operators
on the space R", where R" is endowed with the Euclidean norm and ordered by an
arbitrary closed generating cone K. One has int K # @ due Proposition 1.3.6 (ii), so
Proposition 2.2.6 implies e(K) = X(K). Now Proposition 2.2.3 (iii) yields that ¥(K) is
the closure of II (K) in L(R™). To establish the equality II;(K) = ¥(K), it has to be
shown that II; (K) is closed. This is true for certain cones in R™ which need not be lattice
cones. (R", K) is a vector lattice if and only if K has exactly n extreme rays. If K is a
finitely generated cone in R™, i. e. K has finitely many extreme rays, it turns out that
both £ (X) and IT; (K) are the positive-linear hull of finitely many operators, so I1; (K)
is closed. This line of reasoning has been used to establish the following statement.
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Proposition 2.2.11 [SV70, Theorem 8] If K is a generating and finitely generated cone
in R™, then

However, the equality II1(K) = X(K) for a generating cone K in R™ does not imply
that K is finitely generated. An example of a cone K that is not finitely generated,
but yields II; (K) = ¥(K), is described in [GKT95, Example 6.2]. If n > 3 and K is a
strictly convex or smooth cone in R™, in particular, if K is a circular cone, then II;(K)
is not closed [GKT95, Theorem 4.3], so I (K) # X(K).

We finally remark that in the latter case a weaker relation is investigated. For an
arbitrary ordered normed space (X, K, ||-||) one has

I (K)=L,(X)+RICL,(X)+X(K)CX(K),

where X°(K) denotes the blade of the wedge ¥(K). The question arises for which
ordered normed spaces the equality

Lo(X)+X(K)=%(K) (2.6)

holds. This equality is satisfied provided K is an ellipsoidal cone in R", see [SW94,
Theorem 4.2 and Remark 4.2]. In this case

Y(K) ={A e L(X): eMOK) C K for all t >0},

cf. [SW94, Lemma 4.1], or [SW91]. That the equality (2.6) fails for many cones K even
in R™ is shown in [GKT95].

2.3 Positive-off-diagonal Operators on Spaces with the
Riesz Decomposition Property

This section is dedicated to ordered normed spaces that, in addition, have the Riesz
decomposition property. For instance, the space C'[0,1] belongs to this class of spaces,
cf. Example 1.4.3. A density argument has been used to establish that the set of
all positive-off-diagonal operators on C''[0,1] and the set of operators that dominate a
multiple of the identity operator coincide, cf. Example 2.2.9.

We study ordered normed spaces (X, K, ||-||) with the Riesz decomposition property,
where we investigate which additional conditions on the cone allow to show the equality
Y(K) = II1(K) directly. We will use different techniques to obtain results that are
similar to Theorem 2.1.8, where (ii) is replaced by A+ C||A||I > 0 for a certain constant
C € R, which depends on constants of the cone in the underlying space.

In the first approach a total set of certain linear functionals is required. We present an
extended version of our investigation published in [Kal03b]. Let (X, K) be a partially
ordered vector space. Consider for a linear positive functional f the set f~!(0) N K,
which is a cone in the hyperplane f~1(0) (or equals {0}). We are interested in such
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positive linear functionals f for which the set f ~1(0) N K is a generating cone in f~1(0).
In this case, the kernel f~1(0) of f, equipped with the ordering induced by X, is a
directed partially ordered vector space.

Definition 2.3.1 A functional f € K* f # 0, is called a functional with directed
kernelt, if f=1(0) = (f1(0O)NK) - (f~*(0)NK).

Proposition 2.3.2 A functional with directed kernel is an atom of K*.

Proof Let f € K* be a functional with directed kernel and g € K* with 0 < g < f.
Let # € f71(0), then there are 1,72 € f~1(0) N K with + = z; — 5. One has
0= f(x1) > g(x1) > g(x). Similarly, f(—x) = 0 yields 0 > g(—x). So, g(x) = 0, which
implies f~1(0) C g~1(0). From this g = \f follows for some \ € [0,00). O

In a vector lattice the converse statement to Proposition 2.3.2 holds as well.

Proposition 2.3.3 If (X, K) is a vector lattice, then 0 < f € X* is a functional with
directed kernel if and only if f is an atom of K*.

Proof Let f be an atom of K* and x € f~1(0). Due to Proposition 1.1.10 f is a lattice
homomorphism, so

f@h) = flzVv0) = f(z)V f(0) =0,
and, analogously, f(z~) = 0. Hence, 27,2~ € f"}(0)NK,andz =27 —2z~. O

In general partially ordered vector spaces, the atoms of K* need not have a directed
kernel. We carry this out for the following example which we need later on.

Example 2.3.4 Let the space X = R? be ordered by the 3-dimensional ice-cream cone
K = K3 (cf. Example 2.1.7). We already observed that K* = K. The functional

() ex
is an atom of K*. Indeed, let
v1 «
g=(1)ex
be such that 0 < g < f. Then v3 > 0 and v} + v3 < v3 imply
‘2}2| S vs3 . (27)

On the other hand, one has

f—g:<1_*vlz) € K",

1—wv3

which (by definition) means vz < 1 and

P4+ (1—1)2<(1—w3)?, ie vl<(—24uvy+v3)(v3—12).

!Functionals with directed kernel are applied e. g. in [Sch77].
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Now (2.7) and vs < 1 imply that —2 4 v9 + v3 < 0, and therefore vg — vy < 0. Together
with (2.7) this gives v = v3, and, hence, v; = 0. So,

0
9=<g§) =va2f,

i. e. f is an atom. The kernel of f is

77O ={(2): va= -} .

For the induced cone in f~1(0) one gets
FHONEK = {t(-&ﬁ) te [0,00)} .
So, f71(0) is not directed. For instance, the vector
= (711) e F710)
can not be represented as the difference of two vectors of f~1(0) N K.
For spaces enjoying the Riesz decomposition property, a statement similar to Proposition
2.3.3 can not be expected in general. The next two examples show that for a partially

ordered vector space the property of atoms in K* to have a directed kernel and the Riesz
decomposition property are independent traits of the space.

Example 2.3.5 Let X = R? and let K be that finitely generated cone which is ge-
nerated by the set {x(i) 1i=1,2,3,4}, where

= ()= (1) (7). 0 ().

It is straightforward that K* = pos{f®: i = 1,2, 3,4}, where

= () 7= (1) = () 1= ().
The set of all atoms of K* is
@ X e (0,00),i=1,2,3,4}.

The kernel of the atom f(! is the set span{x(B),a:(4)}, which is directed. Analogously,
all atoms of K* have a directed kernel. From Proposition 1.4.1 it follows that the space
X does not possess the Riesz decomposition property.

Example 2.3.6 Consider the space X = C'[0,1] with the norm and ordering induced
from C[0,1]. The evaluation maps &; for ¢t € [0,1] are atoms in X'. If t; € (0,1),
then 5;01 (0) is not directed. Indeed, let z(t) =t —tg € 5;01 (0). Assume that there are
T1,Ty € 6;01(0) with 1,29 > 0 such that x = x1 — xo. Since the functions x; and xo
attain their minimum at the point to, for the derivatives at ¢ty one has @ (t9) = x4 (to) = 0.
Now '(tg) = x| (to) — x4 (to) = 0 yields a contradiction, since x'(to) = 1. Hence, &, does
not have a directed kernel. However, according to Example 1.4.3, the space X has the
Riesz decomposition property.
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In order to prove the first main result of this section (Theorem 2.3.11) we need some pre-
liminary properties of functionals with directed kernel. We consider an ordered normed
space (X, K,||-||). Clearly, if f € K’ is an atom of K*, then f is an atom of K'. So, by
Proposition 2.3.2 each functional f € K’ with directed kernel is an atom of K'.

Lemma 2.3.7 Let (X, K, ||-||) be an ordered normed space that satisfies the Riesz de-
composition property, where K is a normal cone. Then for every functional f € K’ with
directed kernel there is a constant C > 0 such that for every y € f~1(1) N K there is an
element z € f~1(1) with z <y and ||z|| < C.

Proof Let N be the constant of semi-monotony of the norm ||-|| and let f € K’ be
a functional with directed kernel. If f~1(1) N K # @, fix an element yo € f~1(1) N K.
We show that for the required constant one can take C' = N||yo||. Let y be an arbitrary
element of f~'(1) N K. The element x = y — yo lies in the kernel f~!(0) and can be
decomposed into x = x1 — 29, where z1,2o > 0 and 21,72 € f71(0). Hence we get
0<y<y+ax2=1x1 + yg. Due to the Riesz decomposition property there are elements
w,z € K such that y = w + z, where w < 27 and z < yg. Now f(x1) = 0 implies
f(w) =0, hence f(z) =1. Obviously, z <y and ||z|| < N|jyol| =C. O

Before applying Lemma 2.3.7 for the proof of the next result, we provide two examples
which show that in general such a constant C need not exist, and, in another situation,
how to calculate it.

Example 2.3.8 Consider the space X = R3, equipped with the 3-dimensional ice-cream
cone K = K3 and the Euclidean norm. The functional

= (fex
is an atom of K’, which was shown in Example 2.3.4. One has
FHO N K = {(gt) t> 0} and 1) NK = {(17) §2 <2 — 1}.

The set f~1(0) N K is a ray. For a given element y € f~1(1) N K we investigate the set
()N (y—K). Forr > % consider the element

y = (*/f,—*l> e f{UNK. (2.8)

For an element z € f~1(1) N (y — K), i. e. z € f~1(1) and 2 < y, one has
y—z€ fH0)NK
and soy — z = (%) for some number ¢ > 0. This implies

(57)
z = 1—r+t .

r—t

For each element z € f~1(1) N (y — K) one has ||z|| > v2r — 1.
If now C' > 0 is an arbitrary number and y is given according to (2.8) with » > C? 41,
then for all elements z € f~(1) N (y — K) one has ||z|| > C.
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Example 2.3.9 Consider the Banach lattice X = C[0,1] equipped with its natural
norm and ordering, where K = C [0, 1]. Due to Proposition 2.3.3 each atom of K’ has
a directed kernel. Let f be an atom of K, then according to (1.24) there are tg € [0, 1]
and s € (0,00) such that f = sey,. For every y € K with f(y) = sy(to) = 1 there is
a function z such that f(z) = 1, 1. e. 2(tg) = 1, 0 < 2(t) < y(t) for all t € [0,1] and
1
S

||zl = 1. So, the according constant C' for the atom f is C' = 1.

Now we turn back to the main line and apply Lemma 2.3.7 in order to show the next
result.

Theorem 2.3.10 Let (X, K, ||-||) be an ordered normed space that satisfies the Riesz
decomposition property where K is a normal non-flat cone. Let f € K' be a functional
with directed kernel. If g € X' is such that f 1 g and g(z) > 0 for each x € f~1(0)NK,
then g € K'.

Proof By means of Theorem 1.2.17, the assumptions imply, in particular, that (X', K”)
is a vector lattice. Let the functional f € K’ have a directed kernel and let g € X',
g # 0, be such that f L g and g(z) > 0 for each z € f}(0)N K. Let z € K,  # 0.
Because of

0=(fAlgh(x) =nf{f(y) +lgl(x —y): y € [0, 2]}
for every n € N there is an element z,, € [0, z] such that

f(@n) + gl —zn) < . (2.9)

This implies f(z,) < 1 and due to (1.12) also

l9(2) — g(zn)| = lg(@ — zn)| < |gl(z —2n) < 7 - (2.10)

In the case f(z,) = 0, the positivity of g on f~1(0)N K ensures g(x,,) > 0. If f(z,) > 0,
then we obtain a lower bound for g(x,) as follows: Since f has a directed kernel, there
is a constant C' > 0 for f according to Lemma 2.3.7 such that for the element

e € ST NEK

there exists an element z, € f~!(1) satisfying the inequalities

zZn < f(:}:n)x" and ||z,| < C.

Then the element w,, = z,, — f(xn)zy, lies in f~1(0) N K, and one has
|z — wnll = f(@n) ||zl £ f(2,)C < % .

Moreover, g(wy) > 0. Therefore, from
19(zn) = g(wn)| < gl lzn — wall < llgll
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we conclude
C

g(zn) > — llgll

n

(2.11)

Now we prove the assertion by way of contradiction. Suppose that there is a vector

x > 0 such that g(x) < 0. Take

lglC+1

n=> —g(z)

and the according x, such that (2.9) is satisfied. Then —g(z) >
inequality (2.11) implies

a contradiction to (2.10). O

Given an ordered normed space (X, K, ||-||), we come back to the representation of
positive-off-diagonal operators as elements of the class I1;(K). Considering the state-
ment in Theorem 2.1.8, we replace the assumption on the underlying space to be a
Banach lattice by the Riesz decomposition property, in combination with additional
conditions on the cone and the norm. In the proof we make use of the normality and
the non-flatness of the dual cone. These properties are guaranteed according to Corollary
1.2.12 by the same properties required for the cone K.

Theorem 2.3.11 Let (X, K, ||-||) be an ordered normed space that satisfies the Riesz
decomposition property and let K be a closed normal non-flat cone. Let N be the constant
of semi-monotony of the norm in X' and & the constant of non-flatness of the cone K'.
Suppose that there is a total set M C K' such that each f € M possesses a directed
kernel. Then for an operator A € L(X) the following conditions are equivalent:

(i) AeX(K),
(i) A+ N&|A|I>0.
Proof We already mentioned that condition (ii) implies condition (i). Now assume that

A is a positive-off-diagonal operator. We have to show N Rl|Allx + Az € K for every
x € K. Since there is a total set M C K', it suffices to show

F(N&|Allz + Az) > 0

for each f € M. Fix a functional f € M. Due to Theorem 1.2.17 the dual space (X', K”)
is a Dedekind complete vector lattice. Therefore any principal band in X’ is a projection
band. So, for the principal band By one has X' = By & B?. Since f has a directed
kernel, Proposition 2.3.2 in combination with the remarks after Example 2.3.6 yield
that f is an atom of K’. Since (X', K') is Dedekind complete and hence Archimedean,
Proposition 1.1.7 yields the representation

By ={\: AeR}.
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This allows us to decompose the element A’f as A'f = fi + f2, where f; = \f for some
AER, fo L f, and A" denotes the dual operator defined by (1.11). If we show the both
properties

(a) fo >0 and

(b) if A < 0, then || < N&||Al|,

then we can conclude

F(NR|Allz + Az) = N&|A|f(2) + (A'f)(x)
NR|A||f (@) + Af () + fo(@)
(NAJA] + XN f (2) + falx)

> 0.

Property (a): According to Theorem 2.3.10 it suffices to show fy(z) > 0 only for any
r e fFYO)NK. Ifz € f710) N K, then fi(z) = 0, and f(Azx) > 0 since A is a
positive-off-diagonal operator. By using the decomposition of A’f, one has

fa(z) = (A'f)(z) — fa(z) = f(Az) > 0.

Consequently, fo € K.
Property (b): If A < 0, then the above representation of A’f can be written as

A'f = fo—(=Af),
where fo,—Af € K’ and fo L (=Af). Since such a decomposition is unique, we have
fo=(A'f)T and —\f = (A’ f)~. Now (1.9) yields
A =1l = Al < N&|A'FI| < N&IA £l = N&IA] A

so [\ < N&||A]l. O

If the constants N of semi-monotony of ||| and & of non-flatness of the cone K are
given, then according to the Propositions 1.2.11 and 1.2.19 for the constants N and &
one gets

~

N =2k and K =2Nk.

Therefore the last result can be given in the following formulation.

Corollary 2.3.12 Let (X, K, ||-||) be an ordered normed space that satisfies the Riesz
decomposition property and let K be a closed normal non-flat cone, where N 1is the
constant of semi-monotony of the norm ||-|| and k is the constant of non-flatness of K.
Suppose that there is a total set M C K' such that each f € M possesses a directed
kernel. Then for an operator A € L(X) the following conditions are equivalent:

(i) AeX(K),

(i) A+4NkK%| AT >0.
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Example 2.3.13 Consider the space C[0,2], equipped with its natural norm and or-
dering, and its subspace

X ={zeC[0,2]: z(1) =x(0) +=(2)},

where K is the induced cone in X. In [Nam57, Example 8.10] it is shown that (X, K)
is not a vector lattice, but satisfies the Riesz decomposition property. Moreover, X is a
Banach space and K is closed.

We investigate further properties of this well-known space X concerning the assumptions
in Theorem 2.3.11. The cone K is normal, where the constant N of semi-monotony
equals 1. K has a non-empty interior. Indeed, the function

e(t) = t+1 for t € [0,1]
| —t+3 fortell,2]

is an interior point of K, where ||e|| = 2 and the closed ball B(e, 1) belongs to K. Due to
Proposition 1.3.1 the cone K is non-flat, where (1.15) yields the constant of non-flatness
k = 3. We investigate the set

M={e:tel0,1)U1,2]}

of evaluation maps. M is a total subset of K’. We show that each functional in M has
a directed kernel.

Fix s € [0,1) U (1,2]. In order to show that ¢;1(0) N K is a generating cone in the
hyperplane e;1(0) = {z € X: z(s) = 0}, we have to decompose each element of ¢;1(0)
into the difference of two elements of e 1(0)NK. Fix an element = € £;1(0). The element
x belongs to the vector lattice C[0,2], where x can be decomposed as * = z+ —z~ with
the non-negative functions

27 (t) = max{0,z(¢t)} and x~(t) = max{0, —z(t)}.

Note that x1(s) = 27 (s) = 0. In general, the functions ™, = may not belong to X.
Consider the following two cases:

Case (a): If the values z(0) and x(2) are both non-negative, then ™ and 2~ both belong

to the space X . Indeed, one has x*(O) ( ) xt(2) = z(2) and z(1) = z(0) +2(2) > 0,

hence 7 (1) = (1) = 27(0) + 21 (2). So, z* € X. Because of
x(0)=2z"(2)=2"(1)=0

one has ¢~ € X. The case z(0) <0, z(2) <0 is considered analogously.

Case (b): If 2(0) and x(2) have different signs, say z(0) > 0 and z(2) < 0, then ™ and
2~ may not belong to X. However, one can find another representation x = x1 — s
such that z1,29 > 0, z1,22 € X, 21(s) = x2(s) = 0. First observe that

z(0) — 2T (1) > 0.

44



2.3. POSITIVE-OFF-DIAGONAL OPERATORS ON SPACES WITH THE
RIESZ DECOMPOSITION PROPERTY

Indeed, if x(1) < 0, then (1) =0 < z(0). If (1) > 0, then
(1) = 2(1) = 2(0) + 2(2) < z(0).
Take an element w € C|0, 2] such that w > 0, w(0) = w(2) = w(s) = 0 and
w(l) = z(0) — 21 (1).
The required decomposition of x is defined as
ri=x2"4+w and zp =2, — .

Indeed, one has 1 > 0 and o = 2t +w — (z7 —27) = w+ 2~ > 0. Moreover,
x1(s) = xa(s) = 0. It remains to show that x1,x9 € X. For x; this follows from

21(0) +21(2) = 27(0) +w(0) +21(2) + w(2)
= z(0)
= 2(0) —2t(1) +27(1)
= w(l) +z7(1)
= z1(1),

i. e. 1 € X. For z9 we use that 1 € X and have

22(0) +22(2) = 21(0) — z(0) + 21(2) — z(2)
= 21(0) + #1(2) — (z(0) + =(2))
= (1) —=(1)
= (1),

therefore xo € X.

Notice that for the functional €1 one has €1 = gp + €9, so it is not an atom. Due to
Proposition 2.3.2, the functional €; does not have a directed kernel. Consider e. g. an
clement € 7 (0) with 2(0) # 0, and assume x = x1 — x5 for some x1, 29 € ;' (0)N K.
Then 0 = z1(1) = z1(0) + z1(2) > 0 implies, in particular, x1(0) = 0. Analogously,
x2(0) = 0. Finally z(0) = 21(0) — 22(0) = 0 yields a contradiction.

To sum up, the space X satisfies all assumptions of Theorem 2.3.11. Due to Corollary
2.3.12 for each positive-off-diagonal operator A € L(X) one has A + 36||A||I > 0.

We now investigate another approach to show for a space (X, K ||-||) and an operator
A € L(X) the equivalence of the statements A € X(K) and A + C||A||I > 0 for a
certain constant C' € R, where we employ a modification of a technique which is given
in the proofs of [Are86, Lemma 1.10 and Theorem 1.11]. For the proof of the subsequent
theorem we need the following result.

Lemma 2.3.14 Let (X, K) be a vector lattice and ||-| a norm on X such that K is
normal and non-flat. Let D be a linear subspace of X and let A: D — X be a linear
operator. The operator A is positive-off-diagonal if and only if for every x € DN K the
element (Ax)~ belongs to the closure of the principal ideal 1.
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Proof Let A: D — X be a positive-off-diagonal operator. Fix x € DN K and consider
the principal ideal I,. By way of contradiction, we assume (Ax)~ ¢ I,. Then there is a
functional f € X’ such that f(z) = 0 for each 2z € I, and f((Ax)~) # 0. Since I, is a
vector sublattice of X, for any element z € I, one has z = 2+ — 2z~ with 27,2~ € [,NK,
S0

FrE) = (fV0) (") =sup{f(y): y€[0,27]} =0

and, analogously, fT(z7) = 0, so fT(z2) = 0. Similarly, one has f~(2) = 0. The
relation f((Az)~) # 0 implies that at least one of the numbers f+((Ax)™), f~((Az)™)
is positive. Without loss of generality assume f*((Az)~) > 0. Otherwise replace f by
— f. Define the functional gy on K by means of

go(v) = sup{fT(w): we[0,0]N Ipg)-} forall veK.
For any v € K one has 0 < go(v) < f*(v). For x and (Az)~ we get
0<go(x) < fH(z)=0
and go((Az)”) = f7((4z)7) > 0.
Since (Az)* and (Az)~ are disjoint, according to (1.5) there follows
90((Az) ") = sup{f " (w): w € [0, (Az) "] N (45~} = f7(0) = 0.

Since X has the Riesz decomposition property, for any vy,vy € K the equality (1.1) is
satisfied, and it is straightforward that

go(v1 4+ v2) = go(v1) + go(v2) .

Applying Proposition 1.1.11, there is a unique positive linear functional g on X which
extends gg. For v € X we have

l9(v)]

l90(v™) = go(v7)|
ST+ T (v7)

I T+ o]
IFFIC] vl

IA A IA

for a constant C' > 0 according to (1.9), so g € X’. One has g(z) = 0 and

9(Az) = g((Az)") — g((Az)7) <0,

which contradicts the assumption that A is positive-off-diagonal.
Vice versa, let 2 € DN K be such that (Az)~ € I, and consider f € K’ with f(z) = 0.
Then f(y) = 0 for every y € I.. In particular, f((Az)~) =0, so

f(Az) = f((Az)" — (Az)") 2 0. O

46



2.3. POSITIVE-OFF-DIAGONAL OPERATORS ON SPACES WITH THE
RIESZ DECOMPOSITION PROPERTY

Theorem 2.3.15 Let (X, K) be a vector lattice with the principal projection property
and ||-]| @ norm on X such that K is normal and non-flat with the according constants
N and k, respectively. Then for an operator A € L(X) the following conditions are
equivalent:

(i) AeX(K),
(i) A+2N2k|AII >0.

Proof Let A € L(X) be a positive-off-diagonal operator. If for some A > 0 the operator
A+ M is not positive, then for some z € K one has y = (A+ A)(z) ¢ K,i.e.y~ > 0.
We show that in this case A < 2N2x||A].

Let B be the principal band generated by y~, i. e. B = {y~}%. Due to Remark 1.2.8
the cone K is closed, so the space X is Archimedean, which implies B% = B. One
has X = B @ B? with the band projections Pg: X — B and Pga: X — B9, where
Pga =1 — Pp. So, one has

0 > —y-
= Pp(y)
= PB(Al‘ + )\x)
= )\PB(QZ) + PBAPB(QZ) + [PBA(QZ) - PBAPB(:L‘)] (2.12)

and PBA(QZ) — PBAPB(QZ) = PBA(I — PB)(QZ)
= PpAPga(z).

Let w = Pga(z). Clearly, w > 0. Hence, w € B? yields the inclusion B,, = {w}% C B?,
where B, is the principal band generated by w. Now,

PgAPga(z) = PpA(w)
Pp((Aw)™) — Pp((Aw)7),

where due to Lemma 2.3.14 and Lemma 1.2.4 one has (Aw)~ € I,, € B, € B? and
hence Pp((Aw)~) = 0. Consequently, PgAPga(x) > 0, and due to (2.12) one has

0> )\PB(QZ) +PBAPB(33) = ()\I-l- PBA)PB(QZ) .

In particular, this yields Pg(x) # 0. The inequality 0 < APp(z) < —PpAPgp(z), the
semi-monotony of the norm and the estimation ||Pg|| < 2Nk from Proposition 1.2.20
imply

Al Ps ()| N||PpAPg(2)|
NP |A] [P ()]

2Nk| Al [|Pa ()|

ININ A

and hence \ < 2N2x| Al
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Until now we have shown that for every s > 2N?2k| A| the operator A + sI is positive.
Since K is closed, the cone L (X) is also closed. The sequence

(A+ N2%6|Al+ ) 1), o

of positive operators converges to the operator A + 2N?2k| A1, therefore

A+ 2N?%g||A|I >0. O

In order to obtain an analogue to the Theorem 2.3.15 for a non-lattice case, we start
with a result ensuring the equality e(K) = II;(K).

Theorem 2.3.16 Let (X, K, ||-||) be an ordered Banach space such that K is closed and
(X', K", |||I') is a vector lattice with the principal projection property, where ||-||" is semi-
monotone with the constant N of semi-monotony, and K’ is non-flat with the constant
k. For an operator A € L(X) the following conditions are equivalent:

(i) A€e(K),
(i) A+ 2N2&|A|I>0.

Proof Let et be the positive semigroup generated by A. Due to Proposition 1.2.21,
for each t > 0 one has (eAt)’ > 0. Moreover, Proposition 1.2.22 implies et >0, so due
to Proposition A.3.3 the operator A’ is positive-off-diagonal. Since (X', K, ||-||") satisfies
all assumptions of Theorem 2.3.15, one gets

A+ 2N%g|| AT > 0.
Since K is closed and (A+2N2&||A||I)’ > 0, Proposition 1.2.21 yields A+2N2&| A||T > 0.
U

Corollary 2.3.17 Let (X, K, ||-||) be an ordered Banach space with the Riesz decompo-
sition property such that K is closed, non-flat with the constant k and normal, where the
constant of semi-monotony of the norm is N. For an operator A € L(X) the following
conditions are equivalent:

(i) Aee(K),
(ii) A+ 16Nk3||A|I >0.

Proof Due to Theorem 1.2.17 the dual space (X', K') is a Dedekind complete vector
lattice, due to Proposition 1.1.6 it has the principal projection property. Proposition
1.2.11 yields the constant 2« of the semi-monotony of the dual norm, whereas Proposition
1.2.19 provides the constant 2Nk of non-flatness of K’. For an operator A € L(X)
Theorem 2.3.16 implies A € e(K) if and only if

A+ 2(2r)22Nk|A|I = A+ 16N&3| AT > 0. O

The final result is a combination of Corollary 2.3.17 (where the equality e(K) = II; (K)
is established) and Proposition 2.2.6 (where e(K) = ¥(K) is ensured).

48



2.4. M-OPERATORS

Theorem 2.3.18 Let (X, K, ||-||) be an ordered Banach space with the Riesz decompo-
sition property such that K is closed, non-flat with the constant k and normal, where
the constant of semi-monotony of the norm is N. Each of the conditions

(a) int K # &, or
(b) K is proziminal

ensures that for an operator A € L(X) the following assertions are equivalent:
(i) AeX(K),

(i) A+ 16N&3[|A|I >0.

Remark 2.3.19 The ordered normed space in Example 2.3.13 satisfies the assumptions,
in particular condition (a), of Theorem 2.3.18. Nevertheless, for this example Corollary
2.3.12 provides a stronger statement than Theorem 2.3.18.

2.4 M-Operators

We provide two different notions of an M-operator on an ordered vector space. If one
considers the space (R",R"}), then both definitions coincide with the notion of a (non-
singular) M-matrix. The Definition 2.4.1 below is motivated by the Definition 2.1.2 of
an M-matrix, whereas the Definition 2.4.3 is indicated by the statement in Proposition
2.1.3. As usual, r(B) denotes the spectral radius of the operator B.

Definition 2.4.1 Let (X, K, ||-||)be an ordered normed space. An operator A € L(X)
is called an Mj-operator if there is an operator B € L, (X) and a number s > r(B)
such that A = sl — B.

The notion “M;j-operator” corresponds to the notion “non-singular M-operator” given
in [MS90].

Remark 2.4.2 If an operator A is represented as A = sI — B for some operator B €
L(X), then the condition s > r(B) is satisfied if and only if the series

> Bt (213)
k=0

converges in the operator norm (where BY = I). In this case there exists the inverse
A=l e L(X), where A~! is given by (2.13). Moreover, if B > 0, then A= > 0.

Definition 2.4.3 Let (X, K, ||-||) be an ordered normed space. An operator A € L(X)

is called an My-operator if A is negative-off-diagonal, there exists A=! € L(X) and
A7l >o0.
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Clearly, every Mj-operator is negative-off-diagonal, and so Remark 2.4.2 implies that
every Mi-operator is an Mo-operator. The inverse implication is not true in general.

Example 2.4.4 We provide an example of an Ms-operator that is not an Mj-operator.
Consider the space X = R3, equipped with the 3-dimensional ice-cream cone K as in
Example 2.1.7, and the matrix

1 -1 0
A=11 10

0 01
In 2.1.7 it is shown that A is negative-off-diagonal with respect to K. Moreover, A is
invertible, where

Indeed, let without loss of generality
- (§)ex
i.e y?+ys <1, andlet z = (%é) be such that x = A=y, then z3 = 1 and

2t +ah = 1 +92) + Fm 92 = 30+ B) < 3 <,

so ¢ € K. Consequently, A is an My-operator. On the other hand, in Example 2.2.4 it
is shown that there is no real number s such that B = sI — A is positive, hence A is not
an M;i-operator.

Due to Proposition 2.1.3 and Corollary 2.1.6, for the space (R™,R",||-||) the notions
(non-singular) M-matrix, Mj-operator and Ms-operator coincide. We list some ordered
normed spaces with the property that every Ms-operator is an Mj-operator, where we
apply the results on positive-off-diagonal operators given in the previous sections.

If in an ordered normed space for every positive-off-diagonal operator A there is a number
s € R such that A + sI > 0, then for every negative-off-diagonal operator A there is a
positive operator B and a number s € R such that A = sI — B. Due to Remark 2.4.2,
the existence of A~ € L(X) implies s > r(B), so in such spaces A is an M1-operator if
and only if A is an Ms-operator. The following is a consequence of Proposition 2.2.11,
Corollary 2.2.8, Proposition 2.2.10, Theorem 2.3.11 and Theorem 2.3.18, respectively.

Corollary 2.4.5 Let (X, K,||-||) be an ordered normed space that satisfies one of the
following conditions:

(a) X =R" and K is generating and finitely generated;
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(b) X is a dense linear subspace of a Banach lattice (Y, Ky, ||-[|), ordered by the cone
Kx = X N Ky such that Ky C Kx, and for each f € Ky one has

fH0)NKy C f~1(0)NKx;

(¢) X is an ordered Banach space with a shrinking positive Schauder basis;

(d) X has the Riesz decomposition property, K is closed, normal and non-flat, and
there is a total set M C K' such that every f € M has a directed kernel;

(e) X is a Banach space that has the Riesz decomposition property, K is closed and
normal, and one has int K # &;

(f) X is a Banach space that has the Riesz decomposition property, K is proziminal,
normal and generating.

Then the notions Mj-operator and Ms-operator coincide.

The results in Corollary 2.4.5 provide only certain sufficient conditions for the both
classes of operators to be equal, and might be a subject for further investigations.
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Chapter 3

Maximum Principles

In the matrix theory, certain maximum principles are investigated and conditions are
established for some classes of matrices to satisfy these principles, where mostly the
natural, i. e. componentwise, order is considered. However, the so-called maximum
principle for inverse column entries is generalized to the case of arbitrary cones in R"™ in
the literature. Moreover, for certain special cones in R™ geometrical characterizations
are known.

This chapter provides a general approach to define corresponding maximum principles
for positive operators that act on an ordered normed space, where the cone has a non-
empty interior. We give geometrical conditions which are necessary and sufficient for an
operator to satisfy a maximum principle. Several examples are listed.

Presuming the theory on maximum principles for M-matrices, it is a straightforward
quest to get similar statements for M-operators on an ordered normed space. We provide
certain sufficient conditions, such that the (positive) inverse of an M- or Ms-operator
satisfies the introduced maximum principles.

3.1 Introduction: Maximizing Functionals

For certain normed spaces one has an intuitive understanding on which “position” a
given element has its “maximum”. Consider e. g. a linear subspace X(T') of C(T)
(where T is a compact Hausdorff space) with the induced norm and ordering. For an
element x € X(T') we define the “maximum of z” by

a(r) = max{z(t): teT}. (3.1)

The set T' corresponds to the “set of all possible positions”. We get the “set of all
maximizing positions of x” by

To(z)={teT: z(t) = a(z)}. (3.2)

Now we consider an arbitrary ordered normed space (X, K, ||-||). What would be a
provitable way of introducing the “maximum” of an arbitrary element x € X7 The idea
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is to use a certain set M of positive functionals as the “set of all possible positions”. In
[PSWO8] it is proposed to take for M a base of the dual cone. Before we follow this line,
let us take a more general view first. We consider the locally convex Hausdorff space
(X',0(X’, X)) and fix a subset M in the dual cone K'. Since we want to be able to
“maximize” an element x € X by means of M, the set M needs additional properties.
For each x € X the mapping

#: X' = R defined by f— f(z)

is o(X’, X)-continuous, hence o(X’, X)-compact subsets M of K’ will be appropriate.
Let M be a convex o(X’, X)-compact subset of K’. Standard arguments that are collec-
ted in the Appendix A.2 imply now that the mapping & attains its maximum (and
minimum, respectively) on M, where for z € X we denote the maximum?! by a;(z)
and the minimum by S (z):

apy(x) = max{z(f): fe M} = max{f(z): fe M} (3.3)
and Oa(r) = min{z(f): fe M} = min{f(x): fe M}.

For every z € X denote by

Mo(z) = {feM: f(x)=am(z)} (3.4)
and Mpg(x) = {feM: f(z)=Pu(x)}

the sets of all maximizers and all minimizers, respectively. Due to Proposition A.2.3,
for every x € X the sets M, (z) and Mg(x) are non-empty compact extreme subsets of
M.

The connection between the definitions of the “maximum of z” in (3.1) and (3.3) is
now nearly obvious. Take a glance at the representation of an ordered normed space in
Theorem 1.3.10. An ordered normed space (X, K, ||-|]|) with a closed, normal and non-
flat cone K can be considered as a subspace of C(K’' N B’), where B is the unit ball in
the norm dual X’. Since an element = € X is represented as the function 2 € C(K'NB’)
with 2(f) = f(z) for all f € K'NB/, one can take M = K'NB’. Then for z € X the
maximum () according to (3.3) corresponds to a(z) for # € C(K’'NB’) in the sense
of (3.1).

If the interior of the cone K is non-empty, then the dual cone K’ possesses a base, say
F, according to (1.16), and the representation in Theorem 1.3.11 can be used. This
indicates to put M = F, and one has that ap(z) according to (3.3) corresponds to a(z)
for & € C(F) according to (3.1). Our subsequent considerations will use this approach,
where we extend the results in [PSW98]. A part of the material in the Sections 3.2 and
3.3 has been published in [KW00a].

3.2 An Approach for Cones with Non-empty Interior

In the following let (X, K, ||-||) be an ordered normed space, where the cone K is closed
and has a non-empty interior. We fix an element v € int K, the subsequent definitions

! A consistent notation according to (A.13) would be a (), but for sake of readability we use ans(x).
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depend on u. The dual cone K’ possesses a o(X’, X)-compact base
F=F,={feK' f(u=1}

defined according to (1.16). For an element x € X we use the notions introduced in the
previous section with respect to the set M = F'. Since F is fixed, we abbreviate ap(z)

by a(z) and Bp(z) by B(x), i. e.
alr) = max{f(x): feF}
and fG(x) = min{f(z): f € F}.

The corresponding sets of maximizers and minimizers are

Fo(z) = {feF: f(z)=ax)}
and Fg(x) = {feF: f(x)=p6(x)},

respectively. Note that
o) = Blu) =1
and F,(u) = Fg(u) = F.
The following is an immediate consequence of Proposition A.2.3.

Proposition 3.2.1 For every x € X the sets Fo(z) and Fz(z) are non-empty o(X', X)-
compact extreme subsets of F'. They contain extreme points of F' and can be represented
as

Fo(z) = X' X)(Fy(z) Next F) and Fa(z) = co® XX (Fg(z) Next F).

Since K is closed, for = ¢ K there is a functional f € F' with f(x) < 0 (see Proposition
1.2.13), i. e. B(z) < 0. Analogously, —z ¢ K implies the existence of a functional g € F’
with g(—x) <0, i. e. g(x) > 0 and «a(z) > 0. So, the following is obvious.

Lemma 3.2.2 For x € X one has
(i) a(x) <0 if and only if x € (—K); and
(ii) B(x) > 0 if and only if x € K.

In particular, for x > 0 one has a(z) > 0, and for x < 0 one has §(z) < 0.

For = € K denote
Fo(z) = {f € F: f(z) =0} . (3.5)

Due to Proposition 1.3.3, for z € int K the set Fy(z) is empty, whereas for € 0K the
set Fy(x) is non-empty. In the latter case we have

Fy(z) = Fa(x).
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Consequently, for z € OK the set Fy(z) is a non-empty o(X’, X)-compact extreme
subset of F' that contains extreme points of F' and can be represented as

Fy(z) = @ XX (Fy(z) Next F) . (3.6)
For x € K denote F(z) = F \ Fy(z). Then x > 0 implies
Fy(z) C Fy(x). (3.7)

We provide certain decompositions of an element x € X that will be used later on.
Figure 3.1 illustrates the subsequent statements.

Proposition 3.2.3 For every x € X there are z1,29 € K such that
(R1) x=a(x)u— 21, where Fy(x) = Fy(z1); and
(R2) = p(z)u+ 29, where Fg(x) = Fy(z2).

Proof (R;): Fix z € X and let 21 = a(z)u — z. Assume z; ¢ K. Since K is closed,
the sets K and {z1} can be separated by a hyperplane, i. e. there is a functional f € F
with f(z1) < 0. Then due to

f(@) = alz) f(u) = f(z1) = a(z) = f(21) > a(2)

a contradiction is obtained. Hence z; € K. The equality F,,(z) = Fy(21) is obvious.
(R3) is proved analogously. [J

Clearly, the vectors z; and zo are contained in 0K.

We continue with a statement on negative-off-diagonal operators which we apply later
on (cf. Remark 3.5.6).

Theorem 3.2.4 Let (X, K, ||-||) be an ordered normed space such that K is closed and
int K # @. For an operator A € L(X) that possesses an inverse A~ € L(X) consider
the conditions

(i) A=t >o0;
(i) there is an element u € int K such that Au € int K.
Then (i) implies (ii), and if A is negative-off-diagonal, then (i) and (ii) are equivalent.

Proof Let the operator A be positively invertible, i. e. A7'K C K, so K C AK. Since
int K # @, there is an element y € int K C AK, so y = Az for some x > 0. Let r > 0
be such that B(y,r) C int K, and put

_ T
U= T F Y
Clearly, u € int K and

JAu =yl = [ ACu - 2)]| < Al sy Iyl = 7
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/ L4 \
/ / \

Figure 3.1: Illustration of Proposition 3.2.3.

i.e. Au € B(y,r), so Au € int K.

Vice versa, let A, in addition, be negative-off-diagonal, let u© € int K be such that
Au € int K and let F = F,. Suppose A~! # 0, i. e. there is xp € K with A7l ¢ K.
The element © = A~ 12 satisfies z € X \ K and Az € K. Due to Lemma 3.2.2 one has
B(xz) < 0. The decomposition (R3) of x in Proposition 3.2.3 provides the element

zo=x — fB(z)u € K.

For a functional f € Fz(x)Next F one has f(z2) = 0 and, since A is negative-off-diagonal,
f(Az2) <0. Due to Au € int K it follows f(Au) > 0, so

f(Az) = f(Az) + B(x) f(Au) <0,
which contradicts Az € K since K is closed. O

Remark 3.2.5 Hence, if an operator A € L(X) is negative-off-diagonal, has an inverse
A™! € L(X) and satisfies (ii), then A is an My-operator. For the special case (R™,R")
and an n X n-matrix A, the statement of Theorem 3.2.4 is shown in [BP94, Theorem
6(2.3), conditions (N3g) and (Ia7)].

We introduce some notations for subsets of X that will be convenient later on. For any
non-empty set I C ext F' denote

Hp={x € K: f(z) =0 for every f € E} . (3.8)
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For f € ext F' we abbreviate Hy by Hy. For every non-empty set £/ C ext F' the set
Hp is a closed extreme subset of the cone K, i. e. Hg C 0K. Moreover,

Hp= () Hy.

We already mentioned that for every x € K there is a functional f € ext F' such that
f(x) = 0. Hence,

oK = |J Hy.

feext F

For a fixed element z € X we have introduced the set F,,(z) of all maximizers. Now
we change the point of view: We fix a functional f € ext F' and describe the set of all
elements x € X for which f is a maximizer. Denote

Xop= U {Mu—Hf} and Xp ;= U {Au+ Hy} (3.9)
A€R AeR

for every f € ext F.

Proposition 3.2.6 Let x € X and f € ext F. Then
(i) f e Fa(z) if and only if x € X, 5.
(ii) f € F(x) if and only if v € Xp ;.

(i) X = U Xoy= U Xs;.
fE€ext F fEext F

Proof (i) If z € X and f € F,(x), i. e. f(z) = a(x), then (i) of Proposition 3.2.3
implies © = a(x)u — z1, where z; € K and f(21) =0, i. e. 21 € Hy. So, z € X, ¢.

Vice versa, let v € X, ¢, i. e. # = Au — z for some A € R and z € K with f(z) = 0.
Assume that f ¢ F,(z), then a(z) > f(x) = Af(u) — f(2) = A. For a functional
g € F,(z) Next F' (which exists by Proposition 3.2.1) one obtains

a(z) = g(z) = gAu —2) = A = g(2)
and so g(z) = A — a(x) <0, a contradiction to z > 0 and g > 0. So, f € F,(z).

(ii) is shown analogously. (iii) is an immediate consequence of (i), (ii) and Proposition
3.2.1. O

In particular, one gets a decomposition of the cone K by means of the sets
Ky=X,yNK forall fecextF.

Obviously, K is a subcone of K for each f € ext I, and

K= |]J K;. (3.10)
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For 2 € K one has a(z) > 0, therefore

Kf=|J{w-Hf}nK. (3.11)
A>0

For x € K and f € extF one has f € F,(x) if and only if z € Ky, i. e. Ky is the
collection of all elements z in K that have f as a maximizer.

Next we collect some estimates for the maximum and minimum values that we need later
on. For an element € X the numbers a(z) and ((z) are estimated with respect to the
norm of x and with respect to certain constants depending on u and on the geometry
of the cone K. For the fixed interior point v of K we use the constant

v=sup{t € Ry: B(u,t) C K}.
An immediate consequence of the inequality (1.20) is the following.

Proposition 3.2.7 For every x € X one has
max{|a(z)],|8(z)[} < 5],
in particular a(x) < %HxH
We will also need the converse inequality
m|z|| < a(z) forall ze€ K
for a certain constant m > (0. We calculate such a constant m in a simple case.

Example 3.2.8 Let X = C[0,1], fix v € int K (i. e. min{u(t): ¢ € [0,1]} > 0) and
define F' = F,, corresponding to (1.16). The set of atoms of K’ is given in (1.24), and
the intersection of this set with F yields ext F'. A straightforward calculation shows that
ext F' is the set of maps f; determined by the points ¢ € [0, 1], where

fi(z) = % for each z € C[0,1].

N

So,
a(x) = max{fi(z): t €[0,1]}.

For every z € K one has

”71””:15” :max{:ﬁi—tﬁ: te|o, 1}} Smax{%: te [0,1]} = a(z),

1

hence we get m = . One has v = min{u(t): ¢t € [0,1]} and, obviously,

alz) < max{#: t €0, 1}} = %HfEH

Clearly, in the special case u = 1 we obtain m =1, v =1 and a(z) = ||z|| for z € K.
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In general, the constant m can be ascertained if the norm ||-|| is assumed to be semi-
monotone? or, equivalently, if K’ is assumed to be non-flat.

Proposition 3.2.9 If the norm ||| is semi-monotone with the constant N, then for
each x € K one has

tarllel < afe).

Proof Fix z € K\ {0} and consider z = a(x)u — z. Due to (R1) in Proposition 3.2.3
one has z € K and therefore « + z > x. The semi-monotony of the norm yields

lull = ll a5 (@ + 2 = 555 w2l
hence meH < a(z). O

Remark 3.2.10 If (X, K) is a normed vector lattice, then N =1 and m =

[

We summarize Proposition 3.2.7 and Proposition 3.2.9: Let (X, K, ||-||) be an ordered
normed space with a semi-monotone norm ||-|| and a closed cone K that possesses a
non-empty interior. Put (with the previous notions)

M =

S and m = g (3.12)

Then for each x € K we get

mllz| < a(z) < Mz (3.13)

We will make use of this statement in subsequent sections. For sake of completeness we
continue with a statement which is similar to Proposition 3.2.9, where the constant of
non-flatness of the dual cone is involved.

Proposition 3.2.11 If the dual cone K’ is non-flat with the constant i, then for each
x € K one has

ezl < (o).
Proof First we remark that due to 1 = f(u) < ||f||||u]| for each f € F one has

(= (3.14)

ull

Let g € K’ with ||g|| = ”71” and let f be the corresponding element of the base F' of K’
such that g = A\f for some A > 0. This yields

=121 =Ngll = qap < 1]

2If the order interval [0,u] is norm bounded, then the norm is semi-monotone, see e. g. [Vul77,
Theorem IV.2.3].
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and hence A\ < 1. For any z € K we get g(z) < f(x), and therefore
sup{g(x): g€ K', |lgll = pp } < sup{ f(2): f € F}=az). (3.15)

Since K' is non-flat, for each h € X’ there are hy, hy € K’ such that h = hy — hy and
[lh1]l, |lh2]| < &||R]|. Notice that for x € X one has

=] = sup{|h(z)]: he X', |h]| <1}
< sup{|hi(@) — ho(@)|: ha, ho € K, [[ha], |holl < &Y} (3.16)

Now fix x € K, then hy(z) and hy(z) are non-negative numbers, and one gets

el < sup{[f(2)]: feK', [fl<Ai}
= sup{f(z): feK', |flI<k}. (3.17)
In (3.17) it suffices to consider elements f of K’ with || f|| = &, hence

lz| < sup{f(z): feK', |fl=h}
= SuP{f() fGK/ ||,{||u||f‘|—%}'

Let g = m f, consequently

Izl < sup{A|ullg(z): g€ K, llgll = 3
= Rllull sup{g(z): g€ K', llgll =y }-
We use (3.15) and get ||z|| < & ||ul| a(x) and hence man < a(x). O
Proposition 3.2.12 If the dual cone K' is non-flat with the constant &, then for each
x € X one has

]l < 24 [Ju]| max{|e(z)], [B(x)]} .

Proof The argument is analogous to the proof of Proposition 3.2.11. We use (3.14)
and observe for g € K’ with ||g|| = m = M| f|l (where f is the corresponding element
in F) and for x € X, that |g(x)| <|f(x)| holds, and hence

sup {[g(2)|: g € K', llgll = iy} < suwn{|f(2)]: feF}
= max{[a(z)|, [5(z)]}.

Furthermore, (3.16) implies for every x € X
=l < sup{2|f(2)]: fe K", |fll <k}

A staightforward calculation yields
lzll < 24 Jull sup {|g(x)]: g € K", llgll = qup 3+
which completes the proof. [
Remark 3.2.13 Proposition 3.2.12 completes the proof of the representation result in
Proposition 1.3.11.
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3.3 The Maximum Principles and their Geometrical Char-
acterizations

We start the section by listing examples of maximum principles for linear systems on or-
dered vector spaces, that are established in the literature. For a given operator equation
these principles can roughly be described as follows:

A positive input causes a positive output, and the mazximum response takes place
in that part of the system where the influence is non-zero.

Example 3.3.1 We consider the space R" equipped with the standard cone R’ . In
connection with the study of discrete approximations for differential equations in [Sto82]
the following maximum principle for an n x n-matrix B = (b;;); ; is introduced: For any
y=(y1,...,yn)T € R? \ {0} with Bz =y follows = > 0 and, moreover,

maxx; = max ;, (3.18)
1EN 1€ENL(y)

where N = {1,...,n} and Ny(y) = {t € N: y; > 0}. In [Win89, Definition 3.31],
this maximum principle is called the maximum principle for inverse column entries . If
the matrix B is invertible, denote B~ = (ay;); ;. For the i-th unit vector y = e the
element © = B~y is the i-th column of B~!, and if B is positively invertible and satisfies
(3.18), then B~! is weakly diagonally dominant with respect to its column entries, i. e.
A > ajj for all 4,5 € N.

In [Sto86] the following statement is shown: If B is an M-matrix, then B satisfies (3.18)
if and only if Be € R?, where e = (1,1,...,1)T € R™.

An extension of the maximum principle described in Example 3.3.1 is given in [TW95].
Consider the space (R",R7) and let v = (v1,...,7,)? € intR?. An n x n-matrix B is
said to satisfy the y-mazimum principle if for any y € R" \ {0} with Bz = y one has
z > 0 and

max-y;x; = max Y;T;. 3.19
1EN Vi ieN+(y)% ’ ( )

In [TW95, Theorem 5] the following is shown.
Proposition 3.3.2 An M-matriz B satisfies the v-maximum principle if and only if
Bu e RY for .
— (L 1
wm (1)

The y-maximum principle is generalized for arbitrary generating cones in R™ in [PSW98],
using a base of the dual cone.

Example 3.3.3 Let X = C(T') according to Example 1.3.9 and let B: C(T) — C(T)
be a linear operator that possesses a positive continuous inverse. A maximum principle
can be formulated as follows: For every positive nonzero function y there is a point t € T'
at which the function z = B~y attains its maximum and y(¢) > 0 holds as well.
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Inspired by [PSW98], we define maximum principles for a positive operator on an ordered
normed space (X, K, ||-||), using a base of the dual cone. Our general setting corresponds
to the one in Section 3.2, i. e. K is closed and int K # @. For some fixed element
u € int K we consider the base F' = F,, of K’ according to (1.16). For 2 € K the sets

Fu(e) = {f € F: f(x) = max{g(a): g€ F}} and Fi(2)={f € F: f(x) >0}

have been introduced.

The following maximum principle MP has been defined in [KW00a]. In addition, we
establish a strong version of this principle.

Definition 3.3.4 An operator A € L (X) is said to satisfy
— the maximum principle MP with respect to u, if for every = > 0 one has

Fu(A2) N Fy () # 2

— the (strong) maximum principle SMP with respect to u, if for every = > 0 one has

Fo(Azx) C Fy(x).

An operator A that satisfies MP (SMP, respectively) with respect to u is called an
MP-operator (SMP-operator, respectively) with respect to w.

We remark that the investigation of MP with respect to different interior points of K
leads to a so-called weighted maximum principle which is studied in [PSW98] (in the
finite-dimensional case) and in [KWO0O0b].

For the maximum principles it is sufficient to consider the extreme points of F', as the
subsequent statement reveals.

Lemma 3.3.5 Let A€ L (X) and x > 0. Then
(i) Fa(Az) N Fi(x) # @ if and only if Fo(Az) N Fy(z) Next F' # &;
(il) Fo(Ax) C Fy(x) if and only if Fo(Ax) Next F C Fy(x).

Proof (i) Let © > 0 be such that F,,(Az) N Fy(x) # &. Assume that for every
f € Fy(Az) Next F one has f(z) = 0. The representation

Fo(Az) = co® X' X)(F, (Az) Next F)

provided in Proposition 3.2.1 implies f(x) = 0 for each f € F,(Az). So, one gets
Fy(Az) N Fy(x) = &, a contradiction.

(ii) Let & > 0 be such that F,(Az) Next F C Fy(x), i. e.

Fo(Az) N Fy(z) Next F = @ (3.20)
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Assume F,(Ax) € Fi(z), i. e. the set G = Fo(Az) N Fy(x) is non-empty. The sets
F,(Az) and Fy(z) are o(X’, X)-compact convex subsets of X’ (cf. Proposition 3.2.1
and (3.6) ), hence G is a o(X’, X)-compact convex subset of X’. Therefore,

G =X (ext @) (3.21)

due to (A.11). Furthermore, since F,(Az) and Fy(x) are extreme subsets of F', the set
G is an extreme subset of F,,(Az) (cf. Lemma A.2.1). Lemma A.2.2 implies then

extG = GNextF,(Az)
= Fy(z)Next Fy(Ax)
= Fy(z)NFu(Az) Next F.

Now (3.20) yields ext G = @, and due to (3.21) we get G = &, a contradiction. [J

We verify that the maximum principle MP covers the maximum principles in the examp-
les above. We start with Example 3.3.1, i. e. the space R™ is ordered by its natural cone
R, and we consider the base F' = F, according to (1.22) of the dual cone. The extreme
points of F are the unit vectors e(?, where i € N. Proposition 3.2.1 implies that a
vector = (z1,...,2,)" attains its maximum «(z) at an extreme point of F, i. e. there
is an index i € N such that a(z) = (x,e®) = z;. The value of a(z) corresponds to the
maximum of the coordinates of =, and the set of maximizers of x is

Fo(z) =co {e(j): JE€N and z; =max{z;: i€ N}} . (3.22)

Let B be a regular n x n-matrix such that B~! is positive. The matrix B satisfies the
maximum principle (3.18) if and only if for every y € R \ {0} and z = B ~1y there is
an index ¢ € N such that z; is a maximal coordinate of z and y; > 0, i. e. there is an
index i € N such that (z,e®) = a(z) and (y,e®) > 0, which means

e e Fo(z) N Fy(y). (3.23)

Hence, if B satisfies (3.18), then B~! satisfies MP with respect to e. On the other hand,
if B~! satisfies MP with respect to e, then Lemma 3.3.5 (i) implies (3.23) for some
1 € N. So, the following statement is valid.

Proposition 3.3.6 Let the space R" be ordered by the cone R"y and let B be an invertible
n x n-matriz with B~ > 0. Then B satisfies the mazimum principle (3.18) if and only
if B™! satisfies MP with respect to e.

We continue with the y-maximum principle. Fix

Y=y 70)] € tRY,
then the vector u = (uy,...,u,)? with

ui:% forall i€ N
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also belongs to int R}. The base F' = F, is given according to (1.23). For a vector
x=(r1,...,7,)T € R" one has

ax) = max {(z, u%_e(i)% i € N} = max{y,z;: i € N}.

An analogue argument as above for the maximum principle (3.18) yields the following
generalized version of Proposition 3.3.6.

Proposition 3.3.7 Let the space R™ be ordered by the cone Rl and let B be an invertible
n x n-matriz with B~' > 0. Then B satisfies the vy-maximum principle if and only if
B! satisfies MP with respect to

Finally, we examine the maximum principle described in Example 3.3.3. Consider the
space C(T') and the function v = 1 € int C(T"). The set of extreme points of Fj is
given in Example 1.3.9. For 2z € C(T') one has

a(r) = max{e(x) = z(t): teT}.
Applying Lemma 3.3.5(i), we get the following result.

Proposition 3.3.8 Let B: C(T) — C(T) be such that B~! € L (C(T)). B satisfies
the maximum principle formulated in 3.3.3 if and only if B~ satisfies MP with respect
tou=1.

In the remaining part of this section let (X, K, ||-]|) be an ordered normed space, where
K is closed and u € int K is fixed. Let A be a positive linear continuous operator on X.
For an interior point x of K one has

Fo(Az) C F = Fi(a),

so in this case the conditions in Definition 3.3.4 do not require anything. Hence MP
and SMP are conditions how to transform boundary points of K. We provide some
geometrical conditions G and SG that are equivalent to the maximum principles MP
and SMP, respectively. These geometrical conditions describe how the operator maps
faces of the cone K with respect to certain subcones of K. We use the notations
introduced in Section 3.2, in particular (3.8) and (3.11).

Definition 3.3.9 An operator A € L (X) is said to satisfy

— the condition G with respect to w, if for any non-empty subset E C ext F' one has

AHR) C | Ky
g€(ext F)\E
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— the condition SG with respect to wu, if for any non-empty subset E C ext F' one
has

AHp\{0}) C K\ |J K,

geE

Note that the inclusions are trivial for the subsets E of ext I’ with Hr = {0}. Further-
more, for each non-empty subset £ C ext F' one has

K\|JK,c |J K,

geE g€(ext F)\E

hence it is obvious that for a fixed u € int K the condition SG for some operator A
implies the condition G for A.

The condition G generalizes certain geometrical conditions that are known in the lite-
rature. For the space (R™,R’) a geometrical interpretation of the maximum princi-
ple (3.18) is provided in [Sto86]. For the y-maximum principle a similar geometrical
condition is introduced in [TW95]. In [PSWO98| a geometrical characterization of (a
finite-dimensional version of) MP is given in the cases of a finitely generated cone or a
circular cone K in R™, where a certain decomposition of a base of K is employed. The
geometrical condition G has been introduced in [KW00a].

Next we show the equivalence of the maximum principles and the according geometrical
conditions. Recall that for some element x € K and some functional f € ext F' one has
f € Fy(z) if and only if x € K.

Theorem 3.3.10 For an operator A € L1 (X) the following is satisfied:
(i) A satisfies MP with respect to u if and only if A satisfies G with respect to u.

(ii) A satisfies SMP with respect to w if and only if A satisfies SG with respect to u.

Proof (i) Suppose that A satisfies MP with respect to u. Due to Lemma 3.3.5 (i) for
every x > 0 one has F,,(Az) N Fy(z) Next F' # &, i. e. there is a functional f € ext F’
such that Az € Ky and x ¢ Hy. Now assume that A does not satisfy G with respect to
u, i. e. there is a non-empty subset E C ext F' such that

AHR)E | K-

g€(ext F)\E

This implies Hg # {0}. Furthermore, there is an element x > 0, € Hp, such that

Az ¢ U Ky,

g€(ext F)\E

i. e. Az ¢ K, for every g € (extF) \ E. On the other hand, there is a functional
f €ext F'such that x ¢ Hy, i. e. f ¢ E, and Ax € Ky, which yields a contradiction.
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Vice versa, suppose that A satisfies G with respect to u and consider an arbitrary
element > 0. If = € int K, then F(x) = F. Proposition 3.2.1 yields F,(Az) # @,
and one immediately gets F,,(Az) N Fy(x) # &. In the case xz € 0K let

E={fecextF: f(x)=0}.

Due to (3.6) one has E # @. Clearly, z € Hg. The condition G implies

Az € U K,,
g€(ext F)\E

i. e. there is a functional g € (ext F') \ E such that Az € K , which means g € F,,(Ax).
Obviously, g € F'y(x), hence g € Fy(Az) N Fy(x).

(ii) Let the operator A satisfy SMP with respect to u. Assume that A does not satisfy
SG with respect to u, i. e. there is a non-empty subset E C ext F' such that

AHE\{0}) ¢ K\ |J &,

geE

Hence Hg # {0} and, furthermore, there is an element x > 0, x € Hg, such that

Az ¢ K\ | K,

gerE

One has Az # 0, and, since Az € K, there is a functional g € F such that Az € K.
This implies g € F,(Az) and g € Fy(x), which contradicts SMP.

Vice versa, assume that A satisfies SG with respect to u and consider some element
x> 0. If z € int K, then F,(Az) C F = F(x). In the case x € 0K let

E={feextF: f(z) =0},

hence E # @ and x € Hg. The condition SG

A(Hp\{0}) C K\ |J K,

gerR

implies Az ¢ K, for each g € E. One gets g ¢ F,(Ax) for each g € Fy(x) Next F,
consequently F,(Az) Next F' C Fy(x) and, due to Lemma 3.3.5 (ii), Fo(Az) C Fy(z).
O

The geometrical characterizations of the maximum principles provide a convenient tool
in order to show the maximum principles for a given operator, as we will see in some
examples in the next section.
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3.4 MP- and SMP-Operators

In this section we collect some properties of MP- and SMP-operators (see Definition
3.3.4) as well as investigate some further examples. Consider an ordered normed space
(X, K, ||-||) such that K is closed and int K # &, as in Section 3.2. We start with two
simple observations, where the statement (i) of the next proposition is an immediate
consequence of (3.7).

Proposition 3.4.1 Let (X, K, ||-||) be an ordered normed space such that K is closed
and int K # &.

(i) The identity operator I on X always satisfies SMP (and hence MP ) with respect
to any arbitrary element u € int K.

(ii) Let A € L(X) be an MP-operator (SMP-operator, respectively) with respect to
u € int K. Then for any A > 0 the operator AA is an MP-operator (SMP-operator,
respectively) with respect to u.

Fix an element v € int K and let the norm [|-|| be semi-monotone with the constant
N. We come back to the inequalities (3.13), i. e. the constants m = Nﬁu” and M = %
(where v = sup{t € R;: B(u,t) C K}) ensure

mljz| < a(z) < M|z

for each x € K. This yields a sufficient condition to satisfy SMP for certain positive
operators.

Theorem 3.4.2 Let (X, K, ||-||) be an ordered normed space, where u € int K and the
norm ||-|| is semi-monotone. If for an operator C' € L (X) one has ||C|| < {7, then
I + C satisfies SMP with respect to w.

Proof For fixed z > 0 we have to show f(z) > 0 for each f € F,(x 4+ Cz). First note
that for any g € F,(z) by virtue of the left inequality above one has

0< |z < @@ — o) < o) | 9(Cr) _ glztCu) (3.24)
If for some fixed f € F,(z + Cz) we suppose f(z) =0, then
9(x + Cx) < f(z+ Cx) = f(Cx).

From (3.24) we conclude

f(Cz) - a(Cz) ~ M|Cx|| ~ M
0 < |lof < 882 <22 < 2L < Mo 2| < |2,

which yields a contradiction. Hence, I 4+ C satisfies SMP with respect to u. [

Note the following immediate consequence of Theorem 3.4.2 and Proposition 3.4.1 (ii).
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Figure 3.2: The subcones K, of K according to (3.25).

Corollary 3.4.3 If C € L (X) and s > %HCH, then the operator C + sI is a SMP-
operator with respect to u.

We list several examples of MP- and SMP-operators on the space (R? R, ||-||) (cf.
Example 1.3.8). To show that an operator satisfies MP or SMP, we use the geometrical
characterizations of the maximum principles that are given in the previous section in
Theorem 3.3.10. We consider MP and SMP with respect to

1
u=(1)emry.

The dual cone is again ]Ri’_, and the set of extreme points of the base F), is

b= (= (§) 1= (1) 5= (1)

Hence we have to consider the following faces of Ri:

= {(§): mezo} = {(8): w0 = {(1): wr20}
s =) 20}, M = (1) 120} s = {() 020},

For the calculation it is sufficient to consider the relative interior of these sets, i. e. the
sets where the corresponding numbers a, b or ¢ are strictly positive. Clearly,

x1

Kf:{(xz);xizxkzo for k:1,2,3}. (3.25)

7 x3

We carry out the calculation for one operator in detail, for the further examples it is
then obvious.
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Example 3.4.4 The matrix

1 0 1
A= 1 2 1
0 0 1
is an MP-operator with respect to u, but not an SMP-operator with respect to . Indeed,
0 c
A1<2) = (Qbérc)EKng U Kg,
9€{f2,f3}
a a+tc
Al((c)) = (atc)EKflg U Kg,
g9€{f1,f3}
a a
M) = (dip)erne U K
g&{f1,f2}

(1) (2) exns A(E) = (§) < (i) = (3) exn

which shows that A; satisfies the condition G, hence Aq is an MP-operator with respect
to u. On the other hand, A; does not satisfy SG, since e. g.

0
A1(8) = () ¢ K\ (Ky UKy,),
consequently A; is not an SMP-operator.

Example 3.4.5 In order to show that the matrix

2 01
B=1 20
0 0 2

is an SMP-operator with respect to u, we check the condition SG:

0 c a 2a+c a 2a
() - (§) =10 8(8) - (57 €K \Kas (1) () 15

(1) = (£) < ¥\ 0. B(3) = () <K 0055

B(§) - (Qél) € K\ (Ky, UKy,).

Remark 3.4.6 The operator B can be considered as B = I + B, where
1 01
Bi=|1110
0 01

Let us have a glance at Theorem 3.4.2. If we equip R™ with the maximum norm, we
have |lu|| =1, vy =1, N = 1, consequently m = M = 1. The according matrix norm is
the maximum absolute row sum norm, hence ||By|| = 2 £ §, but I + By is an SMP-
operator. This shows that the sufficient condition to satisfy SMP in Theorem 3.4.2 is
not a necessary one.
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The subsequent examples show that the collections of all MP- and SMP-operators,
respectively, do not own certain simple structures.

(i) The composition of two MP-operators need not be an MP-operator.

Example 3.4.7 Consider the MP-operator A; in Example 3.4.4 and the operator
1 0 2
(A))?=1| 3 4 4
0 0 1
Since for the element x = ((%) one has

(4% = () ¢ Kp UKy,

the operator (A;)? does not satisfy G, and so it is not an MP-operator. A straightfor-
ward calculation shows that for any k € N, k > 2, one has (A1)*z ¢ K, U Ky,, hence
no power of A; satisfies MP.

(ii) The composition of two SMP-operators need not be an SMP-operator.

Example 3.4.8 Consider the SMP-operator B in Example 3.4.5 and the operator
4 0 4
B*=|4 41
0 0 4
For the element z = (é) one has
B = (1) ¢ K\ (K UKy).
The operator B? does not satisfy SG, hence it is not an SMP-operator.
(iii) The sum of two MP-operators need not be an MP-operator.

Example 3.4.9 Consider the MP-operator A; in Example 3.4.4 and the operator
1 00

A= 1 2 1

1 01

which is an MP-operator as well. For the element z = ((%) one has

(A1+A2)33= (%) ¢Kf1 UKfB,

hence A1 4+ As is not an MP-operator. This also points out that a convex combination

of MP-operators, e. g. %Al + %Ag, is, in general, not an MP-operator.
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(iv) An operator that is bounded from both sides by MP-operators need not be an
MP-operator.

Example 3.4.10 The operator
1 00
cC=11 21
0 01

satisfies I < C' < Ay, i. e. C is bounded from both sides by MP-operators. However, C

. . 1
is not an MP-operator, since for x = ((1)> one has

Co=(3) ¢ Kp UKy,

In the previous examples we considered a fixed interior point of the cone and asked if
the sets of MP- and SMP-operators with respect to that interior point have a certain
structure. In the next example we change the point of view. We consider a fixed positive
operator and ask for which interior points u of the cone the operator is an MP-operator
(or SMP-operator, respectively) with respect to u. We use the following notation: For an
operator A € L (X) let MP(A) (SMP(A), respectively) be the set of all points u € int K
such that A is an MP-operator (SMP-operator, respectively) with respect to u. In the
subsequent example we calculate the sets MP(A) and SMP(A) for a 2 x 2-matrix A. We
will refer to this example later on (see Example 3.5.3 and Figure 3.3).

Example 3.4.11 Consider X = R?, K = Ri and

2 1
().
For an element u = (Z;) € int K the set F, has the extreme points f1 = (1/5“) and
fa= (1/(;2). Moreover,

Hflz{((b)): 620}, Hf2:{(8): a
Kp={(5): 0< @, a2 < Z—fl‘l}, Kp={(51):

Consider the condition G: One has
A(Y) = (3)b e Ky,

u
<z, By <o}

if and only if Z—fb < 2b, i. e. up < 2u;. Analogously,
A(8) = (F)a e Kpy
if and only if %ul < ug. Consequently,
MP(A) = {u = (Z;) up > 0, %ul <ug < 2u1}.
Concerning the condition SG, we get

SMP(A) = {u: (Z;) up > 0, %ul < uy < 2u1}.
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We conclude the section with a simple example of an operator in the space C(T).

Example 3.4.12 Consider the space X = C(T") in Example 1.3.9 with its natural norm
and ordering. We fix an arbitrary element u € int K, i. e. u(t) > 0 for all t € T, and
get the corresponding F' = F,,. Furthermore, let v € int K and A € L(X) such that
Az = vz for each ¢ € X. The operator A is positive, x > 0 implies Az > 0, and
hence a(Az) > 0. If for some f € F we have f(zr) = 0, then f(Az) = 0. We get
F,(Ax) C Fy(x), consequently A is an SMP-operator with respect to w.

3.5 Maximum Principles for M-Operators

In Section 2.4 we introduced M;-operators and Ms-operators in an ordered normed space.
Any operator belonging to one of these classes possesses a positive inverse. Inspired by
the results on M-matrices that are stated in Example 3.3.1 and Proposition 3.3.2, the
following question arises:

Under which conditions does the (positive) inverse of an M;-operator or an Ma-
operator satisfy the maximum principle MP or SMP ¢

The following is an extended version of our investigation in [Kal03a]. We start with a
sufficient condition for Mj-operators. Let (X, K, ||-||) be an ordered normed space, where
int K # @, and let an element v € int K be fixed. We use the notations in the Sections
3.2 and 3.3. Let the norm ||-|| be semi-monotone. Then for x € K the inequalities

mljz| < a(z) < M|z
hold, where the constants m, M are defined corresponding to (3.12). Let
A=1-Bel(X)

be an Mj-operator, i. e. B > 0 and r(B) < 1. Then the inverse A~ exists, is positive,
and, moreover,

A'=(I-B)'=1+> B"
k=1

The operator

is positive, and one has

o0 [ee]
k k B
Icl = | kZB | < kz 18| = L2
=1 =1

provided ||B|| < 1. Applying Theorem 3.4.2, we get a sufficient condition for the operator

Al=1I-B)'=I+C
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to satisfy SMP as follows: The condition

1Bl
<
=Bl

SE

implies |C|| < {7, hence in this case I + C satisfies SMP with respect to u. In other
words, if B > 0 is such that
1Bl < =5 »

then (I — B)~! is an SMP-operator with respect to u. This sufficient condition can be
weakened.

Theorem 3.5.1 Let (X, K,|-||) be an ordered normed space with int K # & and a
semi-monotone norm ||-||. If for u € int K and a positive operator B € L(X) one has

1Bl < 4%
then (I — B)™! satisfies SMP with respect to u.

Proof Assume that T = (I — B)~! is not an SMP-operator with respect to u, i. e.
there exist # > 0 and a functional f € F,(Tz) such that f(z) = 0. Put y = Tx, then
f(Tz) = a(Tzx) = a(y), and we get

0=f(z)=f(y— By) = aly) - f(By).
The inequalities (3.13) imply
mllyll < a(y) = f(By) < a(By) < M||By|| < M||B|| ||yl

which yields
ar < IBIl,

a contradiction to the assumption. [

Example 3.5.2 Consider the operator B: C|0, 1] — C|[0, 1], defined by

1
(Bx)(s) = k(s) /O 2(#)dt,

where k € C1]0,1]. The operator I — B is invertible provided fol k(t)dt # 1. In [KWO00a,
Section 5, Example 3] it is shown by a direct calculation that the condition || B| < 1
is sufficient for the operator A = (I — B)~! to satisfy MP with respect to the function
u = 1. The constants according to u are m = 1 and M = 1 (cf. Example 3.2.8).
Applying Theorem 3.5.1, the condition || B|| < §; = 1 ensures that A satisfies even SMP
with respect to u = 1.

The sufficient condition [[B| < §; in Theorem 3.5.1 is not a necessary one for the

statement there.
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Figure 3.3: Illustration of Example 3.5.3.

Example 3.5.3 Let R? be equipped with the maximum norm and the standard cone.
Clearly, the constant of semi-monotony is N =1, and ||u|| = max{ui,ua}, so

1 1

M= o] = max{ur,uz) °

Moreover, v = sup{t € Ry : B(u,t) C K} = min{uy,us}, so

M= _——-

min{ui,uz} ’

see (3.12). In Example 3.4.11 the set SMP(A) is calculated for the operator

A=<f;>

Since the matrix A is the inverse of the Mi-operator I — B, where

1711
B_§<11>
and ||B|| = r(B) = % < 1, Theorem 3.5.1 implies that u = (i} ) € SMP(A) provided

min{ui,uz}

_ 2 —
||BH =3< % ~ max{ui,u2}’

which is assured if the components of u satisfy the inequalities uq > 0, %ul <ug < %ul.
This set of interior points of K is strictly smaller than the set SMP(A), see Figure 3.3.

Next we study a second approach to get a sufficient condition for the inverse of an
M-operator to satisfy some maximum principle. This approach is motivated by the
finite-dimensional case (with the standard ordering). In Proposition 3.3.2 a sufficient
condition for an M-matrix B to satisfy the y-maximum principle is given. Proposition
3.3.7 provides the connection between the y-maximum principle for B and the maximum
principle MP for B~!. Combining both statements, we get the following.

Corollary 3.5.4 Let the space R™ be equipped with the cone R}, let u € int R} and let
B be an M-matriz. Then B~' satisfies MP with respect to w if and only if Bu € R%.
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This gives reason to look for a corresponding condition in the general case. We formulate
the question:

Let (X, K,||-||) be an ordered mnormed space, u € int K a fized element and B €
L(X) an Mga-operator. Does B~' satisfy MP (or even SMP, respectively) with
respect to u provided Bu € K ?

We will not get a confirmative answer in general. We collect certain positive results as
well as give counterexamples in other cases. First we examine the following situation:
We strengthen the condition Bu € K to Bu € int K and expect SMP for B~!.

Theorem 3.5.5 Let (X, K, ||-||) be an ordered normed space with a closed cone K that
has a non-empty interior, let u € int K be fized and let B € L(X) be an My-operator.
If Bu € int K, then B~ satisfies SMP with respect to u.

Proof For any element y > 0 one has # = B~!y > 0 and hence a(z) > 0. For any
f € F,(x) one has to show f € F,(y). The representation (R;) in Proposition 3.2.3
yields # = a(x)u — 2z, where z € K and f(z) = 0. Since B is a negative-off-diagonal
operator, one has f(Bz) < 0. The assumption Bu € int K ensures f(Bu) > 0, hence
f(y) = f(Bx) = a(z)f(Bu) — f(Bz) > 0. So, B~! satisfies SMP with respect to u. [

If Bu € 0K, then B! does not satisfy SMP with respect to u. Indeed, Bu € 0K
implies the existence of a functional f € F such that f(Bu) = 0. This contradicts
F = F,(u) C F{(Bu).

Remark 3.5.6 In view of Theorem 3.2.4, one can formulate the result in Theorem
3.5.5 as follows: If B € L(X) is a negative-off-diagonal operator that possesses an
inverse B~! € L(X) and satisfies Bu € int K, then B! is positive and satisfies SMP
with respect to u.

Remark 3.5.7 If B is an Mj-operator represented as B =1 —-C, C > 0, r(C) < 1,
the condition in Theorem 3.5.5 means Bu = v — Cu € int K. In particular, if ||Cu| <
sup{t € R, : B(u,t) C K}, then B~! satisfies SMP with respect to u.

A slight modification of the proof of Theorem 3.5.5 yields the following.

Proposition 3.5.8 Let Xg be a subspace of X such that Xo Nint K # @. Let M
be an arbitrary non-empty subset of ext F' and let B: X9 — X be a linear operator
such that for every f € M and x € Xo N K with f(x) = 0 one has f(Bx) < 0. Let
S: X — S(X) C Xg be an invertible operator such that S~' = Blg(x). If u € XoNint K
is such that f(Bu) > 0 for all f € M, then for each y € X, y > 0, one has x = Sy > 0
and Fp(z) "M C Fy(y).

Indeed, if z € S(X) C Xy and u € Xy, then z = a(z)u — x € Xo N K. For a functional
f € Fu(r)NM = Fy(z)N M we get f(Bz) < 0 due to the assumption. Since f(Bu) > 0,
the argument can be completed as in the proof of Theorem 3.5.5.
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Example 3.5.9 For this example we refer to the classical theory on the DIRICHLET
problem established e. g. in [GT01, Chapter 6]. We consider the following homogeneous
boundary value problem for an elliptic operator

T = 0 on 99’ (3.26)

{ Bx = y in Q
where 2 is an open bounded domain in R™ (n > 2) with a sufficiently smooth boundary
01, and B denotes the operator

n

(Br)(t) = — 3 ay(®)Dye + > bi(H) Dz + clt)a

i,j=1 i=1

with the coefficient-functions a;; = a;;(t) satisfying a;; = a;;. We assume that a;j, b;, ¢,y
are HOLDER-continuous functions with the exponent u € (0,1), i. e. belong to the space

CH(Q) = {v € C(Q): L > 0 such that |v(s) —v(t)] < L||s — t||* for any s,t € Q}

and satisfy the conditions c(t) > 0, y(t) > 0 for t € Q, where 2 denotes the closure
of Q with respect to the norm ||-|| in R™. Denote by supp(y) the closure of the set
{t € Q: y(t) > 0} and, in order to avoid the trivial case, assume supp(y) # €.

The operator B is said to be strongly (uniformly) elliptic, if there is a constant A > 0
such that

n
0 < A€ < ) aii(t)éiy

ij=1
for any t € Q and € = (&1,...,&,)T € R™, £ #£0.
For k € N we denote by C*(Q) the vector space of all uniformly continuous functions
v:  — R, for which all partial derivatives D% of order |a| < k exist and are also
uniformly continuous on ). Therefore they possess unique continuous extensions onto
Q. These extensions are again denoted by D%v.
Under the made assumptions for any function y € C*(Q2) the boundary value problem
(3.26) has a unique solution u, which belongs to the HOLDER space

C*Q) ={veC*Q): DveCHQ) for 0<|a|<2, ue(0,1)}
(cf. also [AmaT72], [AmaT76]). So the solution operator
S: CHQ) — C*H(Q)

is defined, where Sy denotes the unique solution of the boundary value problem (3.26).
The operator S is strongly positive (cf. also [PW67]), i. e. any non-zero element of the
cone of the non-negative functions is mapped by S into the interior of this cone. From
this we get (Sy)(t) = z(t) > 0, t € , and a standard argument shows that = satisfies
the condition

maxz(t) = max x(t) . (3.27)
teQ t€supp(y)
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By straightforward calculation® one gets even the following: If c(t) > 0 for all t € Q
and if the solution = of the boundary value problem (3.26) has a local maximum at the

point t* € Q, then y(t*) > 0 and z(t*) < zg*;

Put X = C*(Q), Xg = C**(Q) and let K be the set of all pointwise non-negative
functions in X. Let 1(t) = 1 for all ¢ € Q and note that 1 € Xy. Our assumptions
ensure that X is dense in C(2), hence there is a bijective map i: X' — (C(Q))’ such
that for each f € X’ we have i(f)|x = f. Recall Example 1.3.9 and let M be the set
of all evaluation maps €; determined by the points ¢ € 2. Then the above result means
that the condition ¢(t) > 0 for all ¢ €  is sufficient for each y € X, y > 0 to imply

Fo(Sy)N M C Fy(y). The same can be derived by the following considerations:

An arbitrary function v € Xo N K with v(¢t*) = 0 for some ¢* € Q has a local minimum
in t*. From the calculus it is known that at the point t* one has (D;v)(t*) = 0 for
i=1,...,n and

n

Z (Dijv)(t*)&&; >0

i,j=1
for any vector £ € R™. Due to the (strong) ellipticity of the operator B the inequality

n

D ai(t)&g = 0
ij=1
holds, which yields

n

S ay(#) (Do) () > 0

ij=1
(cf. [Hel60, III.1.1]). Consequently, (Bv)(t*) < 0. For the function 1 we get

(BL)(t) = c(t)L(t) = c(t) > 0

for each t € Q. Hence all conditions in Proposition 3.5.8 are satisfied. So, for each
y € X, y>0we have F,(Sy) N M C Fy(y).

Now we apply the sufficient condition of Theorem 3.5.5 to an example that will be a
crucial counterexample later on.

Example 3.5.10 Consider in R? the the 3-dimensional ice-cream cone
K :pos{ (%é) x3 423 < 1}

and the finitely generated cone

=vo{ (1) (1) (1)- (1) -

3Cf. also [KWO0O0b, Lemma 1].

7



3.5. MAXIMUM PRINCIPLES FOR M-OPERATORS

. . . 0 . . .
then K = K; U K, is again a cone in R3. For v = ((1)) € int K consider the according

base
D,={xe K: (z,v) =1}

of K. A base of the dual cone K’ is
F,={x e K': (x,v) =1}.

The sets D, and F, are the intersections of K and K’ with the plane x3 = 1, respectively,
and are illustrated in Figure 3.4.

Consider the operator

1 2 -2
B=| -2 1 0
-2 0 1

B is a Ms-operator, since

(i) B is negative-off-diagonal with respect to K.

Indeed, consider the following cases of an extreme point f of F, and an appropriate
element

such that f(z) = (z, f) = 0:

(1) For fi = (_(;) we get (z, f1) = 0if and only if 2; = 1 and 0 < x5 < 1. Hence

o= (7)) = (). (7)) = -2 <o

(2) Let fo = (_(1)1) Then (z, f2) = 0 if and only if zo = 1 and 0 < z; < 1. We

conclude
pam = (o1 (3) (i () o

(3) Finally, let f 3= (ﬁé) with w% + w% =1 and at least one w; > 0. Moreover,
let i
(x, f3) = w1 + 22wy +1=0.

If one assumes x1 > 0, o > 0 and, without loss of generality, w1 > 0, then
—xows = xqw1+1>1
yields a contradiction since |z2| < 1, |we| < 1. Hence, at least one z; < 0

and, since z belongs to D,, 23 + 23 < 1. So,

0 < (z1+w)?+ (22 + wo)?

= 2(zywy + zows) + (W] +w3) + (27 + 23)
< 2(1‘11111 + xowo + 1) = 2<$, f3> =0.
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Hence, z; = —w; and x9 = —ws. This yields

o= ((3).(5))~((E ) (1)) -t~ <o.

(ii) The operator

1 -2 2
Bl=|2 -3 4
2 —4 5§

is positive with respect to K.

We show B~1(K;) C K; and B~!(K3) C K3. To determine B~*(K;), we look for

points
1 . . x1+4+2x2—2
T = (m) which satisfy Bz = ( —2z14x2 ) € K.
1 —2z1+1

This means —2x1 +12>0,i. e. 21 < %, and
(z1 4 229 — 2)% + (=221 + 22)? < (=221 + 1),

So, 23 + 5x3 — 8x3 + 3 < 0, which is equivalent to

4\2
TN
1 \2 1\2 —
(5) (5)
Hence, B~!(K71) is the cone spanned by the ellipse in the plane x3 = 1 with the

centre (0, 3,1) and the half-axises % and %:

B~ (Kl)—pos{<xll): °

It is straightforward that B~!(K;) C K.

To ascertain B~1(K>), we map the extremals <§
i = o (1) (1) (D).
e {(CF) (). (f

Finally, B~1(K) C K. In Figure 3.4 the base

(1) (1) (1) 6 i
)
) (D))<

Gy, ={r € BTYK): (z,v) =1}
of the cone B~!(K) is illustrated.

Now let u € int B™}(K) = B~ !(int K) (see (A.1)), then Bu € int K, and by Theorem
3.5.5 the operator B~! satisfies SMP with respect to w.
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Z2 Z2

1

T
D, ){L F,
Gy z = Bu
\/ 1 oz A 1 o
fo

Figure 3.4: Illustration of the Examples 3.5.10 and 3.5.11.

The last theorem gives reason to specify our above question.

Let (X, K,||-||) be an ordered mnormed space, u € int K a fized element and B €
L(X) an Ma-operator. Does B~1 satisfy MP with respect to u provided Bu € OK ?

In general, this question has to be answered negatively. First we provide a counter-
example, afterwards we show that for certain spaces the question can be answered con-
firmatively.

We start with a consideration how a counterexample in general should be constructed.
Let (X, K, ||-||) be an ordered normed space, let B € L(X) be an Ma-operator and u € K
a fixed element such that Bu € K. The operator B~! does not satisfy MP if there
is an element y > 0 such that for x = B!y > 0 one has F,(z) N F}(y) = @, which
means F,(x) C Fy(Bx), i. e. for each f € F,(x) one has f(Bx) = 0. By Proposition
3.2.3 one gets © = a(x)u — z with some vector z € 9K, where F,(x) = Fy(z). So,
Bx = a(x)Bu — Bz. For each f € F,(z) one has

0= f(Bx) = a(a) f(Bu) — f(Bz).

Moreover, f(Bu) > 0 since Bu € K, and f(Bz) < 0, since f(z) =0 and B is negative-
off-diagonal. So,
0> f(Bz) =a(x)f(Bu) > 0.
Due to a(z) > 0 we infer f(Bz) = f(Bu) = 0.
Summarizing these estimates, for constructing a counterexample we need a vector z €
OK such that
Fy(z) C Fy(Bz) and Fy(z) C Fy(Bu). (3.28)

The subsequent example is a continuation of Example 3.5.10.

Example 3.5.11 Consider the cone K = K; U Ky in R? as in Example 3.5.10, we
already showed that the matrix

1 2 -2
B=| -2 1
-2 0 1
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is an Ms-operator with respect to K. Let

z= ((1)) and u= B 'z = (g;)

Then v € int K, Bu = z € 0K and
-1
Bz = (—2).
-1

The elements u = %u € D, and z € D, are illustrated in Figure 3.4. We show that B!
does not satisfy MP with respect to u, although Bu € K. The base

F=F,={ze K" (z,u) =1}
of K’ possesses the following set of extreme points:

1 w
extF:{W(viz): wi+ws =1, w; >0 or wQZO}.

-1 0
In particular, f1 = i( 0 ) and fo = (—11> are extreme points of F. One has

Fo(z) = Fo(Bu) = {f1}
and f1(Bz) = 0, therefore

So, the conditions in (3.28) are satisfied. Observe that the ray r(z) is a face of K, but
it is not an exposed ray of K. If one takes now

x:u—z:(é)eK, then y:B;r:G)GK.

The elements T = %:1: € D, and y € D, are illustrated in Figure 3.4. Due to Proposition
3.2.3 one has

Fo(z) = Fo(z) = {f1},
and moreover, f1(y) = 0, consequently F,(z) C Fy(Bz). So Fo(B ly) N F,(y) = @,
and B~! does not satisfy MP with respect to w.

To get an affirmative answer for the above question we need some more assumptions on
the structure of 0K. The subsequent results are shown in a finite-dimensional setting.
We consider the space X = R", equipped with a closed generating cone K (i. e. K has
a non-empty interior). As above, fix some element v € int K and the base F' of K’
corresponding to (1.16). For a subset H C K we define

Fo(H)={feF: f(x)y=0forallxz € H},

and for z € K we abbreviate Fy({z}) by Fo(z), as defined in (3.5). For a set H C K
put

Eg=({f70): feF(H)}.
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The set Ey is a closed linear subspace of X. For an element 2z € K we abbreviate E .,
by F.. If z € H, then
Fy(H) € Fo(2) and E. C By .

If H is a face of K, then the inclusions
HCKNEy and H— H C Egy

are obvious. An example for H — H # Epy we get from 3.5.11 by setting H = r(z). In
this case H — H coincides with the line through 0 and z, and E'g is the plane through
0, z and (1,1,1)7.

The next two lemmata describe some properties of faces of a closed generating cone in
R™.

Lemma 3.5.12 Let K be a closed generating cone in R™ and let H be a face of K with
H — H = FEpy. Then H is an exposed subset of K.

Proof First notice that H = (H — H)N K. Indeed, if z = 21 — 29 > 0 with 21,29 € H,
then z1 > x > 0 and, since H is a face, x € H.

For € > 0 put S; = {x € R": dist(Eg,z) < €}. For the closed unit ball B in R"™ one
has

B=BnEy)U[B\ (] fHo]c®Bns)u [J B\F(0)

fEF(H) feFo(H)

which provides an open covering for B in the induced topology. Since B is compact we
get a finite covering, i. e. there exist functionals f; € Fy(H), i = 1,...,k, such that

k

k
BC (BnS)UJB\S(0) =BNS)U (B\()£0).
=1

i=1

This implies

k
BN () f71(0) CBNS.
=1

for every € > 0. Hence ﬂle f;l(O) C Epy and, since Epy is closed,
k
Ey=()f0).
i=1

Put g = %Ele fi and observe that ¢g~'(0) N K = Ey N K. Now, by assumption,
H=(H-H)NK=FEgNK=g10)NK, hence H is exposed. [J

For a face H of K an element z € H is a relative interior point of H, denoted z € ri(H),
if there is a number ¢ > 0 such that B(z,¢) N (H — H) C H. The smallest face G of K
that contains z is the set

G = {z € X: there is a number A > 0 such that 0 <z < Az} .
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This implies Fy(z) = Fy(G) and hence
E, =Eg . (3.29)

Lemma 3.5.13 Let K be a closed generating cone in R™, H a face of K and z € H.
Then the properties

(i) z eri(H),
(ii) H is the smallest face of K that contains z

are equivalent. If, in addition, every face of K is an exposed subset of K, then (ii) is
equivalent to the property

(i) H=KNE,.

Proof For the equivalence of (i) and (ii) see [Brg83, Theorem 5.6].

We show that (ii) implies (iii). Due to (3.29) we immediately get H C KNEy = KNE,.
Vice versa, since H is exposed, there exists a functional g € K’ such that H = ¢~} (0)NK.
From g(z) =0 we get g € Fy(z) and E, C g71(0). Hence KNE, C KNg1(0)=H.
Now we assume (iii) and show (ii). Let H = K N E, and let G be the smallest face of
K that contains z. The inclusion G C H is obvious. By assumption, G is exposed, i. e.
there exists a functional g € K’ such that G = g~1(0)N K. Since z € G we get g € Fy(z)
and E, C g71(0), hence HC KNg }(0)=G. O

Note that for a face H of K with dim(H) = n — 1 the set Fy(H) contains only one
element, say f, and f~1(0) = H — H. Furthermore, f~1(0) N K = H, hence H is
exposed. For example, if K is a closed generating cone in R? and every extreme ray of
K is exposed, then K has the property required in Lemma 3.5.13 that every face of K
is an exposed subset of K.

Next we deal with finitely generated cones in R™.

Lemma 3.5.14 Let K be a finitely generated cone in R™ that is generating. Then every
face H of K is exposed and H — H = Ey.

Proof The cone K has a base D with ext D = {1, 29,...,2,}, and K’ possesses a base
F with ext F' = {f1, fo, ..., fs} (for details see e. g. [PSW98]). If G is a face of K, one
has G = pos{z;,,...x;, } for some {iy,...,ix} C{1,...,r}, Fo(G) = co{fj,... f;} for
some {j1,...,5} C€{1,...,s} and G = f~}0) N K for

l
f:%ZmeeF

m=1
Hence every face of K is an exposed subset of K.

Now let H be a face of K, z € ri(H) and v € Ey \ {0}, we show v € H — H. Observe
that Fy(z) = Fo(H) C Fy(v). Since F'*(2) Next F is a finite set one has

b(z) =min{g(z): g€ Ft(z)NextF} >0.
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Put a(v) = max {|f(v)|: f € F}, then a(v) > 0 since K is generating and closed. We

get 1> Z%Z; > —1 for each g € F. Put

and w =z +¢ev

and note that € > 0. For every g € F*(2) Next F one has

Nl

)

g(w) = g(z) + &;)gg) > b(z) — &;) >0.

If g € Fy(z) then g € Fy(v), and we get g(w) = 0. Consequently, g(w) > 0 for every
g € F and, since K is closed, w € K. We conclude w € K N Ey and apply Lemma
3.5.13 and (3.29). Since every face of K is exposed we get w € KN E, = H. This yields

_w z
U—?—EEH—H,

and hence Fy = H — H. U

The next statement, which concerns circular cones in R", is straightforward.
Lemma 3.5.15 For a circular cone K in R™ every face H of K is an exposed ray.
Before we turn to the main theorem we provide a technical statement.

Proposition 3.5.16 Let E be a linear subspace of R™ and B: R" — R" a linear in-
vertible operator such that B(E) C E. Then Blg: E — E is surjective.

Proof Since B is invertible, it is surjective. Assume that B|g: E — E is not surjective.
Then dim F = k < n, and there is an element z7 € R" \ E such that Bx; € E. Put

Ey =span{FE,x}.

So, dim £} = k+ 1 and B|g,: E1 — Ej is not surjective. Either F; = R", or one can
continue analogously. Consequently, B is not surjective, which yields a contradiction. [

Theorem 3.5.17 Let K be a closed generating cone in R™. Let every extreme ray of K
be exposed, and for every face H of K with dim H > 1 let H — H = Ey. Furthermore,
let u € int K be fized and let B: R™ — R™ be an Ma-operator in (R™, K, ||-||). If Bu € K,
then B~ satisfies MP with respect to .

Proof Let B be an My-operator with Bu € K and suppose that B~! does not satisfy
MP with respect to u. Then there exists an element y > 0 such that for every functional
f € Fo(B~1y) follows f(y) = 0. Now the idea is to find a linear subspace E of R™ that
is invariant with respect to B, i. e. B(F) C E, such that v ¢ F and Bu € E. Then
Proposition 3.5.16 implies that there exists an element e € E such that Be = Bu. Since
B is injective we get a contradiction.

Put # = B~ly. Hence a(z) > 0. Due to Proposition 3.2.3 there exists an element
z € K such that = a(r)u — z and Fy(z) = F,(x). Note that z # 0, otherwise
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F = Fy(z) = Fo(x) C Fy(y) which contradicts y # 0. Let f € Fy(z). Since B is
a negative-off-diagonal operator, we get f(Bz) < 0. The condition Bu € K implies
f(Bu) > 0. Since 0 = f(y) = a(z)f(Bu) — f(Bz), f(Bu) > 0 and —f(Bz) > 0 one
has f(Bu) = f(Bz) =0 for every f € Fy(z). The set H = K N E, is a face of K with
r(z) € H and Bu € H. Consider the following cases:

(i) H =r(z). Since y € H one has Bz = a(x)Bu —y € H — H. If v is an arbitrary
element of H — H, then v = Az for some A € R and Bv = ABz, i. e. Bv belongs
to H — H. Hence the linear subspace £ = H — H of R" is invariant with respect
to B, furthermore Bu € E and, obviously, u ¢ E.

(ii) H # r(z). Lemma 3.5.12 and the assumption ensure that every face of K is
exposed. Hence, due to Lemma 3.5.13, the element z is a relative interior point of
H, i. e. there exists a number € > 0 such that B(z,e)N(H — H) C H. Furthermore
E, = Epy, and, by assumption, £, = H — H. Consider an element v € F, with
lv|| <e. We get ztv € B(z,e)NE, =B(z,e) N (H — H) C H and, in particular,
f(z+v) =0 for every f € Fy(z). Since B is a negative-off-diagonal operator one
has 0 > f(B(z £ v)) = f(Bz) £ f(Bv) = £f(Bv) and hence f(Bv) = 0 for each
f € Fy(z). This yields Bv € E,. Hence E = E, is an invariant linear subspace of
R™ with respect to the operator B with Bu € F' and u ¢ E. O

Lemma 3.5.14 implies the following consequence of Theorem 3.5.17.

Corollary 3.5.18 Let K be a finitely generated cone in R™ that is generating, let u €
int K and B: R™ — R™ an Ma-operator. If Bu € K then B~! satisfies MP with respect
to u.

Finally, we apply Lemma 3.5.15 and get the following statement.

Corollary 3.5.19 Let K be a circular cone in R™, let u € int K and B: R™ — R" an
Ms-operator. If Bu € K then B~ satisfies MP with respect to u.

The results of the thesis are summarized in the subsequent commentary.
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Commentary

Inspired by results on M-matrices, this text has investigated two classes of M-operators,
focussing on properties like satisfying certain maximum principles. This section aims to
give a short summary with some comments on the main results.

In the thesis certain types of operators on an ordered normed space have been considered.
We have investigated the class II1(K) of operators that dominate a multiple of the
identity, and the class X(K) of positive-off-diagonal operators. The notions M;- and
Ms-operator have been defined and investigated on an ordered normed space as two
different generalizations of the notion M-matrix.

An M;j-operator is dominated by a multiple of the identity, whereas an Ms-operator
is defined using the negative-off-diagonal property. Hence, the class of Mj-operators
is related to I (K), whereas the class of Mg-operators is related to 3(K). If in some
ordered normed space the classes I1;(K) and X(K) are equal, then the notions M;- and
Ma-operator coincide. Certain sufficient conditions have been listed which ensure that
the classes of operators II;(K) and ¥(K) are equal.

Even in the finite-dimensional case it is still an open problem to give a condition on
the underlying ordered space which is necessary and sufficient for IT; (K) and X(K) to
coincide. As a first step, other classes of ordered normed spaces than the ones listed in
Corollary 2.4.5 should be investigated to find sufficient conditions for IT;(K) and X(K)
to be equal. Moreover, the question arises for which ordered normed spaces the equality
(2.6) is valid.

As a second main topic we have dealt with certain maximum principles for operators on
ordered normed spaces. Inspired by the maximum principle for inverse column entries
and its generalizations in a finite-dimensional setting, we have considered the maximum
principles MP and SMP for positive operators on an ordered normed space, where the
cone has a non-empty interior. Here the question arises if it is possible to give profitable
definitions for maximum principles under a weaker assumption on the cone. The ideas
sketched in Section 3.1 could serve as a starting point.

For the introduced maximum principles geometrical characterizations have been stated.
These characterizations are necessary and sufficient for an operator to satisfy a maximum
principle, and provide a tool to show a maximum principle for a given operator.

For the sets of MP-operators and SMP-operators many desired structures fail. It could
be of interest if the sets MP(A) and SMP(A) for an operator A € L, (X), as defined in
Section 3.4, own a certain structure.
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Finally, the (positive) inverses of Mi- or Ms-operators have been investigated. Certain
sufficient conditions have been shown for these positive operators to satisfy MP or SMP.
For M;j-operators a technique has been developed which uses for an element of the
underlying space the link between its norm and its maximum value. For Ms-operators
conditions are established which use that the operator maps an interior point of the
cone into the cone (or its interior, respectively).

So, the inverses of M-operators own interesting properties in connection with certain
maximum principles, which leaves room for further investigations.
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Appendix A

A.1 Some Standard Notations

Let X be a real vector space. The linear (affine, convex) hull of a subset M of X is
denoted by span M (aff M, co M, respectively). Denote by dim M the dimension of the
linear subspace span M generated by M. For z € X \ {0} let r(z) = {A\z: A > 0} be
the ray generated by =x.

If (X, 1) is a topological space and M an arbitrary subset of X, then by int M and M
we denote the sets of all interior and boundary points of C, respectively. M (or, more
precisely, MT) denotes the closure of M.

Now let ||-|| be a norm on X. For z € X and r > 0 let
B(z,r)={ve X: [[z—v|| <r}

be the closed ball centered at x with radius r. We abbreviate B(0,1) by B and denote
the closed unit ball in the dual space X’ by B’. Let M C X be a convex set; an element
x € M is a relative interior point of M, written x € ri M, if x is an interior point of M
in aff M, i. e. if there is a number r > 0 such that

B(z,r)nafft M C M.

L(X) denotes the vector space of all linear continuous operators A: X — X, where
I: X — X, z — z, denotes the identity operator. If M C X and A € L(X) is such that
Al e L(X), then

A(int M) =int A(M) . (A.1)
Indeed, one has A(int M) C A(M), and A(int M) is open since A~! is continuous, so
A(int M) C int A(M). On the other hand, A~!(int A(M)) € A~*(A(M)) = M, and
A~Y(int A(M)) is open since A is continuous, so A~!(int A(M)) C int M and hence
int A(M) C A(int M).
A bilinear system is denoted by (X,Y), i. e. X and Y are real vector spaces and

(,): X xY —>R

is a bilinear form.
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If X =Y = R" then we use (-,-) for the standard dot product, i. e. for vectors
r=(21,...,2,)" and y = (y1,...,yn)? we have

n
(2,y) = Z TiYi -
i=1

As usual, N = {1,2,...} denotes the set of all natural numbers, and RY is the vector
space of all real sequences on N. The space RY is ordered by the cone

RY = {(z:)ien: 7, >0 for all i € N}.
Definition A.1.1 A linear subspace X of RN that contains the space of finite sequences

@ = {(zi)ien: x; # 0 for at most finitely many i}
is called a sequence space, where X is ordered by the cone X = X N ]RIE.
Example A.1.2 The real sequence space
loo = {(%i)ien: (zi)ien is bounded}

is equipped with the supremum norm

[#]loc = sup || for z = (2;)ien € loo -

1€N
The sequence spaces
c={(zi)ien: (x;)ien converges} and co = {(z;)ien: Zlirélo x; =0}

are linear subspaces of l,. The sequence space
o0
b ={()ien: Y |al’ < oo},
n=1
where 1 < p < 00, is equipped with the norm

Izl = O )P for @ = (2:)ienw € 1P

n=1
The spaces l«, ¢, ¢, I, are Banach spaces. The space ¢ can be considered as a subspace

of I, for a certain p € [1,00], where ¢ is not a Banach space.

Let (X, ||-||) be a Banach space that has a Schauder basis (b7));cp, i. e. for each z € X
there is a unique sequence (z;);en of real numbers such that

o0

T = ijb(j) , (A.2)

J=1
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A.1. SOME STANDARD NOTATIONS

where the series converges in norm. In what follows, we list some results given in [LT96,
Sections 1.a, 1.b]. For each n € N the natural projection

PM. X 5 X,z Zn:ij(j),
j=1

is a linear continuous operator, where sup{||[P™||: n € N} < cc.
Definition A.1.3 The constant

s = sup{|[P™]: n € N}
is called the basis constant associated to the Schauder basis (b0)) jEN-
For each j € N the mapping

f(j):X—>R,w»—>xj, (A.3)

is well-defined, linear and continuous, where

For all ¢,j € N one has

1 ifi=j

0 otherwise ’ (A-5)

FO@DY = 50y, = {
i. e. f9 is biorthogonal.

Definition A.1.4 The Schauder basis (b)) ey of the Banach space X is called shrink-
ing, if for every f € X’ one has

m || flspan(s : jen, jznpll = 0-

n—~oo

Proposition A.1.5 The sequence (f9))jen C X' defined according to (A.3) is a Schauder
basis of X' if and only if the Schauder basis (b(j))jeN of X is shrinking.

In this case, for f € X’ one has the representation

oo

F=> FO)r, (A.6)

=1

where the sequence converges in the dual norm.
Let A € L(X) and define an infinite matrix (a;;); jen by means of

ai; = fO(AYD) = (ApD); for all i,j €N, (A7)
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A.2. EXTREME SUBSETS

Observe that for every i € N one has
jaii| = [FOCALD) < [ FD (1AL 6D < 25]|A] (A.8)

due to (A.4). For z € X one gets

192 = S ag @) = 179 (e) = 3 FO (4 0 )
j=1

=1

n
= 1fOAz) = Oy FO @)
j=1
< IFONIAl e = Dz
j=1

which converges to 0 as n — co. So,

) [ee]

(Az); = fO(Az) =) agz;. (A.9)
j=1

Clearly, if A =1, then (A.5) and (A.7) imply

(1 ifi=j
a”_{ 0 otherwise - (A.10)

A.2 Extreme Subsets

Let X be a real vector space and let M be a non-empty convex subset of X. A non-
empty subset £ C M is called an extreme subset of M if E is convex and for every
y,z € M with Ay + (1 — X\)z € E for some X\ € (0,1) one has y,z € E. The following is
straightforward.

Lemma A.2.1 If Fy and Fo are extreme subsets of M such that E1 N FEy # &, then
E1 N Es is an extreme subset of Ef.

An element z € M is an extreme point of M if {z} is an extreme subset of M. The set
of all extreme points of M is denoted by ext M. Obviously, x € M belongs to ext M if
and only if x = Ay + (1 — \)z implies x = y = z whenever y,z € M and A € (0,1). For
the next statement see [Wer02, Lemma VIIL.4.2].

Lemma A.2.2 Let M be a non-empty convex subset of X. If 1 is an extreme subset of
M and E5 is an extreme subset of 1, then Es is an extreme subset of M. In particular,
extE1 = E1 Next M.
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A.3. OPERATOR SEMIGROUPS

Now let (X, 7) be a real locally convex Hausdorff space and let M be a non-empty convex
compact subset of X. The KREIN-MILMAN Theorem guarantees both the condition
ext M # @ and the representation

M =" (ext M) . (A.11)

Here @7 (N) denotes the 7-closure of the convex hull of a subset N C X. Let E be a
compact extreme subset of M. Due to (A.11) and Lemma A.2.2 we have

E = (ext E) = @ (E Next M) . (A.12)

Now consider a real continuous functional f defined at least on M. Due to the WEIER-

STRASS Theorem we know that f achieves its maximum and minimum values on M.
Let

ap(f) =max{f(x): € M} and By (f) = min{f(z): x € M}. (A.13)

Denote the set {x € M: f(x) = apn(f)} of all maximizers by M, (f) and, analogously,
the set {x € M: f(x) = Bum(f)} of all minimizers by Mg(f). My(f) and Mg(f) are
non-empty compact sets [AB99, Theorem 2.40].

Now, in addition, let f be linear. Then M,(f) and Mg(f) are extreme subsets of M
[AB99, Lemma 5.113]. Every compact extreme subset of M contains an extreme point
of M [AB99, Lemma 5.114]. This yields the statement of the BAUER maximum principle
that f attains its maximum on M at an extreme point of M, hence

apy(f) =max{f(x): z €ext M} and Bp(f) =min{f(z): z €cextM}. (A.14)
Combining these statements with (A.12), we get the following.

Proposition A.2.3 Let (X, 1) be a real locally conver Hausdorff space, M a non-empty
convexr compact subset of X and f a real linear continuous functional on X. Then the
sets Mo (f) and Mg(f) are non-empty compact extreme subsets of M, they contain
extreme points of M and can be represented as

Ma(f) = @7 (Ma(f) Next M) and Mp(f) =& (Mps(f) N ext M)

A.3 Operator Semigroups

Even if in the text only operator semigroups are considered that have a continuous
generator, we survey some facts that hold in a more general setting.

Let (X, ||-||) be a real Banach space and {T'(t)}:+>0 a semigroup of continuous linear
operators on X, i. e.

T(s+1t)=T(s)T(t) forall s,t>0.
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A.3. OPERATOR SEMIGROUPS

{T'(t) }+>0 is called strongly continuous or a Cy-semigroup if t — T'(t) is continuous with
respect to the strong operator topology of L(X), i. e.

ltilrgl IT(t)xr —x|| =0 forall z € X.

For a given Cy-semigroup {T'(¢)}+>0 the operator A: X D D(A) — X with
D(A) ={z e X: ltiﬁ)l M exists } and

Az =1lim U2 for all 2 € D(A)
t10

is called its generator. The existence of a non-trivial generator for every Cp-semigroup
is a basic fact from the theory of Cpy-semigroups. The domain D(A) is then a dense
linear subspace of X and A is a linear closed operator. For every ¢ > 0 the operator
T(t) leaves D(A) invariant, and AT(t)x = T'(t)Ax for all x € D(A). For every x € D(A)
the mapping u : Ry — X, given by

u(t) =T(t)x, t >0,

is differentiable on [0,00). Moreover, u is the unique solution to the abstract Cauchy

problem
Dl — Au(t), t>0, u(0) = 2.

For an operator A € L(X) let
o0
etA tkAk

- Kl
k=0

where {etA}tZO is a Cp-semigroup with generator A. This semigroup is even uniformly
continuous, i. e.

lim ||t — I|| = 0.
t10

Let (X, K, ||-||) be an ordered Banach space. A semigroup {7'(¢)}+>0 of continuous linear
operators is called positive if T'(t) > 0 for all ¢ > 0.

Definition A.3.1 A linear operator A: X O D(A) — X is called resolvent positive if
there is vg € R such that (v, 00) C p(A), and the resolvent operator

R(v,A) = (vI — A)~!
is positive for all v > vy.

If A is the generator of the Cy-semigroup {1(t)}+>0, then the type (or growth bound)
w(A) is defined by means of

w(A) =inf{v € R: there is M > 1 such that ||T(t)|| < Me"* for all t > 0} .
Let A be resolvent positive and denote
s(A) =inf{v € R: (v,00) C p(A) and R(v,A) > 0}.
One has s(B) < w(B) < oo, but s(B) # w(B) is possible, see e. g. [GVWS81], [Wol80].
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Proposition A.3.2 [CHA'87, Proposition 7.1] Let (X, K, ||-||) be an ordered Banach
space where K is closed, let {T'(t)}i>0 be a Co-semigroup and A its generator. Then
{T'(t) }+>0 is positive if and only if A is resolvent positive.

In the next statement we need the Definition 2.1.4 of a positive-off-diagonal operator,
where the according linear subspace of X is D = D(A).

Proposition A.3.3 Let (X, K, ||-||) be an ordered Banach space, {T'(t)}+>0 a Co-semigroup
and A its generator. If {T(t)}+>0 is positive, then A is positive-off-diagonal.

Indeed, let x € D(A) N K and f € K’ with f(z) = 0, then one has

— T SO —f (@) _ ;. [(T(B)z)
f(Az) = ltllrg# = lglr(r)l% >0.
An example of an (unbounded) operator A which is positive-off-diagonal, but generates a

semigroup of continuous operators which is not positive, is given e. g. in [Are86, Section
3.

Proposition A.3.4 [CHA'87, Theorem 7.27] Let (X, K,|||) be an ordered Banach
space with a closed cone K and int K # @&, and let {T'(t)}i>0 be a Cy-semigroup with
generator A. Then {T'(t)}+>0 is positive if and only if A is positive-off-diagonal.
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