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ABSTRACT

In this thesis we develop the theory of mixed lattice structures, which are partially
ordered algebraic systems (semigroups, groups or vector spaces) with two partial or-
derings. These two orderings are linked by mixed lattice operations which resemble
the join and meet operations of a lattice but, unlike join and meet, the mixed lattice
operations are neither commutative nor associative. A mixed lattice structure is a gen-
eralization of a lattice ordered structure in the sense that if the two partial orderings
coincide then the resulting structure is a lattice.

We study several aspects of the mixed lattice theory. A generalization of the theory
of vector lattices is developed by investigating how some of the fundamental concepts
and the structure theory of vector lattices can be extended to mixed lattice structures.
We introduce a fundamental classification of mixed lattice groups based on the prop-
erties of their orderings. We define the upper and lower parts of elements and derive
various related identities and inequalities. Next we introduce the notions of ideals and
bands in a mixed lattice space and prove several fundamental results related to these
concepts. We then begin a study of the structure theory by investigating the notion of
disjoint elements and the related decomposition of mixed lattice spaces into a direct
sum of complemented bands.

In addition to the algebraic theory, we also study topologies on mixed lattice
spaces. As our main result we present a characterization of compatible topologies
on mixed lattice spaces and study the fundamental properties of such topologies. Ap-
plications to functional analysis and convex analysis are also presented. Finally, we
introduce a generalization of a mixed lattice structure and show how such structure

arises in convex analysis in the context of the cone projection problem.
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1 INTRODUCTION

Various kinds of partially ordered structures appear in many branches of pure and
applied mathematics, and partially ordered vector spaces are of particular importance
in the field of mathematical analysis. The most important special case of a partially
ordered vector space is a vector lattice, also known as a Riesz space. In this thesis,
we study vector spaces with two partial orderings. These spaces have certain lattice-
type properties, and they generalize the notion of a Riesz space. In this chapter, we
first give a brief historical background of the subject, after which we outline the main

research questions and objectives of this thesis.

1.1 Historical background

The development of the theory of vector lattices is generally recognized as having
initiated by F. Riesz at the Bologna International Mathematical Congress in 1928. Be-
cause of this, vector lattices are commonly called Riesz spaces. Riesz studied linear
functionals on partially ordered spaces of continuous functions, and his investigations
were a part of functional analysis, which was then new and rapidly developing branch
of mathematics. The theory of Riesz spaces was further developed during the 1930s,
most notably by Riesz, H. Freudenthal, and the Soviet school led by L. Kantorovich.
Significant contributions to the theory were also made by a group of Japanese mathe-
maticians led by H. Nakano during the 1940s, and the first monographs on the subject
were written in the 1950s [24, 27, 12] (the last cited book is a later English transla-
tion of the original book written in Romanian). Other important research groups that
focused on partially ordered spaces were those led by M. H. Stone (United States),
H. Schaefer (Germany) and A. Zaanen (Netherlands). At the same time, other more
general partially ordered algebraic structures (such as groups and semigroups) were
studied by many different authors. Some of these developments can be found in the

monographs [9] and [19].
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Riesz spaces were originally studied as part of functional analysis but according
to Schaefer [32], the rapid development of functional analysis caused the theory of
Riesz spaces to gradually become more of a specialized theory that existed in its own
right, rather than an integral part of functional analysis. Nevertheless, the theory
and methods of partially ordered spaces were frequently applied in different areas of
pure and applied mathematics, such as operator theory [2], theory of measure and
integration [18], approximation theory [32], optimization [25] and economics [1, 3].
In addition, several monographs on different aspects of the theory of ordered spaces
have been written [21, 26, 30, 33, 34, 35]. Today, the theory and applications of Riesz
spaces and some of their generalizations remain an active area of research. For an
example of these more recent developments, we refer to [23].

Potential theory, which studies the properties of harmonic functions and their gen-
eralizations, was one of the mathematical disciplines that began to make use of the
Riesz space methods. Using two distinct partial orderings in a vector space turned out
to be a fruitful idea in the context of potential theory [14]. Initially the two orderings
were considered separately but these ideas eventually led to the development of the
theory of mixed lattice structures, in which the two orderings are intimately related
through asymmetric operations that resemble the join and meet operations of a lattice.
This theory is a generalization of the Riesz space theory, and also the topic of this
thesis.

The theory of mixed lattice semigroups was developed by Maynard Arsove and
Heinz Leutwiler, mainly during the 1970s, in connection with an axiomatic treatment
of potential theory. Their goal was to find a suitable mathematical framework in
which the essential concepts and ideas of classical and axiomatic potential theory
could be formulated in a purely algebraic way. They published their theory in a series
of research articles [4, 5, 6, 7], and a monograph [8], in which they presented the
algebraic theory of mixed lattice semigroups. Their work resulted in a unified theory
which generalized some of the earlier axiomatizations of potential theory, such as
the theory of cones of potentials, developed by Mokobodzki and Sibony (see [8] and
references therein), and the theory of A-cones developed by the Romanian group of
mathematicians, Boboc, Bucur and Cornea [10]. These theories can be regarded as
special cases of the Arsove—Leutwiler theory.

The main difference between these earlier developments and the Arsove—Leutwiler

theory is that the former are formulated in Riesz spaces, or vector lattices, while the
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latter theory is built around a different type of algebraic structure, called a mixed
lattice semigroup, which is a positive additive semigroup with two distinct partial or-
derings. Although the idea of equipping a vector space with two partial orderings
had appeared in the literature much earlier, the distinguishing feature of mixed lattice
semigroups is that the two partial orderings are mixed together and their interaction
gives rise to a rather intricate mathematical structure. The usual symmetrical upper
and lower envelopes (that is, the supremum and the infimum) of Riesz space theory
are replaced by unsymmetrical mixed” envelopes which are formed with respect to
the two partial orderings. If the two partial orderings are identical, then the mixed
envelopes become the ordinary supremum and infimum, and the structure is thus re-
duced to a lattice ordered semigroup. In this sense, the mixed lattice semigroup can
be viewed as a generalization of a lattice ordered semigroup.

As the basic theory of mixed lattice semigroups had been extensively developed,
it would seem natural to consider the mixed lattice structure also in groups and in
vector spaces. Interestingly, Arsove and Leutwiler did not extend their study in this
direction. In fact, they only briefly mentioned the possibility of extending the theory
of mixed lattice semigroups to a group setting in [8], while adding that “’there is no
assurance that the mixed lattice structure can be carried over to this group [of formal
differences]”. It wasn’t until 1991, when Eriksson—-Bique studied group extensions
of mixed lattice semigroups in [16], and showed that most of the basic properties of
a mixed lattice semigroup are indeed preserved in such extensions. Later, in 1999,
Eriksson—Bique gave a more general definition of a mixed lattice group in [17], and
discussed their fundamental structure and algebraic properties. However, after these
initial studies the research on the subject has been virtually nonexistent, and conse-
quently, the theory of mixed lattice groups and vector spaces has remained relatively

unexplored.

1.2 Research objectives

The purpose of this thesis is to initiate a systematic study of mixed lattice spaces
and other related structures. Below we outline the most important research objectives
of this thesis.

1. Introducing the most natural generalizations of the various fundamental no-
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tions of vector lattice theory in the mixed lattice setting

The main theme of this dissertation is to develop the basic theory of mixed lattice
groups and vector spaces, and to examine to what extent the theory of lattice ordered
groups and vector lattices can be generalized to the mixed lattice setting. In order
to obtain such generalization, the first step is to introduce appropriate definitions that
provide the most natural generalizations of certain basic concepts in the theory of vec-
tor lattices. These include the absolute value of an element and the decomposition of
elements into positive and negative parts. Some other closely related important con-
cepts in the study of vector lattices are ideals, homomorphisms and quotient groups.
Finding the most natural definitions for all these concepts in mixed lattice structures
is not really an obvious or a trivial task. The main difficulty in generalizing certain
aspects of Riesz space theory to mixed lattice structures is the fact that the mixed
lattice operations are not commutative, associative or distributive, unlike the opera-
tions of supremum and infimum in Riesz spaces and lattice ordered groups. Because
of this, many aspects of the vector lattice theory cannot be generalized to the mixed
lattice setting in a very straightforward way. These fundamental questions are studied
in [P1], and they are further developed in [P2].

2. Development of the basic structure theory

Ideals are the main building blocks of vector lattices, and consequently ideal the-
ory plays a central part in the study of the structure of vector lattices. One of the
fundamental problems here is the decomposition of vector lattices into disjoint bands.
Such decomposition can be given in terms of band projections. This problem is quite
similar to the decomposition of Hilbert spaces into a direct sum of a closed subspace
and its orthogonal complement, and the associated projection operators that give the
corresponding decomposition for each element. The main difference is that in vector
lattices, the notion of “orthogonality” is defined in terms of the partial order, and the
closed subspaces are replaced by order-closed ideals (which are called bands), but the
basic properties of such decompositions are similar in both settings. In a mixed lat-
tice space, the question of existence of this kind of decompositions and the associated
projections becomes a bit more complicated issue, again due to the non-commutative

nature of the mixed lattice operations. Before tackling these problems, some addi-
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tional properties of ideals must be established, a suitable definition of a band must be
given, and the disjoint complements must be properly defined. These questions are

investigated in [P2].

3. Developing the basic topological theory

The preceding discussion is focused on algebraic theory, but there are other as-
pects of the theory of mixed lattice structures that can be studied. From the analysis
perspective, it is important to investigate the topological properties of mixed lattice
structures. The theory of topological Riesz spaces, and more generally, topological
ordered spaces, is well-developed and there is a vast literature devoted to these topics
[1, 13, 18, 21, 30]. As mixed lattice spaces are simply ordered vector spaces with two
partial orderings, we may ask if it is possible to apply the ideas from these known
theories (with suitable modifications) to develop a topological theory of mixed lattice
spaces. For ordered topological vector spaces, there are well-known conditions under
which the topological structure of a vector space is compatible with the order struc-
ture. In particular, the well-known theorem due to G. T. Roberts and I. Namioka gives
a characterization of compatible topologies on vector lattices. Can we find similar
characterization of compatible topologies on a mixed lattice space? The most natural
first step in developing a topological theory of mixed lattice structures is to introduce
these compatibility conditions and study their immediate implications. This is the

main topic of [P3].

4. Exploring potential applications

Whenever a new type of mathematical object is defined and studied, it is natural
to ask whether it has any potential applications to motivate its study. Although the
mixed lattice theory has its origins in potential theory, different mixed lattice struc-
tures appear not only in the context of potential theory, but also in analysis, algebra,
probability theory, and convex analysis and its applications. Various examples of
these are given in articles [P1], [P2], [P3] and [P4]. In this thesis, we focus on a cou-
ple of selected applications from convex analysis and optimization theory. Moreover,
in functional analysis, mixed lattice spaces provide a natural setting for the study of

asymmetric norms and their vector-valued generalizations. These topics have been an
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active area of research during the last couple of decades, and they are also discussed
in [P3] and [P4].

1.3 The structure of the thesis

This thesis consists of four research articles, each of which explores different aspects
of the theory of mixed lattice structures, as described in the preceding section. Article
[P1] can be viewed as a general introduction to the theory of mixed lattice structures,
as several fundamental definitions and basic properties are given there. Article [P2]
focuses on the structure theory of mixed lattice spaces, in particular, the ideal the-
ory. Article [P3] is dealing with topological aspects of mixed lattice theory, while
[P4] presents some applications of mixed lattice structures in convex analysis and
optimization theory.

The rest of the thesis is structured as follows. In Chapter 2 we give a short re-
view of the fundamentals of the theory of vector lattices and mixed lattice structures.
Chapter 3 presents the main results of the thesis. In the final chapter we make some

concluding remarks and suggestions for future research.
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2 MATHEMATICAL BACKGROUND

In this chapter, we collect the necessary definitions and basic results from the the-

ory of vector lattices (Section 2.1) and mixed lattice structures (Section 2.2).

2.1 Riesz spaces and lattice ordered groups

The purpose of this thesis is to generalize the theory of Riesz spaces and lattice or-
dered groups to the more general mixed lattice structures. To compare the correspond-
ing theories and results, we will first give a short overview of the basic definitions and
theorems of Riesz spaces and lattice ordered groups. For proofs of the theorems in
this section we refer to [21] and [26].

2.1.1  Basic concepts

Definition 2.1.1. Let G be a commutative additive group and < a partial order on
G. Then G is called a partially ordered group if the following condition holds for all
%y € G:

(i) Ifx <y thenx+z<y+zforeveryzeG.

A lattice ordered group is a partially ordered group G, which is a lattice, that is, the
elements x V y = sup{x, y} and x A y = inf{x, y} exist for all x, y € G.
A real vector space E together with a partial order < is called an ordered vector space,
if the following conditions hold for all v, y € E:

(1) Ifx <y thenx+z<y+zforeveryzelkL,

(i) Ifx <y, then ax < ay for every real number z > 0.

A Riesz space (or a vector lattice) is an ordered vector space £, which is a lattice, that

is, the elements x V y = sup{x, y} and x A y = inf{x, y} exist for all x, y € E.
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We also recall that a subset K of a vector space is called a cone if (i) tK C K for
allz >0, (ii)) K+K C K and (iii)) K N (—=K) = {0}. For any cone X in a vector
space there is an associated partial ordering defined by x < y iff y —x € K. In this
case, K is called the positive cone for the ordering <.

We will now introduce some additional basic concepts together with various results
that hold in all Riesz spaces and lattice ordered groups. The results will be formulated
for Riesz spaces, but those that make no use of the scalar multiplication hold in lattice

ordered groups as well. In most cases, the proofs are also the same.

Definition 2.1.2. Let £ be a Riesz space. Define x* = xVv 0, x~ = (-x) V0 and
|x| = x vV (—x). The elements x*, x~ and |«| are called the positive part, the negative
part and the absolute value of x, respectively. The set E, = {x € E : x > 0} is called

the positive cone of E. If A is a subspace of £ then we define 4, = 4 N E,.

A partially ordered space E is a Riesz space if and only if x* (or equivalently, x™)
exists for all x € E.
The next theorem lists some basic facts about positive and negative parts and the

absolute value.

Theorem 2.1.3. The following hold for all elements x and y of a Riesz space E:
(a) xx"€Er , xt=(—x)" , x =(—x)7" and |x|=|-x«]

(b) |lx||=1x|, |x|=x ifandonlyif x>0, and |x|=0 ifandonlyif x=0
(c) lx|=xt+x" =x" V&~

(d) x=x"—x"

(e) xtAx~ =0

(f) xVy+xAy=x+y

(8) xVy-xAy=lx-)l

(h)  2(xVy)=x+y+|x—yl

(i) (x+p*<xt+y" , (x+y)” <x"+y and |x+y| < |x|+ ]yl

() Ifx=wu—-vanduANv=0, thenu=x"andv = x".
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2.1.2  Riesz subspaces, ideals and bands

Subspaces with special order-related properties play an important role in the theory of

Riesz spaces.

Definition 2.1.4. Let £ be a Riesz space. A subspace F C E'is called a Riesz subspace
ifxVye Fandx Ay € F wheneverx, y € F. A subset 4 C E is called full, or order-
convex, if x,y € Aand x < z < yimply z € 4. A subset 4 C E is called solid, if x € 4
and |y| < |x| imply y € 4. A solid subspace is called an ideal. Anideal / C E is called
a band if sup 4 € I whenever 4 C I and sup 4 exists in E.

Every ideal is a Riesz subspace. A subspace [ is an ideal if and only if 7 is an order-
convex Riesz subspace. The sum of two ideals is an ideal, and an intersection of Riesz
subspaces, ideals, or bands is again a Riesz subspace, an ideal, or a band, respectively.
As a consequence, the set of all ideals of a Riesz space is itself a distributive lattice,
where the lattice operations are taken as the intersection and the sum of ideals.

A subset 4 of a Riesz space E is called upwards-directed if for every x,y € 4
there exists an element z € 4 such that x < z and y < z. Bands have the following

characterization.

Theorem 2.1.5. Let U be an ideal of a Riesz space E. The following conditions are

equivalent.
(a) U is aband.
(b) supA € U whenever A is a subset of U, such that sup A exist in E.

(c) supAd € U whenever A is an upwards-directed subset of U, such that sup A exist
in E.

A vector lattice £ is called Archimedean if nx < y for all » € N implies that x < 0.
Two elements x and y of a vector lattice £ are called disjoint if |x| A [y| = 0. If 4 is
any non-empty subset of £ then the set A = {y € E : x| A [y| = 0 forallx € 4} is
called the disjoint complement of A. The disjoint complement of any non-empty set is
aband in E. The inclusion 4 C (A4*)* always holds. If B is a band in an Archimedean
vector lattice then B = (B+)*. A band B is called a projection band if E has the direct
sum decomposition £ = B@® B*. In this case, every x € E has a unique decomposition

x = u+vwhere € Band v € B-. The elements # and v are called the components
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of x and they are given by the projection P : E — B, which is an idempotent positive

linear operator such that # = Px and v = (/ — P)x.

Definition 2.1.6. Let £ and F be Riesz spaces. A linear mapping 7 : £ — Fisa
Riesz homomorphism if T(xVy) = TxV Ty and T(xAy) = Tx ATy forallx,y € E.

A bijective Riesz homomorphism is called a Riesz isomorphism.

If 7" is a Riesz homomorphism then 7" is increasing, that is, x < y in E implies
Tx < Tyin F. The kernel of a Riesz homomorphism is an ideal in £, and the set 7'(£E)
is a Riesz subspace of F.

Homomorphisms and quotient spaces are closely related, and in case of a Riesz

space E, the quotient space E/I will also be a Riesz space if 7 is an ideal in E.

Theorem 2.1.7. If I is an ideal in a Riesz space E, then E /I is a Riesz space, and the

canonical projection x — x| is a Riesz homomorphism whose kernel is I.

2.2 Algebraic mixed lattice structures

As stated in Chapter 1, mixed lattice structures are partially ordered structures
(semigroups, groups or vector spaces) with two partial orderings. We now introduce
these partial orderings before giving the definition of a mixed lattice semigroup, which
is due to Arsove and Leutwiler [8].

Let (S, + <) be a positive partially ordered Abelian semigroup with zero element.
That is, we require that » > 0 for all » € §, and » < v implies » + w < v + w for all

w € S. In what follows, we will also assume that the cancellation law
u+w<v+w = u<lv 2.2.1)

holds in S. This partial order < is called the initial order. Furthermore, the semigroup

S itself induces another partial ordering, called the specific order, and it is defined by
u<v & v=u+w forsomew €S (2.2.2)

Now (S, + <, <) is a positive partially ordered semigroup with respect to two par-
tial orderings < and <, both satisfying (2.2.1).

With these two partial orders < and < we define the mixed lower and upper en-
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velopes

uNv=max{weS: w<xu and w<v}

and
uwV v

min{weS: wru and w>v},

respectively, where the minimum and maximum are taken with respect to the initial

order <, whenever they exist.

Definition 2.2.1. Let (S, + <, <) be a partially ordered Abelian semigroup with zero
element and two partial orders < and < such that » > 0 for all # € § and (2.2.1) holds
in S, and < is given by (2.2.2). If the mixed upper and lower envelopes # 7 v and
u Nvexistin S for all #, v € S, and they satisfy the identity

uVo+oiXu=u+v (2.2.3)

then (S5, + <, <) is called a mixed lattice semigroup.

The following basic properties hold in a mixed lattice semigroup (see [8], Section

2).
rNysxsxVyad x Ny<y<xVy (2.2.4)
xxy = x<y (2.2.5)
XVy+yNx =x+y (2.2.6)

2+xVy=((x+2)V (y+z) and z + x Ny = (x+2) N(y+2) 2.2.7)

x<uand y<v = xVy<uVooand x Ny <u Nv (2.2.8)
X<y & yVix=y & xANy=x 2.2.9)
XXy &= xVy=y & yANx=x (2.2.10)
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x=xy = zVaxxzVyand z Ny <2z Ny (2.2.11)

n<syx<szand u<xy<sz = xVy<zand z<xx Ny (2.2.12)

The following definition of a mixed lattice group was given by Eriksson-Bique in
[17].

Definition 2.2.2. Let (G, +, <, <) be a partially ordered Abelian group with respect to
two partial orders < and <. If the mixed lower envelope x O\ y exists for all x, y € G,

then (G, + <, <) is called a mixed lattice group.

It should be emphasized that in Definition 2.2.2, < and < are any two partial
orderings compatible with the group structure. This definition clearly shows that a
lattice ordered group is a special case of a mixed lattice group. Indeed, if the two
partial orderings < and < are chosen to be identical, then the mixed lattice group
reduces to an ordinary lattice ordered group.

Eriksson—-Bique has also shown that every mixed lattice semigroup S can be ex-
tended to a group of formal differences of elements of S and the mixed lattice structure
is preserved in this extension [16, Theorem 3.2].

The essential property of a mixed lattice group G is that the group operation is
distributive over the mixed envelopes, that is, the following identities hold for all
x%%2€G.

(xVy)+z=(x+2)V (y+2) (2.2.13)

(xXNY+z=(x+2) N(y+2) (2.2.14)

These imply that the identity (2.2.3) also holds in every mixed lattice group. The
above identities were proved in [16, Lemma 3.2].
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3  RESULTS

In this chapter, we present the most important results of the articles [P1]-[P4]. The
chapter is divided into three sections, each of which covers different aspects of the

theory of mixed lattice structures.

3.1 Structure theory of mixed lattice spaces

In paper [P1] we establish the foundations for a systematic study of algebraic
mixed lattice structures by introducing fundamental definitions and concepts that gen-
eralize various notions from the theory of vector lattices and lattice ordered groups.
These include concepts such as the positive and negative parts of an element, absolute
values and certain substructures that play an important role in the theory. The article
[P2] is a continuation of the work that started in [P1]. In [P2], the ideal theory is
studied in much greater detail, and the important notion of a band is also introduced.
These concepts are then used to study the direct sum decompositions of mixed lattice
spaces, where the components are bands (i.e. ideals with certain order-completeness

properties).
3.1.1  Fundamental definitions and basic properties

The definition of a mixed lattice space is introduced by the author in [P1] as follows.

Definition 3.1.1. Let (7] <, <) be a partially ordered real vector space with respect
to any two partial orders < and <. If the mixed upper and lower envelopes x O\ y and
x 7V yexist forall x, y € V, then (V; <, %) is called a mixed lattice vector space. The

partial orderings < and < are called initial order and specific order, respectively.

We will use the notation V, = {x € V' : x = 0} for the set of (<)-positive
elements of V. If 4 is a subspace of V" then we define 4, = 4 N V;,. We will also
use the following terminology. If G is a mixed lattice group then a sub-semigroup §
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of G, is called a mixed lattice sub-semigroup of G if 0 € § and the elements x )\ y
and x 7/ y belong to S for all x, y € §. This definition is equivalent to the statement
that M = (S, <, <) is a mixed lattice semigroup (with the partial orderings < and <
inherited from G) and the mixed envelopes x " y and x O\ y in M are the same as in
G forall x,y € S. If V' is a mixed lattice space and C is a cone in V, then C is called
a mixed lattice cone if x O\y and x 7 y belong to C for all x, y € C.

In mathematical theories, whenever different kind of mathematical structures or
objects are combined, it is usually required that the combined structures are somehow
connected because otherwise the resulting theory would be too general to yield any
useful results. In the case of mixed lattice theory, it is reasonable to require the two
partial orderings to be connected in some way. In [P1] we introduce a classification
of mixed lattice groups into regular, quasi-regular and pre-regular cases. Roughly
speaking, this classification represents how strong the relationship between the two
partial orderings is, and it enables us to isolate those properties that are essential

assumptions for various results presented in this thesis.
Definition 3.1.2. Let G be a mixed lattice group.
(1) Gis called pre-regular if x < y implies that x < y in G.

(ii) G is called quasi-regular if the set S = {w € G : w » 0} is a mixed lattice

subsemigroup in G.

(iii) G is called regular if it is quasi-regular and the set S defined above is generating,
thatis, G=S5-S8.

In the above classification, it is obvious that regularity implies quasi-regularity,
and in this thesis we show that quasi-regularity implies pre-regularity [P1, Theorem
2.10]. Moreover, G is quasi-regular if and only if the property (2.2.12) of mixed lattice
semigroups holds in G ([17, Theorem 2.7]).

In article [P2] we prove some important additional basic properties of quasi-regular
mixed lattice groups. Perhaps the most fundamental of these properties is the follow-

ing (here G is a quasi-regular mixed lattice group):

r<y = zAXhx=xzANy forall ze€ G 3.1.1)

The property (3.1.1) is crucial for many results that follow, and consequently,

only quasi-regular mixed lattice spaces are considered in [P2]. Incidentally, it can
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be shown that (3.1.1) is equivalent to the property (2.2.12) that characterizes quasi-
regular mixed lattice groups. This is shown in [22].

Another fundamental result discussed in [P2] is the following mixed lattice ver-
sion of the Riesz decomposition property [P2, Theorem 3.8], which is crucial for the

subsequent development of the ideal theory.
Theorem 3.1.3. Let G be a quasi-regular mixed lattice group.

(a) Letu =0, v; = 0 and v, = 0 be elements of G satisfying u < vy + v,. Then there
exist elements u; and uy such that 0 < w1 < v, 0 < ur < vy and u = uy + uy.

Moreover, if vy = 0 then uy = 0, and if u <X vy + v, then uy <X v;.

(b) Letu > 0, vy = 0 and v, > 0 be elements of G satisfying u < vy + vo. Then there
exist elements u; and u, such that 0 < uy < v, 0 < ur < vy and wu = uy + uy.

Moreover, if u = 0 then uy = 0.

Next we introduce the generalized absolute values and the representation of ele-
ments as differences of the upper and lower parts. These are generalizations of the

vector lattice concepts given in Definition 2.1.2.

Definition 3.1.4. Let G be a mixed lattice group and x € G. The elements “x =
x v 0and ‘x = (—x) W 0 are called the upper part and lower part of x, respectively.
Similarly, the elements x* = 0 7/ x and &/ = 0 (—x) are called the specific upper

/

part and specific lower part of x, respectively. The elements “x’ = “x +x’ and

Ly = x4 x* are called the asymmetric generalized absolute values of x. The element

s(x) = %(”xl +'x") is called the symmetric generalized absolute value of x.

The elements “x’ and ‘x* are distinct, in general, and they are “asymmetric” in
the sense that “x’ = /(—x)” for all x. The upper and lower parts and the generalized
absolute values have the following basic properties, which show that they are indeed
proper generalizations of the corresponding notions in vector lattice theory (see The-
orem 2.1.3). The properties given next are proved in [P1, Theorems 3.2, 3.5, 3.7 and
3.10] and [P2, Theorem 5.17]. Here they are stated for mixed lattice spaces but, apart
from properties related to scalar multiplication, they hold in mixed lattice groups as

well.

Theorem 3.1.5. Let V' be a pre-regular mixed lattice space and x € V, « € R. Then
the following hold.
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(a) “x ="'(-x), x"=(-x)! and "x' ="!(-x)"
(b) x=x"—"'x="x - x.

Loand k= lxvxt =y o+ x"

(c) “x'="xVvxl="x+x
(d) x* Nx=0=x N“x
(e) s(x)=x"V'ix="x+"'x=xl+x*=x'Vv"x
(f) x%=0 ifandonlyif x="x"="x'="x=x" and 'x =x" = 0.
(g) x>0 ifandonlyif x="x'="x and x' = 0.

(h) s(x) =0, “x! >0 and 'x* > 0. Moreover, s(x) = “x! ='x* = 0 if and only if

x=0.
(i) “(ax)! =a"x" and "(ax)" = a'x* forall 2 > 0.
() “(ax)’ = |a|’x* and *(ax)* = |a|“x’ forall « < 0.
(k) s(ax) = |a|s(x) forall 2 € R.
() “(x+y) <*“x+"y, (x+y)'<xl+y" and “(x+y) < Wyl
(m) (x+y)*<x"+y% ‘x+y) <lv+ly and  (x+y)" <l 4+l
() s(x+9) < () +509).

(0) 2(x Ny =x+y—l(x—9* and 2(y Nx)=x+y-“(x—y)".
3.1.2 ldeals in mixed lattice spaces

The most fundamental structure theoretic notions are given in the next definition. We
will again formulate these concepts in mixed lattice spaces since they are mostly used

in this context, but they can be defined similarly in the more general group setting.
Definition 3.1.6. Let I” be a mixed lattice space.

(i) A subspace S of V" is called a mixed lattice subspace of V' if x 7V y and x N\y
belong to S whenever x and y are in S. Here x 7/ y and x O\ y are the upper and

lower mixed envelopes in V.
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(ii) A subset F € V is called (<)-order convex (or (<)-full), if x < z < y and
%,y € F imply that z € F. Similarly, F is called (<)-order convex (or (<)-full),
ifx < z<yandx y € Fimply thatz € F. A subset F¥ € V" is called mixed-order
convex (or mixed-full), if x < z < yand x, y € F imply that z € F.

(iii) A (<)-order convex mixed lattice subspace of V" is called an ideal of V', a (X)-
order convex mixed lattice subspace of V' is called a specific ideal of V', and a

mixed-order convex mixed lattice subspace of V' is called a quasi-ideal of V.

If there is any danger of confusion, we will use the term mixed lattice ideal to
distinguish mixed lattice ideals from lattice ideals.

Various properties and characterizations of different types of ideals are studied in
[P1] and [P2]. In particular, mixed lattice ideals can be characterized using the gen-
eralized absolute value, in a similar way as the usual definition of a lattice ideal (see
Definition 3.1.6). For example, a subspace A4 is a mixed lattice ideal if and only if
s(x) < s(y) with y € 4 implies that x € 4 [P2, Theorem 5.18]. A similar characteriza-
tion based on the unsymmetrical absolute values is given in [P1, Theorem 4.2]. It is
also shown that if 4 is an ideal then the subspace generated by the set 4, is the largest
regular quasi-ideal contained in 4, and every ideal is uniquely determined by the set
Ay, which is a mixed lattice cone [P2, Theorems 4.12 and 4.15]. It should be noted
that in mixed lattice semigroups there is no distinction between the notions of ideal
and quasi-ideal, because all the elements of a mixed lattice semigroup are specifically
positive. This distinction becomes meaningful only in mixed lattice groups and vector
spaces.

The set of all ideals of a vector lattice, partially ordered by inclusion, is a distribu-
tive lattice where the supremum and infimum of two ideals are given by their sum and
intersection, respectively [32, Proposition 2.3]. This brings up the question whether
the same holds for ideals in mixed lattice spaces. It is shown in [P2, Theorem 4.18]
that the set of all regular quasi-ideals of a mixed lattice space V" is indeed a distributive
lattice. Moreover, if V7 is a lattice with respect to the partial order < then the set of all
specific ideals is also a distributive lattice [P2, Corollary 4.20]. It is unclear whether
the latter result holds more generally, or if the set of all mixed lattice ideals is always

a lattice.
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3.1.3 Bands in mixed lattice spaces

In vector lattices, the definition of a band and its characterizations are given in The-
orem 2.1.5. Some authors use the condition (c) of Theorem 2.1.5 as a definition of a
band in a vector lattice. When considering the notion of a band in the mixed lattice
setting, there are a couple of issues that must be taken into account. Firstly, the pres-
ence of different types of ideals, as described above, gives rise to different notions of
bands. Secondly, we do not know if the equivalent conditions of Theorem 2.1.5 can
be generalized to mixed lattice bands. These conditions are quite important because
various proofs concerning bands become much easier if we only need to consider
positive elements. The main difficulty is that if £ is a subset of a vector lattice then
there is a rather simple method of constructing an upwards-directed set with the same
suprema as the set E (see [26, Theorem 15.11]). However, this method depends on
the associativity laws and therefore it does not work in a mixed lattice space as such.
The author has shown that a similar method can be devised in mixed lattice spaces,
but it is not included in this thesis.

We define bands in a mixed lattice space using basically the same definition as in
vector lattices, but the characterization analogous to Theorem 2.1.5 becomes slightly
more complicated, and we need to consider a weaker notion of a band by imposing
certain additional assumptions. For this we need the concepts of a strong supremum
and a strong infimum.

Let £ be a subset of 7 such that sup £ and sp sup £ exist in V', and #y = sup E =
sp sup £. Then the element « is called the strong supremum of E and it is denoted by
uo = str sup E. The strong infimum v, of E is defined similarly, and it is denoted by

vo = str inf E.
Definition 3.1.7. Let I/ be a mixed lattice space.

(i) A specific ideal A4 is called a specific band if sp supE € A whenever E is a
non-empty subset of 4 such that sp sup £ exists in V. If 4 is a quasi-ideal with
the above property then A4 is called a quasi-band. An ideal B is called a band if
sup E € A whenever E is a non-empty subset of 4 such that sup £ exists in V.

(i1) A specific ideal A4 is called a weak specific band if str sup E € A whenever E is
a non-empty subset of 4 such that str sup £ exists in /. A quasi-ideal with the
above property is called a weak quasi-band, and an ideal with the above property

is called a weak band.
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As noted in Subsection 2.1.2, the set of elements disjoint to some subset of a Riesz
space is a band. This is where things get more complicated once we begin to study
this concept in a mixed lattice space. First of all, because of the asymmetry, we
have two one-sided notions of disjointness. We shall say that the element x is left-
disjoint to the element y if x )Ny = 0, or that y is right-disjoint to x. Now, let 4 be
a mixed lattice subspace of a mixed lattice space /. Since the condition x Ny = 0
implies that x »= 0 and y > 0, we define the left disjoint complement of A4 as the
specific ideal generated by the set (lA)jp ={x = 0:x0n2=0 forall z € 4,}.
The right disjoint complement of A is then defined as the ideal generated by the set
(AY)p = {x = 0 : 20x =0 forall z € 4,}, and it is denoted by 4+. The sets
(LA)XP and (AL)IP are shown to be mixed lattice cones [P2, Theorems 5.2 and 5.8].
The right disjoint complement A~ is a weak band [P2, Theorem 5.11], and the left
disjoint complement 4 is a regular weak specific band [P2, Theorem 5.5].

We do not know if * A4 is a specific band in general, but we show in [P2, Theorem
6.1] that if 77 can be written as a direct sum V' = 4 @ B, where A4 is a regular specific
ideal and B is an ideal, then B is a band and 4 is a regular specific band such that
A="+B="*(4") and B = 4+ = (+B)*. Hence, this kind of direct sum decomposition

of I/ implies a stronger band property for the left disjoint complement of 5.

In conclusion, the most important structure-theoretic results in [P2] are Theorem
4.15, describing the relationship between ideals and regular quasi-ideals; Theorems
4.18 and 4.19, which reveal the lattice structure of regular quasi-ideals and specific
ideals; the definitions of disjoint complemets and theorems showing their band proper-
ties; Theorem 6.1 that gives the decompositions of 7 as a direct sum of disjoint bands,
and the related existence of order projection operators associated with the compo-
nents (Theorem 6.3). Moreover, Theorem 5.23 and its Corollary 5.24 discuss the rela-
tionship between quasi-ideals and their second disjoint complements in Archimedean
mixed lattice spaces. This result is related to the problem of finding bands generated

by ideals, a topic that is planned to be studied in future research by the author.

3.1.4  On homomorphisms and quotient groups

In [P1, Sections 5 and 6] we study homomorphisms and quotient group constructions

in mixed lattice groups. These topics are closely connected to the ideal theory, as can
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be seen from Theorem 2.1.7. Although these results are not used elsewhere in this
thesis, they will most likely be important for future research. Indeed, it is well known
that homomorphisms, or structure preserving maps, and the related quotient construc-
tions are important in many areas of pure mathematics, especially in connection with
different kinds of representation theorems. In Riesz space theory, quotient spaces and
lattice homomorphisms are important tools for theorems concerning the structural
properties of Riesz spaces. As some examples of application, we could mention the
Dedekind completion of certain Archimedean Riesz spaces ([1, Theorem 2.18]), and
also the proof of the fundamental Dodds—Fremlin domination theorem for compact
operators in Banach lattices incorporates the idea of the quotient space construction
([15]). Moreover, the representation theorems (such as those by Kakutani, Krein and
Nakano, see [2, Theorems 4.27 and 4.28]) allow us to represent certain types of Riesz
spaces as concrete function spaces. Currently, such representation theorems for mixed
lattice groups are not known, but it is reasonable to expect that homomorphisms will

play a crucial role if such theorems are to be found.

3.2  Topological mixed lattice vector spaces

In [P3], we study the topological theory of mixed lattice spaces, a different aspect
of the theory that leans more towards analysis. As in the earlier discussion, we take the
well-known theory of topological Riesz spaces as a starting point and try to generalize
this theory to the mixed lattice setting. Again, the main differences and difficulties are
related to the asymmetry that comes from the definition of the mixed envelopes.

The main results of [P3] are the generalizations of the Roberts—Namioka Theorem

that gives a characterization of locally solid topologies on Riesz spaces.

Theorem 3.2.1 (Roberts—Namioka). Let (V, 7) be a Riesz space equipped with a vec-

tor topology 7. The following conditions are equivalent.

(a) 7is alocally solid topology.

(b) 7 is locally full and the lattice operations are continuous at zero.
(c) The lattice operations are uniformly continuous.

We introduce two different versions of this theorem for mixed lattice spaces. First,

under quite general assumptions, we obtain a partial result. A complete characteriza-
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tion is then obtained in the locally convex case, assuming the mixed lattice space is
regular.

Before proving, or even stating these theorems, it is necessary to introduce new
definitions and develop some preliminary results.

As in the case of topological Riesz spaces, we introduce the following terminology.
A mixed lattice space V" with a vector topology 7 is called a ropological mixed lattice
space if the mixed lattice operations are continuous. A subset S of a mixed lattice
space V is called (<)-full if x,y € S and y < z < x together imply that z € S.
Similarly, a subset S C V7 is called (<)-full if v, y € S and y < z < x together imply
that z € S. Moreover, S is called symmetric-solid if x € S and s(y) < s(x) together
imply that y € S.

A vector topology 7 on a mixed lattice vector space is called locally symmetric-
solid if 7 has a base at zero consisting of symmetric-solid sets. A vector topology = is
called locally (<)-full if 7 has a base at zero consisting of (<)-full sets. Similarly, 7 is
called locally (<)-full if = has a base at zero consisting of (<)-full sets.

In [P3] we also introduce the following type of sets that turn out to be important
for the topological theory of mixed lattice spaces. A neighborhood U of zero is called
mixed-full if x € U whenever 0 < x < yor0 < x < y holds withy € U. A
vector topology = on a mixed lattice vector space is called locally mixed-full if = has
a base at zero consisting of mixed-full sets. The fundamental properties of mixed-full
topologies are given in [P3, Section 3].

In order to study locally convex topologies, it is necessary to investigate the prop-
erties of seminorms. In [P3, Section 4] the notions of mixed-monotone seminorm
and mixed lattice seminorm are introduced and their basic properties are established.
A seminorm p in a mixed lattice space V' is called a mixed-monotone seminorm if
0 < x < yimplies p(x) < p(y), and p is called a mixed lattice seminorm if 5s(x) < s(y)
implies p(x) < p(y). It is shown that the locally convex convex topology generated by
a family of mixed-monotone seminorms is locally mixed-full [P3, Theorem 4.2], and
the locally convex convex topology generated by a family of mixed lattice seminorms
is locally symmetric-solid [P3, Proposition 4.3].

The main result of [P3] is now the following ([P3, Corollary 4.7]).

Theorem 3.2.2. Let I be a regular mixed lattice space. If 7 is a locally convex

topology on V then the following conditions are equivalent.

(a) The mixed lattice operations are uniformly continuous.
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(b) 7 is locally symmetric-solid.
(c) 7 is locally mixed-full and the mixed lattice operations are continuous at zero.
(d) 7 is locally (<)-full and the mixed lattice operations are continuous at zero.

In a more general case, without assuming the regularity and local convexity, we
have established the equivalence of (%) and (<) in the above theorem, and shown that
they imply («), which in turn implies (¢). This is the content of [P3, Theorem 3.12].

Another important fundamental result is [P3, Theorem 3.13] which gives several
additional facts concerning topological mixed lattice spaces. Some of these properties

are stated in the next theorem.

Theorem 3.2.3. Let (V,7) be a topological mixed lattice vector space. Then the

following statements hold.

(a) If 7 is a Hausdorff topology then V' is Archimedean and the positive cones V, and

Vi are closed.

(b) If 7 is Hausdorff and {x,} is a (<)-increasing (or (X)-increasing) sequence such

that x,, s x then sup{x,} = x (or sp sup{x,} = x, respectively).

(c) If 7 is locally mixed-full then the mixed-order intervals {x € V' : 2 < x < y} and
{x € V' : 2 < x < y} are bounded for all 2,y € V. In particular, every (<)-order

interval is bounded.

(d) The closure of a quasi-ideal is a quasi-ideal, the closure of a specific ideal is
a specific ideal, and the closure of a mixed lattice subspace is a mixed lattice

subspace.

As an application of these results, we show that any regular finite-dimensional
normed mixed lattice space is a lattice with respect to specific order < [P3, Theorem
4.11]. In fact, this holds more generally for any regular topological mixed lattice space
with the Bolzano—Weierstrass property.

We also show that if 7 is a mixed lattice vector space which is a lattice with re-
spect to specific order < and 7 is a locally (=<)-solid Riesz space topology on V" then
the mixed lattice operations are continuous [P3, Theorem 4.8], and if V" is a lattice

with respect to initial order < and 7 is a locally symmetric-solid topology on V" then
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7 is a locally (<)-solid Riesz space topology [P3, Theorem 4.9].

The results of [P3] indicate that mixed lattice spaces provide a natural setting for
the study of asymmetric norms and their vector-valued generalizations. This topic is
briefly discussed in [P3, Section 5], and the observations made there could be used as
a starting point for further study of functional analysis in mixed lattice spaces. A spe-
cific application is given in [P3, Section 5], where it is shown that if a cone C in R” is
given, then with an appropriate choice of the second partial ordering R” can be turned
into a topological mixed lattice space such that C' = V,. The upper part mapping can
then be viewed as a continuous asymmetric cone norm. This application is closely
connected to the cone projection problem discussed in [P4], since continuous asym-
metric cone norms are generalizations of cone projections. A more in-depth study of
such generalizations can be found in [29]. The theory of asymmetric normed spaces
is relatively recent, and it has seen a rapid progress during the last couple of decades.

An account of the basic theory of asymmetric normed spaces is given in [11].

3.3  Some applications and generalizations

Although this thesis is mainly concerned with the structure theory of mixed lattice
spaces, we also investigate the connection of the mixed lattice theory to other areas
of study, and present some non-trivial applications. In particular, we introduce an
application from convex analysis and optimization theory. These ideas are presented
in articles [P4] and [P3].

An important concept in convex analysis is the cone projection problem, which
is encountered in connection to optimization problems. Cone projections have been
studied extensively in the past, but in [P4] we present a new theoretical approach to

these problems using the mixed lattice structures.
3.3.1  Generalized mixed lattice structure

The basic mixed lattice vector space structure, as described in this thesis, is too limited
for certain applications involving cone projections. We therefore present the following
generalization of a mixed lattice vector space.

Let £ be a subset of a vector space V. We recall that an element x € E is called a

minimal element of E if y € E and y < x implies y = x. A dual notion of a maximal
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element is defined similarly.
Next we introduce the following set notation. If x and y are elements of 7" then we

write
[xVyl={weV:wrzxandw>y} and [x Ny]={weV :w<xandw < y}.

The set of minimal elements of the set [x )/ y] will be denoted by Min[x 7/ y], and
the set of maximal elements of the set [x U\ y] will be denoted by Max[x X\ y].

We now introduce a generalization of the mixed lattice structure in which the el-
ements x 7/ y and x U\ y are replaced by set-valued mappings (x, y) — Min[x "V y]
and (x, y) = Max[x N\y].

Definition 3.3.1. Let J be a partially ordered vector space with respect to two par-
tial orders < and <, and let V/, and V;, be the corresponding positive cones, respec-
tively. Then V' = (V] <, X) is called a generalized mixed lattice structure if the sets

Min[x 7V y] and Max[x O\ y] are non-empty forallx, y € V.

We observe that if the sets Min[x 7 y] and Max[x )\ y] contain only one element
for every x, y € V' then these elements are equal to x 7 y and x O\, respectively, and
the generalized mixed lattice structure then reduces to an ordinary mixed lattice space.
Hence we have defined a proper generalization of a mixed lattice vector space.

This generalized structure has certain basic properties that are similar to the prop-
erties of the ordinary mixed lattice space, which were outlined in Sections 3.1 and 2.2.
Of particular importance is the fact that in a generalized mixed lattice structure every
element can be written as a difference of a “positive part” and a “’negative part”, but
the representation is not generally unique. The following is thus a generalized version
of [P1, Theorem 3.6] and parts (b) and (e) of Theorem 3.1.5.

Theorem 3.3.2. Let I be a generalized mixed lattice structure and x € V.

(a) For any u € Min[x "V 0] there exist an element w € Min[0 V' (—x) ] such that
x =u —w. Moreover, ifu € Min[x 7V 0] and w € Min[0 V' (—x)] are any such
elements that x = u — w then 0 € Max[w Nu] and u + w € Min[« V w]. On
the other hand, if x = u — w and 0 € Max[w Nu] then u € Min[x V 0] and
w € Min[0 V' (—x)].

(b) For any u € Min[0 "V x] there exist an element w € Min[ (—x) V' 0] such that
x = u— w. Moreover, if u € Min[0 "V x] and w € Min[ (—x) V 0] are any such
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elements that x = u — w then 0 € Max[u \Nw] and u + w € Min[w V «]. On
the other hand, if x = u — w and 0 € Max[u# Nw] then « € Min[0 V x] and
w € Min[ (=x) V' 0].

By the preceding result, for any x € 7 we can choose an element #» € Min[0 V' x],
and there always exists a corresponding element v € Min|[ (—x) 7/ 0] such that x =
u — v. Similar remarks apply to the sets Min[x 2 0] and Min[0 V' (-x)].

Finally, with regards to the generalized mixed lattice structures discussed above,
we point out that another type of generalization of mixed lattice structures is given in
[22], where an example from the theory of divisibility is also discussed. However, the

above cited paper is not included in this thesis.
3.3.2 Cone projections and the mixed lattice structure

The concept of the cone projection in R” can be outlined as follows. Let K be a closed
and convex pointed cone in R” with the dual cone K* = {y: (x,y) > 0 forall x € K}.
Let <« be the partial ordering induced by the cone K and let <, be the partial ordering
given by the dual cone K™*.

Let Py : R” — K be the projection mapping that gives the unique point Prx on K

nearest to x. That is,
Pex e K and  ||x — Pex|| = inf{||x —y|| : y € K}.
This nearest point Px has the following characterization: ¢ = Py if and only if
z€K and (z—x Pex—y) <O0forallye K 3.3.1)

A fundamental tool in the study of cone projections is the following classical the-

orem of J. Moreau.

Theorem 3.3.3 (Moreau). Let K be a closed convex cone in R” and K* its dual cone.
Every x € R” can be written as x = Pyx — Px-(—x) where (Pxx, Py+(—x)) = 0. More-
over, Pyx = 0 holds if and only if x € —K*.

With the notation introduced above we can now state the main result of [P4], which

shows that the cone projection problem can be given an order theoretic interpretation
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in terms of a mixed lattice structure, and the projection element is a minimal element
of the set Min[ 0 7 x] introduced above.

Theorem 3.3.4. Let K be a closed and convex cone in R” and K* its dual cone, and let
<k and <, be the partial orderings determined by the cones K and K*, respectively.
Then V = (R”, <., <x) is a generalized mixed lattice structure and for every x € R”

the projection element Pyx satisfies Pyx € Min[ 0 7V x].

Furthermore, Moreau’s Theorem 3.3.3 can now be viewed as a special case of
Theorem 3.3.2.

The generalizations of asymmetric norms mentioned in the preceding section have
applications in convex analysis, and this is where the topic of paper [P4] is closely
connected to article [P3], in which a proof is given of a result that in R” every closed
convex cone has an associated asymmetric cone norm which arises from the mixed
lattice structure [P3, Theorem 5.3]. This result is not new, as it has been proved
recently in [29, Theorem 2] using different methods, but it is a fine example of an

application that clearly shows the potential usefulness of the mixed lattice theory.
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4 CONCLUSIONS, OPEN QUESTIONS AND FUTURE
RESEARCH

In this thesis, the theory of vector lattices and lattice ordered groups was generalized
by developing the basic theory of mixed lattice structures. The work started with the
introduction of the most fundamental definitions needed for further development of
the theory. Most importantly, basic properties of mixed envelopes were studied, and
the representation of elements as differences of upper and lower parts was introduced.
Many fundamental identities and inequalities were proved. The important subspaces
related to the order structure were introduced. In particular, the notions of ideals and
bands were studied in detail. These concepts and results provided the necessary tools
for the development of the structure theory, where the main research problem was
the decomposition of a mixed lattice space into a direct sum of order-disjoint bands.
Such decomposition is a fundamental structure theoretic result in the theory of vector
lattices, and in this thesis this idea was generalized to the mixed lattice setting. All
this algebraic theory was developed in [P1] and [P2].

In [P3], we turned our attention to the study of topologies on mixed lattice spaces.
As the main result, a characterization of compatible topologies on mixed lattice spaces
was obtained. Other properties of such topologies were also studied, an application to
convex analysis was presented and some interesting connections between the mixed
lattice theory and asymmetric functional analysis were indicated. Finally, in [P4] a
generalization of the mixed lattice structure on a vector space was introduced, and its
basic properties were established. We then showed how the cone projection problem
of convex analysis is related to generalized mixed lattice structures.

However, the subject matter of this thesis is vast, and there are many topics that we
haven’t even touched upon. The parts of the theory developed in this thesis is also far
from complete, and there are some “gaps” in the details that remain unclear. We will
now briefly go through some of the most interesting and important open questions that

we haven’t been able to answer, or we simply haven’t had enough time to study them
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properly. Some of the following questions may turn out to be relatively easy, while

some others could be highly non-trivial.

1. Does there exist a mixed lattice space which is pre-regular but not quasi-regular?

2. Does there exist a mixed lattice group that is regular but not a lattice with respect

to specific order?
3. Does there exist non-regular proper specific ideals or quasi-ideals?
4. Is every ideal of V" regular if V itself is regular?

5. Is there an example of a mixed lattice subspace A such that +(A4") is not a spe-
cific band? (We know that +(A4") is always a weak specific band [P2, Theorem
5.51.)

6. If 4 is a specific ideal in an Archimedean mixed lattice space, then is +(A4")
the weak specific band generated by 4? Similarly, is (*4)* the weak band
generated by A?

7. Is the convex hull of a symmetric-solid set always symmetric-solid?

8. Does the characterization of locally convex mixed lattice topologies given in
[P3, Corollary 4.7] hold in a more general setting (i.e. without the assumptions

of local convexity and/or regularity)?

In addition to these particular open questions, there are also entire topics to be
explored in the future research. We shall now discuss some of these topics.

It was already mentioned at the end of Section 3.1 that currently there are no known
representation theorems for mixed lattice spaces. Finding such results, even under cer-
tain special assumptions, would be significant as it would give us a better understand-
ing of the fundamental nature of mixed lattice spaces. A well known representation
theorem for Riesz spaces states that any Archimedean Riesz space can be represented
as the space of continuous real valued functions defined on some compact Hausdorff
space. The proof of this theorem is based on the properties of the set of all maxi-
mal ideals of the Riesz space. It is not unreasonable to expect that something similar
could be done with mixed lattice spaces, and therefore it might be worthwile to begin

by studying maximal ideals of an Archimedean mixed lattice space. The author of
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this thesis has already began preliminary work on this topic, including some further
results on bands, some of which were briefly mentioned in Section 3.1.

Another unexplored topic is operator theory in mixed lattice spaces. In particular,
if the operators are linear functionals then this would lead to a duality thoery of (topo-

logical) mixed lattice spaces.

Apart from the applications discussed in Section 3.3, we would like to mention
a few particular examples that suggest connections between the mixed lattice theory
and other branches of mathematics. In [P1, Example 2.14], a connection between
mixed lattice structures and stochastic processes is presented, and [22, Example 2.11]
gives an example related to the theory of divisibility. One example that is frequently
studied in papers [P1], [P2] and [P3] is the set of functions of bounded variation, an
important class of functions that appears in many different contexts in mathematics.
A more thorough study of these connections would be of great interest, as it could
potentially reveal some interesting applications of the mixed lattice theory.

Another possible line of investigation is the study of general mixed lattices, that
is, the mixed lattice order structure on some set without any other algebraic structure.
This can be viewed as a generalization of lattice theory, which is a well-developed
and important area of mathematics. Initial studies in this direction have already been

made by the author, and some basic results can be found in [22].
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1 Introduction

The theory of mixed lattice semigroups was developed by Arsove and Leutwiler in
[4-7]. Their aim was to develop an axiomatic approach to classical potential theory
from a purely algebraic point of view. Their theory unified and generalized some of the
earlier axiomatizations of potential theory, such as the theory of cones of potentials,
developed by Mokobodzki and Sibony (see [7] and references therein), and the theory
of H-cones developed by the Romanian group of mathematicians, Boboc, Bucur and
Cornea [9]. These theories can be regarded as special cases of the Arsove-Leutwiler
theory. Since the properties of mixed lattice semigroups had been extensively studied,
it seemed natural to investigate the mixed lattice structure in the group setting. This
was done by Eriksson—Bique in [10,11]. Group extensions of mixed lattice semigroups
were considered in [10], where it was shown that the mixed lattice structure is indeed
preserved in such extensions. A more general definition of a mixed lattice group was
given in [11], and some of the basic properties of mixed lattice groups were derived
there. However, after the publication of the aforementioned papers the research on the
subject has been virtually nonexistent. The purpose of the present paper is to initiate
a systematic study of mixed lattice groups.

A mixed lattice groupis a partially ordered Abelian group with two partial orderings.
The usual supremum and infimum of two elements is replaced by unsymmetrical
mixed envelopes which are formed with respect to the two partial orderings. It is then
required that these mixed upper and lower envelopes exist for every pair of elements.
If the two partial orderings are identical, then the mixed upper and lower envelopes
become the usual supremum and infimum, and the mixed lattice group reduces to an
ordinary lattice ordered group. In this sense, a mixed lattice group is a generalization
of a lattice ordered group. However, due to the unsymmetrical nature of the mixed
envelopes, some familiar properties of lattice ordered groups (such as the distributive
laws) no longer hold in a mixed lattice group.

Since we are considering a generalization of lattice ordered groups and Riesz spaces,
it is natural to begin our study by considering some of the most fundamental concepts
in these structures, such as the absolute value and ideals, and examine how these
concepts could be carried over to the theory of mixed lattice structures. In Sect. 2 of
the present paper we give the essential definitions and results that will be needed in
the subsequent sections. These include the concept of a mixed lattice vector space
which has not been studied before. We also introduce a classification of mixed lattice
groups based on their algebraic structure, and present some examples to illustrate the
relationships between different classes of mixed lattice groups. Roughly speaking,
these so-called regularity classes describe how closely the set of positive elements
resembles a mixed lattice semigroup. The importance of this classification becomes
apparent as we develop our theory further.

In Sect. 3 we define the generalized absolute values and derive their basic properties.
The generalized absolute values are defined in terms of upper and lower parts, which
are analogous to the positive and negative parts in the theory of Riesz spaces, but now
we have two partial orderings which leads to two distinct upper and lower parts for
each element. The fundamental identities as well as the triangle inequalities for the
generalized absolute values are given in Theorems 3.2, 3.4 and 3.5. In addition to these
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we give some other interesting results, such as Theorem 3.6, which is the mixed lattice
version of the representation of an element as a difference of two disjoint elements,
a well known result in Riesz space theory. To finish Sect. 3, we study the behavior
of mixed envelopes under scalar multiplication in vector spaces and the relationship
between the ordinary absolute value and the generalized absolute values.

The related concept of mixed lattice ideal is introduced in Sect. 4, and some basic
facts concerning ideals will be presented there. The definitions of ideals are based on
the notion of order convex sets. We give characterizations of mixed lattice ideals and
examine their relationship with lattice ideals.

In Sect. 5 we study homomorphisms between mixed lattice groups. First we give
the fundamental characterization of mixed lattice homomorphisms (Theorem 5.2) and
show that a mixed lattice homomorphism preserves the regularity properties of its
domain (Theorem 5.8). We study the kernel of a mixed lattice homomorphism and
show that the kernel has similar ideal properties as the kernels of Riesz homomor-
phisms between two Riesz spaces (Theorem 5.9). Theorem 5.10 characterizes mixed
lattice isomorphisms, and in Theorem 5.13 we show that a mixed lattice semigroup
homomorphism can be extended to a mixed lattice group homomorphism. The closely
related idea of a quotient group is discussed in Sect. 6, where we give necessary con-
ditions for the quotient group to be a mixed lattice group (Theorem 6.2).

Most of the concepts and results in the present paper have their counterparts in the
theory of Riesz spaces and lattice ordered groups. For a comprehensive treatment of
these topics, we refer to [8,12,15,16]. We should point out that although the proofs
of some results in this paper may appear to be similar to their counterparts in Riesz
spaces, the algebraic structure of mixed lattice groups is different than the structure of
Riesz spaces. In fact, many well known fundamental properties of Riesz spaces such
as the commutativity of the lattice operations no longer hold in mixed lattice groups.
To emphasize these differences, we will give references on Riesz spaces and lattice
ordered groups at many places. Moreover, since this is a rather unexplored topic, we
try to give fairly complete proofs for most results. It is our hope that this paper will
serve as a good starting point for future research on mixed lattice groups and mixed
lattice vector spaces.

2 Mixed lattice semigroups and groups

We begin by stating the definitions of the basic structures. Let (S, +, <) be a positive
partially ordered Abelian semigroup with zero element. That is, we require that u > 0
forallu € S,and u < v implies u +w < v+ w. In what follows, we will also assume
that the cancellation law

ut+w=<v+w = u=<sv 2.1)

holds in §. This partial order < is called the initial order. It follows from the assump-
tions that the initial order has the following property.

a<u, b<v and a+b=u+v =— a=u and b=v 2.2)
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942 S.-L. Eriksson et al.

Indeed, if the above assumptions hold then u +v = a + b < a + v, and so by (2.1)
we have u < a. But by assumption a < u, so u = a. A similar argument shows that
v = b and (2.2) follows.

The semigroup S itself gives rise to another partial ordering. This intrinsic order
on § is called the specific order, and it is defined by

u<v <= wv=u+w forsomew €S. (2.3)

Clearly, (2.3) means that u = O for all u € S (since u = u + 0). Hence, if we
formally use the difference notation v — u to denote the unique element that satisfies
u + (v — u) = v (whenever such an element exists), then the above definition is
equivalent to

u<v <= The difference element v — u exists in S,

but traditionally definition (2.3) is used for the specific order since there are no negative
elements in S. Note that (2.3) does not hold for the initial order, in general.

We should still verify that < is a partial ordering which is compatible with the
semigroup structure and satisfies (2.1). Itis easy to see that < is reflexive and transitive.
To prove antisymmetry, assume # < vand v < u. Thenu = v+ v andv =u + v’
for some u’, v € S. Adding v’ to the last equality givesu = v+ v =u +u’ +v'.
Asu’' +v' > 0, it follows by (2.2) that ' + v' = 0. But this implies that u’ = v" = 0,
again by (2.2). Hence, u = v. This proves that < is a partial order. Next, if u < v then
v = u + u’ for some u’ € S. It follows that v + w = u + w + v’ for any element
w € S,andsou+w < v+w. Conversely, ifu+w < v+w,thenv+w = u+w-+u’
for some u’ € S. Since equality is just a special case of the relation <, it follows by
(2.1) that v = u +u’, or equivalently u < v. Hence, the specific order < is compatible
with the semigroup structure and has the cancellation property (2.1).

If we equip the semigroup S with the partial order <, then (S, +, <, <) is a posi-
tive partially ordered semigroup with respect to two partial orderings < and <, both
satisfying (2.1). Notice that u < v implies # < v in S, but not conversely. Moreover,
it follows from positivity and (2.2) that no nonzero element of S has an inverse in S.
In particular, S cannot be a group, unless S = {0}.

With these two partial orders < and < we define the mixed lower and upper
envelopes

u Av=max{w € S:w < uand w < v}
and
u\-v=min{fw € S:w > uand w > v},

respectively, where the minimum and maximum are taken with respect to the initial
order <, whenever they exist. The following definition was given by Arsove and
Leutwiler in [7].
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Definition 2.1 Let (S, +, <, <) be a partially ordered Abelian semigroup with zero
element and two partial orders < and < such that u > O for all u € S and (2.1) holds
in S, and < is given by (2.3). If the mixed upper and lower envelopes u \~ vand u \ v
existin S for all u, v € S, and they satisty the identity

UNVF+VANU=Uu+V

then (S, +, <, <) is called a mixed lattice semigroup.

Remark 2.2 There are other equivalent formulations for the definition of a mixed lattice
semigroup given in [7]. We have chosen to use the above definition in this paper, as it is
the most convenient for our purposes. We do not discuss the other possible formulations
here, but we would like to remark that the additional identity in Definition 2.1 does
not follow from the other assumptions and it is needed in order to make these different
formulations equivalent. The existence of the mixed envelopes is not sufficient for
that, and it is possible to construct a semigroup where all the other assumptions hold
except the last identity in Definition 2.1. The next example clarifies this.

Example 2.3 Consider the semigroup S = {0} U[2, co) with the usual addition of real
numbers. Let < be the usual order inherited from R and define < as the partial order
induced by § itself, that is, y = x if and only if y = x or y > x + 2. Note that this
is equivalent to y = x + w for some w € S. Clearly, < and < are partial orderings
that are compatible with the semigroup structure of S and satisfy condition (2.1).
Moreover, the elements x \~ y and x _\ y existin S for all x, y € S. For example, the
element x A y is given by

X, ifx <y

Xy = Y, ifx>y+2
x—2, fy<x<y+2andx ¢ (2,4)
0, ify<x<y+2andx € (2,4)

Thus (S, 4, <, X) satisfies all the assumptions of Definition 2.1, except that the iden-
tity x "y + ¥y A x = x + y does not hold in S. For instance, 2\~3 +3 N2 =
4 4+ 0 # 2 + 3. Hence S is not a mixed lattice semigroup.

Remark 2.4 The ideas introduced so far can be given a more informal description.
Loosely speaking, the construction of a mixed lattice semigroup is as follows. We start
with some ”initial” partially ordered Abelian semigroup (Sp, +, <) with zero element
(hence the term initial order), assuming that (Sp, +, <) is positive with respect to <,
and the cancellation property (2.1) holds. Then we take some specific subsemigroup
S of Sy and define the specific order as the partial order determined by S. Thus we
end up with a semigroup (S, +, <, <) with two partial orders, which is then a mixed
lattice semigroup, provided that all the assumptions regarding the mixed envelopes
are satisfied. In this process, some elements of the initial semigroup Sp are “left out”
and the semigroup S does not contain all the original elements that are positive with
respect to the initial order <, but it consists precisely of those elements that are positive
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944 S.-L. Eriksson et al.

with respect to the specific order <. Many of the examples given in this paper are also
constructed in this manner.

Now we come to the topic of mixed lattice groups rather than semigroups. The
following definition of a mixed lattice group was given by Eriksson-Bique in [11].

Definition 2.5 Let (G, +, <, <) be a partially ordered Abelian group with respect to
two partial orders < and <. If the mixed lower envelope x _\ y exists forall x, y € G,
then (G, +, <, x) is called a mixed lattice group.

We note that the above definition is not as restrictive as the definition of a mixed
lattice semigroup. Most importantly, the two partial orders are not required to be
related in any way. Definition 2.5 also clearly shows that a lattice ordered group is
a special case of a mixed lattice group. Indeed, if the two partial orderings < and <
are chosen to be identical, then the mixed lattice group reduces to an ordinary lattice
ordered group.

Eriksson—Bique [10] has also shown that every mixed lattice semigroup S can be
extended to a group of formal differences of elements of S and the mixed lattice
structure is preserved in this extension. Many important examples of mixed lattice
groups arise in this way. We will now discuss this construction in more detail.

Let S be a mixed lattice semigroup and define an equivalence relation on S x S by
putting

(u,v) ~ (x,y) = u+y=uv+x.

The equivalence class generated by (u, v) is denoted by [(#, v)] and the set of all
equivalence classes by [(S, S)]. We define addition in [(S, S)] by

[(u, )]+ [(x, Y] = [+ x, v+ y)].

Now the zero element of [(S, S)]is [(0, 0)] and [(u, 0)] 4+ [(0, u)] = [(0, 0)], and so
[(#,0)] = —[(0,u)] for all u € S. Thus, [(S, S)] is a group. Next we define partial
ordering by

[(u, v)] < [(x, y)] = u+y<x-+uv.

It is not difficult to show that the addition and partial ordering are well-defined. The
above definitions imply that the property

[, v)] < [(x, )] = [, V)] +[(a, b)] = [(x, Y]+ [(a, b)]

holds in [(S, 8)], and hence [(S, S)] is a partially ordered group. Moreover, We

observe that the sets S and {[(«, 0)] : u € S} are isomorphic, so we identify [(u, 0)]

with u, and similarly we identify [(0, )] with —u. We now denote this group by

[(S,85)] =S — S and we call S — S the group of formal differences of elements of S.
The specific order in S — § is defined as

u—v=<x—y inS§-S5 = u+y<x+v inS.
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The following results are due to Eriksson—Bique.

Lemma 2.6 ([10, Lemma 3.1]) The specific order in S — S defined above is a partial
order that is well-defined and compatible with the group structure of S — S. Moreover,
it has the property

U—v=xx—Yy — xX—y=u—v+w forsomew €S,

foru,v,x,y €S.

Theorem 2.7 ([10, Theorem 3.2]) Let S be a mixed lattice semigroup and uy, uy,
vy, V2 € S. Then the mixed envelopes of elements uy — uy and vy — vy in S — S exist
and they are given by

(U1 —uz) A (v —v2) = (U1 +v2) A (v +uz) — (U2 + v2)

and

(w1 —u2) = (v —v2) = (u1 +v2) \« (V1 +uz) — (u2 + v2).
In particular, S — S is a mixed lattice group.

Let G be a mixed lattice group. The definition of the mixed envelopes implies that
the inequalities

XAYysx=xx\y and x Ay <y=<x\"y

hold for all x, y € G. In the sequel, we will use these inequalities without further
reference. There are several other identities and calculation rules that we will apply
frequently. For easy reference, we list all these fundamental properties of mixed lattice
groups below. The following properties hold for all elements x, y and z in an arbitrary
mixed lattice group.

(Pl) xny+yANx=x+y

(Pa) z+xNvy=x+2) N +2)

(P2b) z+x ANy=(x+2 AN +2)

(P3) xny=—(—x A —y)

(P4) xxy &= xNy=y &< yAx=x

(PS5a) x<u and y<v — x\y<uvxv and x Ay<u Av
(P5h) x <z and y<z = x\vy<z and x Ny <z

Identities (P1), (P2a), (P2b) and (P3) were proved in [11, Lemma 3.1]. Note, in
particular, that in a mixed lattice group (P1) is a consequence of the definitions of
the mixed envelopes and the existence of negative elements, while in the definition
of mixed lattice semigroup (P1) must be included as an axiom. Properties (P4), (P5a)
and (P5b) are easy consequences of the definition of the mixed envelopes.
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A subset S of G is said to be a mixed lattice subsemigroup in G if S is a mixed
lattice semigroup and the mixed envelopes x \~ y and x A y in S are the same as in
G forall x, y € S. It follows from the definition of the mixed lattice semigroup that if
the semigroup U = {w € G : w = 0} is a mixed lattice subsemigroup in G then it is
the largest (with respect to set inclusion) mixed lattice subsemigroup in G.

In addition to properties (P1)—(P5), there are the following “regularity properties”
which require certain additional assumptions that will be discussed below.

(RO) x<y & yVvx=y &< xA\y=x
(R) x<y = x<y

(R2a) x Xz and y<z = x\y =<2z
(R2D) z<x and zxXy — z=xx Y

We begin with properties (R2a) and (R2b), which have the following characteriza-
tion.

Theorem 2.8 ([11, Theorem 3.5]) Let G be a mixed lattice group and let U = {w €
G : w = 0}. Then the following conditions are equivalent.

(a) U is a mixed lattice subsemigroup of G.
(b) x Ny »=0forall x,y € U, where _\ is the mixed lower envelope in G.
(c) G has the properties (R2a) and (R2b).

Property (R1) holds in every mixed lattice semigroup, where it is a simple con-
sequence of the definition of specific order. As we develop our theory further in the
following sections, it turns out that this property is quite important in many situations.
We will show below that (RO) is implied by (R1). Moreover, (R2a) and (R2b) are also
essential for certain results and, in many cases, a mixed lattice group can be viewed
as a group extension of some mixed lattice semigroup. Due to the importance of these
properties, we introduce the following classification of mixed lattice groups.

Definition 2.9 Let G be a mixed lattice group.

(i) G is called pre-regular if x < y implies that x < y in G.
(ii) G is called quasi-regular if the set S = {w € G : w = 0} is a mixed lattice
subsemigroup in G.
(iii) G is called regular if it is quasi-regular and the set S defined above is generating,
thatis,G =S — S.
(iv) A mixed lattice group that is not pre-regular is called irregular.

By Theorem 2.8, G is quasi-regular if and only if the properties (R2a) and (R2b)
hold in G. It is now a simple matter to show that every regular mixed lattice group is
quasi-regular, and every quasi-regular mixed lattice group is pre-regular. Moreover,
pre-regularity implies property (R0O). The converse implications do not hold in general
(see Examples 2.17 through 2.23 below).

Theorem 2.10 The following hold.

@ Springer



Generalized absolute values, ideals and homomorphisms in... 947

(a) Every regular mixed lattice group is quasi-regular.
(b) Every quasi-regular mixed lattice group is pre-regular.
(c) Every pre-regular mixed lattice group has the property (R0).

Proof (a) Obvious.

(b) Assume that G is quasi-regular and x > y. Then x — y > 0, and the set
{fw € G : w = 0} is a mixed lattice semigroup, where (R1) holds. So we have
x —y >0,or x > y. Hence, G is pre-regular.

(c) Assume firstthatx < y.Sincey < y,by(P5)wehavey \vx <y \~y = y,and
soby (Pl)wegetx+y=x Ay+y\x <x A\ y+y. Thisimplies thatx < x A\ y.
On the other hand, we have x = x A y, and so by (R1) we have x > x _\ y. Hence
x = x A y. Conversely, if x = x A\ y then x < y. For the other equivalence, note
that if x _\ y = x then the identity x + y = x A\ y + y \» x implies that y \~ x = y.
The reverse implication is proved similarly. O

The foregoing theory can also be formulated in vector spaces. For this, recall that
(V, <) is a partially ordered vector space if

u<v —=ut+w=<v+w and u <v — au <av

hold for all u, v, w € V and ¢ > 0. We now define a mixed lattice vector space by
introducing another partial ordering and requiring that the mixed envelopes exist for
every pair of elements. In this paper, we only consider real vector spaces.

Definition 2.11 Let (V, <, <) be a partially ordered real vector space with respect to
two partial orders < and <. If the mixed upper and lower envelopes x A\ y and x \~ y
existforall x, y € V, then (V, <, <) is called a mixed lattice vector space. The partial
orderings < and < are called initial order and specific order, respectively.

Definition 2.11 clearly implies that a Riesz space is a special case of a mixed lattice
vector space. Indeed, if the two partial orderings < and < coincide, then the mixed
upper and lower envelopes become the usual supremum and infimum, and the mixed
lattice vector space reduces to an ordinary Riesz space. Thus every Riesz space is a
mixed lattice vector space, and every mixed lattice vector space is an ordered vector
space, but the converse inclusions do not hold. In this sense, the concept of a mixed
lattice vector space is intermediate between a Riesz space and a general ordered vector
space.

Most results in this paper are given in the more general group setting and the proofs
can be translated to vector spaces with no difficulty. In fact, many of our results do not
depend on the scalar multiplication at all. Therefore, we shall formulate our results in
mixed lattice vector spaces only if they are not applicable to the group setting.

Before discussing the examples, we give a useful result that helps to determine
whether a given structure is actually a mixed lattice group. The next theorem is an
extension of [11, Theorem 3.3], in which the equivalence (a) <= (e) was proved.

Theorem 2.12 Let G be a partially ordered group with two partial orderings < and
<. Then the following conditions are equivalent:
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(a) G is a mixed lattice group.

(b) The mixed lower envelope 0 \ x exists for all x € G.
(c) The mixed upper envelope O \~ x exists for all x € G.
(d) The mixed lower envelope x \ 0 exists for all x € G.
(e) The mixed upper envelope x \~ 0 exists for all x € G.

Proof The equivalence (a) <= (e) was proved in [11, Theorem 3.3]. The other
equivalences (a) <= (b), (a) <= (c), and (a) <= (d) are proved similarly. O

We now discuss several examples of mixed lattice structures. The first one is due
to Arsove and Leutwiler [7].

Example 2.13 The historical background of mixed lattice semigroups is in potential
theory, and an archetypical example of a mixed lattice semigroup is the set/ of positive
superharmonic functions on some region D in R”. Here the initial order is defined
pointwise, that is, f < g if f(x) < g(x) for almost every x € D and the specific
order is defined by f < gif f < g and g — f is superharmonic on D. Then (U, <, )
is a mixed lattice semigroup [7, Theorem 21.2].

A special case of positive superharmonic functions is the semigroup of positive
concave real functions on some interval [a, b]. Hence, the set of those functions that
can be written as a difference of two positive concave functions is a mixed lattice
vector space. Differences of concave functions typically arise in certain optimization
problems.

The next example is from probability theory, and it was also given by Arsove and
Leutwiler [7, pp. 126-127].

Example 2.14 A sub-stochastic matrix is a (possibly infinite) non-negative matrix P =
(pij) such that the elements of P satisfy the condition Z _pij < 1foralli. Vectors
J

are ordered in the usual way, thatis, x < yif x; < y; foralli. A vector x > 0 is called
excessive with respect to the sub-stochastic matrix P if Px < x. Define the specific
orderby x g yifx <yand P(y —x) <y —x,or (I — P)(y — x) > 0. For a given
sub-stochastic matrix P, let {{ be the set of all bounded vectors that are excessive with
respect to P. Then (U, <, <) is a mixed lattice semigroup.

The dual concept of excessive measure is defined as a non-negative row vector x
such that xT P < xT. The set of finite measures that are excessive with respect to P
is similarly a mixed lattice semigroup.

More generally, it has been shown that the cones of excessive functions and exces-
sive measures associated with Markov processes with continuous state-space have a
mixed lattice structure. For proofs and more details, see [13, Theorems 5.9 and 5.11]

T

The following example of a regular mixed lattice group (indeed, a mixed lattice
vector space) was given in [11, Example 1].

Example2.15 Let G = BV([a, b]) be the set of all functions of bounded variation
on an interval [a, b]. Functions of bounded variation have the following well known
characterization (see for example [3, Theorem 6.13]): f € BV ([a, b]) if and only if
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f = f1 — f2, where f1 and f; are positive increasing functions. It was shown in [7,
Theorem 21.2], that the set S of all positive increasing functions is a mixed lattice
semigroup. Hence, we can write G = S — & and so G is a mixed lattice group where
the initial and specific orders are defined by

f<gsg — f(x) < g(x) forallx € [a,b]
and
g — g — f isincreasing and g — f > 0,

respectively. It is well known that the space BV ([a, b]) is a Riesz space with respect
to both partial orders defined above (see [1, Section 9.8]). So, in a sense, this mixed
lattice vector space is a “mixture” of the two Riesz spaces (BV ([a, b]), <) and
(BV(la, bD, =).

Next we consider different positive cones in R” to obtain more examples of mixed
lattice vector spaces.

Example2.16 Let V = (R", <, <) where < is given by the standard positive cone,
thatis, x > Oif x; > O forall kK = 1,2,...,n and define < by the positive cone
C={x:xk+1 >xx>0,k=1,2,...,n — 1}. Then the cone C is generating and
the element u = 0 \ x exists for every x € V and hence V is a regular mixed lattice
vector space. In fact, u is a vector such that

xp ifx; >0 X1 if xpyr > ug
w=1" and  ugpr = .
0 ifx; <O up i xpq < ug
for k = 1,2,...,n — 1. This example applies also for the infinite dimensional
sequence space consisting of those sequences (xi), where xj is defined as above
for k = 1, 2, 3, .... In this case, the definition of the specific order can be written as

x > 0if x > 0 and x is increasing.

In the sequel, we denote the supremum and infimum formed with respect to initial
order by sup and inf, respectively (whenever they exist), and the supremum and infi-
mum formed with respect to specific order by sp sup and sp inf, respectively (whenever
they exist). Our next examples are mixed lattice vector spaces that are quasi-regular
but not regular.

Example2.17 Let V = R3 and define < as the partial order induced by the positive
cone C1 = {(x,y,2) : z > +/x%+ y2}. Define specific order < as the partial order
with the positive cone C; = {(x,y,z) : x = y = 0,z > 0}. Geometrically it is
obvious that the element x \~ 0 exists for all x € R3, since the cone C; and any
line parallel to z-axis always intersect. Moreover, the two partial orders < and <
coincide on the z-axis and hence the set {x € G : x = 0} can be identified with
the set of positive real numbers with the usual ordering. This set is obviously a very
special case of a mixed lattice semigroup. Thus (V, <, <) is a mixed lattice group
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(in fact, a mixed lattice vector space) which is quasi-regular, but not regular since the
specific cone C; is not generating. This example also shows that a mixed lattice group
need not be a lattice with respect to either partial ordering. Again, this is easy to see
geometrically for partial order <, since the intersection of two circular cones of type
C1 is not necessarily a circular cone and thus the element sup(x, y) does not exists
if the elements x and y are not comparable. G is also not a lattice with respect to <,
since the element sp sup{x, y} does not exist, unless the points x and y both lie on the
same line parallel to the z-axis.

Example 2.18 Let V be the vector space of all bounded differentiable real functions
on an interval (a, b) and define the initial order < as the usual pointwise ordering, and
specificorder by f < gif g — f > 0 and g — f is a constant function. Let f € V
and put m = inf{f(x) : x € (a,b)} and my = min{0, m}. Then g = f \~ 0 exists
and g(x) = f(x) —my forall x € (a, b).Clearly, g € V and so (V, <, <) is a mixed
lattice vector space that is quasi-regular but not regular since the specific positive cone
Cs={f €V:f>0and f is constant} is not generating.

Example 2.19 Let G be the set of real n x n matrices and let 5 be the class of all
symmetric n X n matrices. We define order relations A < B if a;; < b;; for all
i,j=1,...,.nand A X Bif A < Band B— A € B. Then C = 0\~ A exists for
every A € G and the elements of C are given by ¢;; = max{0, a;;,a;;}. Hence, G
is a mixed lattice group. G is easily seen to be quasi-regular (by the condition (b) of
Theorem 2.8) but not regular since 5 does not generate G.

Note that B could be replaced by some other suitable class of matrices, such as
integer matrices. This choice for B yields a different mixed lattice group.

Example 2.20 Let V be the space of continuous real functions on the interval [—1, 1].
Let f < g be the usual pointwise ordering and f < gif f < gand g — f
is an even function. Then 7 = 0\~ f exists in V for every f € V, and h(x) =
max{0, f(x), f(—x)}. Hence, (V, <, <) is a mixed lattice vector space.

The following two examples are due to Eriksson—Bique [11].

Example 2.21 Consider the partially ordered group (Z, <, <), where < is the usual
order. Let p be a strictly positive integer and define specific order < by setting

n=<m ifm—n=>0andm — nis divisible by p.

Then (Z, <, X) is a quasi-regular mixed lattice group [11, Example 2].

Example 2.22 The set R of real numbers is a mixed lattice group with < as the usual
order and specific order defined by x < yif y —x > 0Oand y — x € Z. Now, for
example, if n € Z then

N n ifn<x
n\x=
[x]ifn > x

where | x| is the greatest integer less than or equal to x. [11, Example 3]
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Note that the above construction could also be applied to Q or any subfield of R to
yield a mixed lattice group.

Next we give an example of a pre-regular mixed lattice group that is not quasi-
regular.

Example2.23 let G = (Z x Z, <, <) and define partial orders < and < as follows.
Ifx = (x1,x2)and y = (y1, y2) then x < y iff x; < y; and x < y;. In addition,
x xyiffx =yory >x;+ 1and y; > xp 4+ 1. Using Theorem 2.12 it is easy to
check that G is a mixed lattice group which is clearly pre-regular. Now let x = (1, 1)
and y = (1,2),andlet W = {w € G : w = 0}. Thenx € W and y € W but
y Ax =1(0,1) ¢ W. By Theorem 2.8 the set W is not a mixed lattice subsemigroup
of G and so § is not quasi-regular.

Remark 2.24 There is an interesting problem related to the previous example and the
regularity properties of mixed lattice vector spaces. The above counterexample was
based on the fact that the set of positive elements in a mixed lattice group is not
necessarily convex. However, in an ordered vector space the positive cone is always
convex, so this raises the following question: Does there exist a pre-regular mixed
lattice vector space that is not quasi-regular? A negative answer to this question would
result in a somewhat simplified theory for mixed lattice vector spaces.

The next example presents a mixed lattice group which is irregular, and does not
have properties (R0), (R1) and (R2).

Example2.25 LetG = (Z x7Z, <, <), where < and < are lexicographic orders defined
as

X<y <= (1 =<y or xy=y and x2 <y )
and
X<y <= (x2=<y or x2=y and x; <y;).

Then G is a partially ordered group with the usual coordinatewise addition, and since
both partial orders are total orders they obviously have the properties

X<y < x+z<y+z and x <y < x+z=<y+z

Clearly, the element x \~ 0 exists for every x € G, and so G is a mixed lattice group.
However, none of the regularity properties (R1)—(R2) hold in G. To see this, let x =
(0,1) and y = (1,0). Then x < y but x A y = y # x. Hence, (R0) does not hold
and this implies that (R1) and (R2) do not hold either.

Irregular mixed lattice structures are perhaps a bit too general to be very useful.
It turns out that more interesting results can be obtained under the pre-regularity
assumption, and in later sections we will mostly focus on the pre-regular case.
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3 Generalized absolute values

One of the fundamental concepts in the theory of Riesz spaces and lattice ordered
groups is the absolute value of an element. However, in mixed lattice groups this
idea is completely unexplored. In this section we introduce the generalization of the
absolute value for elements of mixed lattice groups and mixed lattice vector spaces.

We start by introducing the upper and lower parts of an element which play the
roles of the positive and negative parts of an element in a lattice ordered group.

Definition 3.1 Let G be a mixed lattice groupand x € G. Theelements“x = x \~ 0 and
[x = (—=x) \~ 0 are called the upper part and lower part of x, respectively. Similarly,

the elements x* = 0 \~ x and x/ = 0 \~ (—x) are called the specific upper part and
specific lower part of x, respectively.

From the above definitions we observe that for the specific upper and lower parts we
have x* %= 0 and x! = 0, and for the upper and lower parts “x > 0 and ‘x > 0. By
Theorem 2.12, a partially ordered group G is a mixed lattice group if and only if one
of the upper or lower parts exists for all x € G.

The upper and lower parts have the following basic properties.

Theorem 3.2 Let G be a mixed lattice group and x € G. Then we have

(@) “x ="(=x) and x" = (—x).

(b) Uxx!=Ux+x! and '"x \x"=!x+x"
(c) x=x"—lx="4x—x!

(d) x" N'x=0=x! N¥x

(e) x* \wix=tx+lx=xl4xt=x"\"x

(f) Uy Iy =x+tux anx! and x"—x'=x+"x A x"

Proof (a) These follow immediately from the definitions.
(b) Using (P2a) repeatedly we get

Ux+xl =x\04+0\ (—x)

x+0N (=x) \ (040 \ (=x))
=@\ 0\ 0\ (=x))
=4x\xl.

The proof for the second equality is similar.
(c) Using (P1) and (P3) we get

l

"x—x'=xNv0-0\v(—x)=x\v0+0Ax=x+0=1ux.

Similarly, x* — ' x = x.

(d) Combining (P1) and (b) gives
v xbrxl Atx =ty +xl =%y xl
From this it follows that x! _\ “x = 0. The other equality is similar.

@ Springer



Generalized absolute values, ideals and homomorphismsin... 953

(e) For the first equality, we use (P2a) twice to get
“x+lx =x 0+ (=x)\ 0

=@+ ()N 0N O+ (=x)\0)

=0\ x)\ ((=x) \ 0)

=x"\!x.

The last equality is proved similarly. The middle equality follows from (c).
(f) First we note that by (P2a) and (P3)

Gl —xt =l = () v (=x) = = A xY)
and
(' 0 = x —x = () e () = (e ax).

l

So by adding —x* — ! x and —*x — x!, respectively, to the two equations in (e) we

get
u Il _u u 1 uy 1 1
xANx'="x—x and —(CxAxH=x"=-"x.
Now we use (c) and substitute x* = x + 'x into the first equality and
x! = “x — x into the second equality to get “x —x = x + “x A x! and
x4 —xb=x4+1x A x" O

From the preceding theorem we observe that both “unsymmetrical” expressions
“x \~x! and ‘x \~ x* have properties that are similar to the absolute value of an
element in lattice ordered groups, and they can be expressed as the sum of upper and
lower parts, just as the absolute value can be expressed as the sum of positive and
negative parts. These observations motivate the following definition.

Definition 3.3 Let G be a mixed lattice group and x € G. The elements “x! = “x + x/
and 'x" = !x + x* are called the unsymmetrical generalized absolute values of x.

We will now examine the basic properties of the generalized absolute values. As
we might expect, they turn out to have many similarities with the ordinary absolute
value, as the next few theorems show.

Theorem 3.4 Let G be a mixed lattice group and x € G. Then we have

(a) “x! =x v xl =4x4+x" and'x" ="x - x" ="x 4 x".
(b) “x! =" (=x)".

(c) x = 0ifand only ifx ="'x* = x" and'x = 0.

(d) (xu)u :l(xu)u = x" and (xl)u :l(xl)u :xl.

(e) “x'+!x" = 0and"“x" +'x"* > 0.
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Proof (a) is just a restatement of Theorem 3.2.
(b) By Theorem 3.2 (a) we have Nyt =1(=x) \ (=) ="x \x! =uxl,
(c) If x = x" then x > 0. Conversely, let x > 0. Then Iy = (=x)\«0 > 0and
since —x < 0and 0 < 0, it follows by (P5) that!x = (—x) \v 0 < 0\~ 0 = 0. Hence,
'x = 0. This implies that x = x* —!x = x%and 'x* =x + x* = x" =x
(d) These identities follow immediately from (f), since x“ = 0 and xl=o0.
(e) These follow from (c) and Theorem 3.2 (e), since
uxlply —uy plxy pxl x4 =20x +1x) =2(x! + x%). O

The next theorem gives some useful additional properties of the generalized absolute
values. The first two are the triangle inequalities.

Theorem 3.5 Let G be a mixed lattice group. For all x,y € G the following hold.

(@ “x+"y ="+, x' +y' =+ yand s +1y! > (x4 y)!
(b) xu+yttZ(x+y)u’lx+lyzl(x+y)andlxu+lyu EI(X—F)/)M
(c) x\ry—y)\x:”(x—y)landny—xJ\y:l(x—y)“

(d) 2(x\y)=x+y+"“x—y'and2(y v x)=x+y+'(x — -

Proof (a)Sincex = x \~ 0 = xand“x = x \v 0 > Oandsimilarly*y = y \ 0 = y
and “y = y \~ 0 > 0, it follows by (P5) that“x +%y > (x + y) - 0 = *(x + y).
The proof for the second inequality is similar. It then follows that

‘G =t ey <t ty x4yl = eyl

(b) Just repeat the arguments in (a).
(c) Applying Theorem 3.2 we get

YN X=X ANYy=y\x+(—x\ —y)
=[y+(xNv =V x+(=x\ =yl
=[(y—x)\ 0]\ [0\ (x —y)]
=U(y—x)\(y—x!
="y —x)L

The second equality follows from the first one by exchanging x and y and applying
Theorem 3.2 (a).

(d) From (P1) we get y A\ x = x + y — (x \~ ¥). The desired result follows by
substituting this into (c). The second identity is similar. O

In Theorem 3.2 we showed that any x € G can be written as a difference of upper
and lower parts. Just as in Riesz space theory, these decompositions x = x* —x and
x ="x —x'withx" A’x =0 =x’ \ “x are minimal in the sense of the following
theorem.

Theorem 3.6 Let G be a mixed lattice group. If x € G and x = u —v then the following
hold.

(a) Ifu%OandeOthenMZx”andvzlx,
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(b) ifuEOandvkomenuz“xandvzﬁcl,

and conversely,

(c) ifx=u—vwithuJ\v=Othenu=x”andv:lx,

(d) ifx =u—vwithv Nu=0thenu="xandv = x'.

Proof (a)Letx =u —v withu = 0and v > 0. Then u = x + v > x and it follows
by (P5a) and (P4) that x* = 0 \~ x < 0 \~ u = u. Then, using (P5) again we get

Iy = (=) 0=@W—w)\0=v+(—u\ —v) <v+0=0.

(b) Similar.
(c) Assume that x = u — v with u _\ v = 0. Then we have

O=urNv=u+0AN@—-uw)=u—-0@—v)=u—U—-v)" =u—x",
1

and sou = x". It now follows that v =u —x = x% — x ="x.
(d) Similar. O

The preceding theorem corresponds to the representation of elements in a Riesz
space as a difference of two disjoint elements. The theory of disjointness in mixed
lattice semigroups has been studied by Arsove and Leutwiler [7].

In an arbitrary mixed lattice group, the generalized absolute values can behave
somewhat unexpectedly. However, in pre-regular mixed lattice groups we can say
more about the upper and lower parts as well as the generalized absolute values.

Theorem 3.7 Let G be a pre-regular mixed lattice group and x € G. Then the following
hold.
(a) x =0ifandonlyifx =x" ="x! =4x =x"and'x =x' = 0.
(b) x > 0 if and only if x = xl =Yy and x" = 0.
(c) “x' > 0and'x* > 0. Moreover, “x' ="' x" —Olfandonlylfx_O
(d) “(”x) =u(x) ="xand"(x)="(x)" ="x.
(e) u(uxl)l — uxl andu(lxu)l — lxu
Proof (a) Let x > 0. By (P4) it follows that x = 0 \rx = x". Then we have
x = x% = x* —!x and it follows that 'x = 0 and ‘x :x—l—x = x" = x.
Furthermore, we have x! = 0 \~ (=x) 3= 0, which implies that x! > 0 by (R1). Butif
x = 0then —x < 0, which implies that —x < 0. Hence, since 0 < 0, by (P5) we have

=0\ (—x) <0\ 0=0.Thus x' = 0and so x = Wy — x| =ty and iyl =
Uy 4 xl =4y = x. Conversely, if x = Iyt = 1ly \~x" then x > x% = O\rx > x
and so x = x* = 0 \~ x and it follows from (P4) that x = 0.

(b) Similar.

(c) Clearly, “x! > 0 and ‘x* > 0. If x = O then evidently “x! = x* = 0.
Conversely, assume that 'x* = ‘x + x* = 0. Then x* = —!x, which implies that
2% = x% —lx = x. Now x = 2x% = 0, and so by (a) we have x = lyv = 0. 1f

Ux! = 0 then similar arguments show that x = 0.
(d) These follow immediately from (b), since “ x > 0 and Iy > 0.
(e) This follows immediately from (a) and (b). m|
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Remark 3.8 The last theorem is not valid without the pre-regularity condition, and the
generalized absolute value may even be negative. The next example clarifies these
points.

Example 3.9 Consider the lexicographically ordered mixed lattice group of Example
225.Ifx =(1,—1)thenx > Obut“x = (0,0) < x. Moreover, x! = —x < 0 and so
uxl = x4 x! = —x < 0. This shows that in general, one of the generalized absolute
values as well as the upper or lower part can actually be negative with respect to one of
the partial orders. However, Theorem 3.4 (e) implies that both unsymmetrical absolute
values cannot be negative at the same time.

Next we will study the behavior of the mixed envelopes and generalized absolute
values under scalar multiplication. In a mixed lattice vector space the generalized
absolute values have alternative expressions, which bear close resemblance to the
definition of the absolute value in Riesz spaces, that is [x| = x V (—x).

Proposition 3.10 Let V be a mixed lattice vector space. Then for all x,y € V the
following hold.

(a) (ax) A (ay) = a(x N\ y)and (ax) \~ (ay) = a(x \~y) foralla > 0,
(b) (ax) A (ay) = a(x \- y) and (ax) \- (ay) = a(x A y) foralla <0,
(c) “(ax)! = a"x! and ' (ax)" = alx* forall a > 0,

(d) “(ax)! = |a|'x* and '(ax)"* = la|“x! foralla < 0.

(e) “x! = x \r (=x) and'x" = (=x) \ x.

Proof (a) Assume that a > 0 (the case a = 0 is trivial). Then by the definition of the
lower envelope we have

(ax) A (ay) = max{w :

The proof for the upper envelope is similar.

(b) These identities follow from (a) and property (P3).

(c) These follow from (a) and (b) and Theorem 3.2.

(d) Note that if a < 0 then a = —|a|, and apply part (c) and Theorem 3.2(b).
(e) By Theorem 3.2 and part (b) we have

X (=x) = (=2 e o =)
= (=2x1) \« (=2"2) + "x !
= —2(x! At"x)4ux!
— uxl'
This proves the first identity in (e). The second identity is proved in a similar manner.
O
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To conclude this section, we show that under certain conditions the results of the
preceding proposition hold also in mixed lattice groups. For the discussion that follows,
we will need the next definition.

Definition 3.11 A mixed lattice group G is called Archimedean if the conditionnx <y
for all n € N implies x < 0.

Erkisson—Bique has proved the following result concerning Archimedean mixed
lattice semigroups.

Theorem 3.12 ([10, Theorem 4.1]) If S is an Archimedean mixed lattice semigroup,
then

nx Any=n(x Ay)foralln e Nandx,y € S.

Combining the result of Theorem 3.12 with property (P3) and the identities in
Theorem 2.7 yields the following corollary.

Corollary 3.13 If G is a regular Archimedean mixed lattice group, then the following
hold forall x, y € G.

(a) nx AXny =n(x \y)andnx \~ny =n(x \-y)forn=0,1,2,...
(b) nx Axny=n(x\y)andnx \~ny =n(x \y)forn=—-1,-2,...
(c) Uxl = x \r (=x) and 'x* = (—x) \ x.

Remark 3.14 1t should be noted that the Archimedean property in the preceding theo-
rem is not a necessary condition, as the above result holds in every non-Archimedean
Riesz space. In general, the identities in Corollary 3.13 do not hold as the following
example shows.

Example 3.15 Consider the partially ordered group (Z, <, <) of Example 2.21, where
< is the usual order and

n=<m ifm—n > 0andm — n is divisible by p.

Choose p = 3. Then we find that —1 \v 1 =2but -3\«3 =3 £#3(—-1\1)=6
and so the identity (a) of Corollary 3.13 fails to hold. Next, let x = —1 and compute
“x = =1\ 0 = 2and x! = 0\~ 1 = 3. Then by Theorem 3.2 we have “x/ =
2 4+ 3 = 5. However, if we try to use the formula of Corollary 3.13 (c) we get
X\ (—x)=—1\1=2#£4x!

If G is a lattice with respect to specific order < then the absolute value with respect
to < exists for all x € G and we denote it by sp |[x| = sp sup{x, —x}. Similarly,
we denote the positive and negative parts with respect to < by sp(x™) and sp(x ™),
respectively.

Proposition 3.16 Let G be a quasi-regular mixed lattice group that is a lattice with
respect to its specific order. Then
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(a) splx| = sp sup{“xl, Ix"Y forall x € G.
(b) sp(x™) =spsup{“x,x"} forall x € G.
(c) sp(x~) =sp sup{lx, x!Y forall x € G.

Proof (a) Wehave“x! =%x \~x!=4%x = xand'x* ='x \« x" = 'x = —x. From
this it follows that sp sup{*x !, ‘x*} %= sp sup{x, —x} = sp |x|. On the other hand, we
have sp x| = x, sp|x| %= —x and sp|x| = 0. Then by (R2) sp|x| &= 0\ x = x*
and sp x| = (—x) \v 0 = 'x. So sp|x| = x \~ x* = ‘x*. Similarly we show that
sp |x| &= “x*. Hence, sp sup{*x’, x"} < sp|x| and the proof is complete.

(b) Since “x = x and x“ = 0 we get sp sup{“x, x“} >= sp sup{x, 0} = sp(x™).
On the other hand, sp(x™) = 0 and sp(x™) = x, and so sp(x™) = x \v 0 = “x and
sp(xT) = 0\ x = x"“. It follows that sp(x™) = sp sup{“ x, x“}. Hence, sp(x™) =
sp sup{* x, x“}. The proof for (c) is similar. O

4 Mixed lattice ideals

Ideals play a fundamental role in the theory of Riesz spaces. In this section we extend
the study of ideals to mixed lattice groups. A lattice ideal in a Riesz space E is defined
as a subspace A of E such thatif x € A and |y| < |x| then y € A. We could define
ideals in a mixed lattice group similarly with respect to initial and specific orders.
However, for the specific order such a definition is problematic, since the absolute
values “x! and ‘x" are not necessarily positive with respect to specific order. The
notion of an order convex subspace can be used as a generalization of the lattice
ideal in an ordered vector space, and lattice ideals in Riesz spaces are precisely those
sublattices that are order convex. We use this approach to define ideals in mixed lattice
structures.

Definition 4.1 (i) A subgroup S of a mixed lattice group G is called a mixed lattice
subgroup of G if x \~ y and x _\ y belong to S whenever x and y are in S. Here
x \ y and x _\ y are the upper and lower mixed envelopes in G.

(i) A subset U € G is called order convex, if x < z < y and x, y € U imply that
z € U.Similarly, asubset U € G is called specifically order convex,ifx <z <y
and x,y € U imply that z € U.

(iii) If A is an order convex mixed lattice subgroup of G then A is called a mixed
lattice ideal of G. Similarly, a specifically order convex mixed lattice subgroup
of G is called a specific mixed lattice ideal of G.

Next we state a useful characterization for mixed lattice ideals in a pre-regular
mixed lattice group. The conditions (c)—(f) correspond to the usual definition of a
lattice ideal.

Theorem 4.2 Let G be a pre-regular mixed lattice group and A a subgroup of G. The
following conditions are equivalent.

(a) A is a mixed lattice ideal in G
(b) The following two conditions hold.
() x € Aimplies"x' € A. (i) 0 < x < y with y € A implies x € A.
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(c) If'y! <“x"and x € Atheny € A.
(d) If'y* <“x' andx € Atheny € A.
(e) If'y* <!x" and x € Atheny € A.
(f) If'y! <'x* andx € Atheny € A.

Proof The implication (¢) — (b) is evident.

To show that (b)) — (c), assume that conditions (i) and (ii) in (b) hold. If
0 <yl <“x'andx € A, then“x’ € Aby (i). Then (ii) implies that “y! € A and the
inequality 0 < “y < “y! together with (ii) imply that“ y € A.So“y! ="y =yl € A,
and hence “y — y! = y € A.

Next we show that (¢) =—> (a). Assuming that (c) holds, let x € .A. Then
0 <¥x ="Mx)! <Ux!andso“x e A. This proves that A is a mixed lattice
subgroup (by Theorem 2.12). Next, assume that u < z < v withu, v € A. We want to
show thatz € A.Now 0 < z—u < v—u, anditfollows that0 < “(z—u)! <“(v—u)’.
Since A is a subgroup, we have v — u € A and so by assumption z — u € A. Thus,
z=u— (z—u) € Aand A is order convex, and hence a mixed lattice ideal.

For (¢) = (d),letx € A and observe that the inequality Lyw < uylis equivalent
to " (— y)l < Ux! If the condition (c) holds, then — y € A and since A is a subgroup,
we have y € A. This establishes (d). The implications (d) — (e), (¢) = (f)
and (f) = (c) are proved similarly. O

As it turns out, the equivalent conditions for specific mixed lattice ideals are slightly
different. More details are given in the following results.

Proposition 4.3 Let G be a pre-regular mixed lattice group and A a subgroup of G.
The following conditions are equivalent.

(a) A is a specific mixed lattice ideal in G
(b) The following two conditions hold.
() x € Aimplies"x! € A. (i) 0 < x < y with y € A implies x € A.

Proof The implication (¢) —> (b) is clear.

To prove that (b)) — (a), suppose that conditions (i) and (ii) in (b) hold. If
x € Athen“x! € A and this implies that A is a mixed lattice subgroup. Moreover, if
x,y€ Aand x < z < y holds, then0 < z —x < y — x € A and by condition (ii)
we have z — x € A, and consequently, x + (z — x) = z € A. Hence A is a specific
mixed lattice ideal. O

The related conditions (c)—(f) of Theorem 4.2 are not equivalent for specific mixed
lattice ideals, but they imply the conditions given in Proposition 4.3.

Proposition 4.4 Let G be a pre-regular mixed lattice group and A a subgroup of G.
If one of the following equivalent conditions holds then A is a specific mixed lattice
ideal.

(a) If'y' < “x' and x € Atheny € A.
(b) If'y" < “x" and x € Atheny € A.
(c) If'y* <'x" and x € Atheny € A.
(d) If'y' < !x* and x € Atheny € A.
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Proof The equivalence of the conditions is proved in the same way as in Theorem 4.2.
Assume that (a) holds. If x € A then it follows from the identity “(*x’)! = “x! that
“xl e A. Moreover, if 0 < y < x then 0 < “y! < “x! and so y € A. Hence by
Proposition 4.3 A is a specific mixed lattice ideal. |

The next counterexample shows that the conditions of Propositions 4.3 and 4.4 are
not equivalent.

Example 4.5 Consider Z x Z with the lexicographic order < given in Example 2.25
and define < by (x,y) < (u,v)ifx <wandy <v.ThenG = (Z x Z,<,x)isa
regular mixed lattice group. Consider the subgroup A = {(x, y) : y = 0}. It is easy
to see that the condition (b) of Theorem 4.3 holds in A and so A is a specific mixed
lattice ideal in G. However, the conditions of Proposition 4.4 do not hold in .A. Choose
for example x = (2,0) and y = (1, —1). Thenx € Aand y = “y! < “x! = x, but
y¢A

As an easy consequence of the preceding results we have the following relationship
between lattice ideals and mixed lattice ideals.

Proposition 4.6 (a) If G is a mixed lattice group that is a lattice with respect to initial
order < then every mixed lattice ideal is a lattice ideal (with respect to <).

(b) If G is a mixed lattice group that is a lattice with respect to specific order < then
every lattice ideal (with respect to <) is a specific mixed lattice ideal.

Proof (a) Let A be a mixed lattice ideal in G and x € A. Assume that |y| < |x|. By
Theorem 4.2 we have “x!,’x* € A and inequalities x < 'x* and —x < “x! imply
that 0 < |x| < Ux! 4+ !x" Then Theorem 4.2 implies that |x| € A. Since 0 < y* <
ly| < |x], it follows that y* € A. Similarly, y~ € Aandsoy = y© — y~ € A. This
proves that A is a lattice ideal in G.

(b) Let A be a lattice ideal with respect to < and x € A. Then 0 < x* =sp|x¥| %
sp |x|. This implies that x € Aandso’x = x* —x € A.Hence“x! = x*+'x € A.
Moreover, if 0 < y < x with x € A then 0 < sp|y| < sp|x| and since A is a lattice
ideal, this implies that y € A. Hence the conditions of Proposition 4.3 hold and A is
a specific mixed lattice ideal. O

The converse of Proposition 4.6 does not hold (see Example 4.10 below).
The following facts are now evident.

Proposition 4.7 In a mixed lattice group G the following hold.

(a) If G is pre-regular and A is a mixed lattice ideal in G, then A is a specific mixed
lattice ideal in G.
(b) Intersections of (specific) mixed lattice ideals are (specific) mixed lattice ideals.

Before discussing examples we give the following simple but useful result.

Lemma 4.8 If G is a quasi-regular mixed lattice group and U = {w : w = 0} then the
subgroup S generated by U (i.e. S = U — U) is a specific mixed lattice ideal in G.
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Proof If x € Sthenx = u —v forsome u,v = 0and O\ x =0\ (u —v) =
v\ u—v=0andso0\ x € Y C S. This proves that S is a mixed lattice subgroup
of G. Moreover, 0 < y < x clearly implies that y € S and hence S is a specific mixed
lattice ideal. O

In the remainder of this paper, we shall use simply the terms ideal and specific ideal
for mixed lattice ideals and specific mixed lattice ideals, respectively, if there is no
danger of confusion.

Example 4.9 Consider the mixed lattice group (G, <, <) of Example 2.21. The only
ideals in this mixed lattice group are {0} and G. Indeed, if S is an ideal in G and
x € S withx > 1 > 0, then since G is pre-regular, we have ux! = x > 1, and so
“1' =1 <"x! Hence 1 € S, and consequently, n- 1 = n € S for every n € Z. Thus
S§=4G.

The subgroup A = {pn : n € Z} is a specific ideal in G, by Lemma 4.8.

Example 4.10 Let G = R? and define < as the partial order induced by the positive
cone C; = {(x, y) : x > Oandy > 0}. Define specific order < as the partial order with
the positive cone C» = {(x, x) : x > 0}. Both of these are compatible partial orders in
R2. An easy verification shows that the element 0 \~ x exists for all x € G. Thus, by
Theorem 2.12, (G, <, <) is a mixed lattice vector space which is clearly pre-regular
but not regular, since the cone C» does not generate the whole space R2. It should be
clear, however, that the set S = {x € G : x = 0} is a mixed lattice semigroup and thus
G is quasi-regular.

In (G, <, <), the set A = {(x,y) : x = y} is a specific mixed lattice ideal by
Lemma 4.8, but not a mixed lattice ideal. To show that A4 is not a mixed lattice ideal,
choose x = (1, 1) and y = (1,0). Thenx € Aand y = *y! <*x! = x,buty ¢ A.
Finally, note that G is a lattice with respect to < and the x-axis is a lattice ideal in G
but not a mixed lattice ideal. Hence, the converse of Proposition 4.6 does not hold.

Example 4.11 As anotherexample, consider G = BV ([0, 1]), the functions of bounded
variation on [0, 1] (see Example 2.15). Let S be the set of all constant functions. Then
S is clearly a subgroup of G, and it is also a mixed lattice subgroup, where the upper
and lower envelopes are given by f \~ g = max{f, g} and f A\ g = min{f, g}.
However, S is not a (specific) ideal in G. This can be seen by choosing f(x) = 1 and
g(x) =1—x.Then g > 0and f > 0, and since G is regular, we have g = ol and
f="fl.Nowtgl <#fland¥g! <“f! and f € Sbut g ¢ S. Hence S is not an
ideal or a specific ideal in G.

Next, consider the subset A = {f € G : f(0) = 0}. This is both an ideal and a
specificidealin G. Tosee this, let f € Aand“g! <* f!. By the definitions of initial and
specific orders (see Example 2.15), itis clear that” f(0) = fl(O) = 0,and So"fl e A.
Moreover, since G is regular, we have 0 < ”gl and hence 0 < ”gl O)<"f ! 0) =0.
This implies that “g’(0) = 0 and so g € .A. Hence, A is an ideal in G, and it then
follows from Proposition 4.7 that A is also a specific ideal in G.

Example 4.12 Let )V be the mixed lattice vector space of Example 2.18 with the specific
positive cone C; = {f € V : f > 0 and f is constant}. The subspace S = Cy; — C;
consisting of all constant functions is a specific ideal in ) but not an ideal.
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Example 4.13 Let G be the mixed lattice group of Example 2.19. It is easy to verify
that the set of diagonal matrices is a mixed lattice ideal in G and the set of symmetric
matrices is a specific mixed lattice ideal in G (by Lemma 4.8) but not an ideal. Finally,
the set of integer matrices is a mixed lattice subgroup in G but not a specific mixed
lattice ideal.

5 Mixed lattice homomorphisms

Next we use the results of the preceding sections to study mixed lattice group homo-
morphisms.

Definition 5.1 Let G and H be mixed lattice (semi)groups. An additive mapping 7T :
G — H is a mixed lattice (semi)group homomorphism if T (x \~ y) = Tx \« Ty and
TxANy)=Tx NTyforalx,yegd.

If T is a mixed lattice group homomorphism, then by additivity 7(0) = 0 and
T(—x)=—Txforallx € G.

Our next result gives a characterization of mixed lattice group homomorphisms.
Similar characterizations are well known in Riesz spaces ([2, Theorem 2.14]) and
lattice ordered groups ([14, Theorem 4.5]).

Theorem5.2 Let T : G — H be an additive mapping between two mixed lattice
groups G and 'H. Then the following statements are equivalent.

(a) T is a mixed lattice group homomorphism.

(b) Tx\y)=Tx\Tyforallx,y e€g.

(c) T(xh = (Tx)lforallx egq.

(d) T(x") = (Tx)" forallx € G.

(e) T('x) = [(Tx)forallx egq.

(f) T"x) =4(Tx) forallx € G.

(g8) TxANy)=Tx \NTyforallx,y €g.

(h) If x Ny=0inG, then Tx A\ Ty = 0 holds in 'H.

Proof (a) = (b) Obvious.
(b) = (c) Assuming that (b) holds, we have

T(x") =TO\ (—x)) =T(0) \» T(-x) =0\ (-Tx) = (Tx)".
(c) = (d) If (c) holds, then by Theorem 3.2 (a) we have
T(x")=T(-x)") = ([T (=x) = (-Tx)! = Tx".
(d) = (e) Assume (d) holds. From the identity 'y = x* — x it follows that
T(x)=TEx"—x)=Tx") —Tx = (Tx)* —Tx =" (Tx).
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(e¢) = (f) If (e) holds, then
T(“x)=T((—x) ="(T(=x)) =" (~Tx) ="Tx.

(f) = (g) First we note that for any elements # and v in a mixed lattice group we
have

u—"wu—-v)=u—u—-v)v0=ut+@W—-u) N0O=v \u,
so by additivity of T and part (f) we have
TOANX)=Tx—-"x—y)=Tx—"(Tx—Ty)=Ty A\ Tx.
(g) = (h)If x A\ y =0then (g)implies Tx AN Ty=T(x ANy)=T()=0.
(h) = (g)Firstwenotethat 0 = (x A y)—(x A YY) =(x—x A Y) A (Y —xAY),
so by (h) we have
0=Tx—-xA)ATHY—-xAY)
=Tx—=TxAY)NTy—T(xNYy))
=Tx ANTy—T(x A\ y).

Hence, T(x N y) =Tx A\ Ty.
(8) = (a) If () holds, then

TxNxy)=T((=xAN —y)

=-T(=x AN —Y)

= —(T(=x) NT(-y))
=—(=Tx A =Ty
=Tx\Ty.

0

Under the additional assumption that H contains no elements of order 2 we can
add the following conditions to the list of the preceding theorem.

Proposition 5.3 Let T : G — 'H be an additive mapping between two mixed lattice
groups G and 'H. If H contains no elements of order 2 then the following statements
are equivalent.

(a) T is a mixed lattice homomorphism.
(b) T('x*) =YTx)* forallx € G.
(c) Tx!y ="(Tx)! forall x € G.

Proof (a) =— (b) Applying Theorem 5.2 we get
T(x")=T(x+x)=T(x)+Tx") =" (Tx) + (Tx)" ="(Tx)".
(b) = (c) Follows by the identity “x = /(—x)* in Theorem 3.4.
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(c) = (a) By Theorem 3.5 (d) we have 2(x - y) = x + y + “(x — y)l, so by
additivity of 7" we get

2T(x\y) =TRx\ ) =Tx+Ty+T"x -y
=Tx+Ty+"“(Tx —Ty)'
=2(Tx \ Ty).

Itfollows that2(T (x \~ y)—Tx \« Ty) = 0, and since H contains no elements of order
2,thisimpliesthat T (x \~ y) = Tx \~ Ty.Hence T is a mixed lattice homomorphism.
O

In particular, the additional assumption in the preceding proposition holds in mixed
lattice vector spaces. Moreover, it holds if the range of T is a mixed lattice group that
is a lattice with respect to one of the partial orderings. In fact, we have the following
well-known result.

Lemma 5.4 ([8, Corollary 1, pp. 294]) If G is a lattice ordered group with x € G and
n € N, then nx = 0 implies that x = 0.

The conclusion of the above lemma holds also in a regular Archimedean mixed
lattice group. For this, we need the following lemma (which is due to the referee, to
whom we are grateful).

Lemma 5.5 If G is a regular Archimedean mixed lattice group with x € G andn € N,
then nx = 0 implies that x = 0.

Proof First assume that x > 0. Then0 <x <2x < ... <nx =0, sox = 0. Now let
x be arbitrary. It follows from Corollary 3.13 that

nxh =*mx)! =%0' =0 and n¢x*) ='(nx)* ='0" = 0.

Moreover, Theorem 3.7(c) shows that Ux! > 0and 'x* > 0, so the first line of our
proof implies that “x’ = 0 and ‘x* = 0. Consequently, x = 0, again by Theorem
3.7(c). O

Combining the results of Proposition 5.3, Lemma 5.4 and Lemma 5.5 we get the
following special cases of Proposition 5.3.

Corollary 5.6 Let T : G — H be an additive mapping between two mixed lattice
groups G and 'H. Consider the following statements.

(a) T is a mixed lattice group homomorphism.

(b) T(x")="Tx)" forall x € G.

(c) T(“x"y =“(Tx)! forall x € G.

The statements (a), (b) and (c) are equivalent if at least one of the following conditions
hold.

(i) G and 'H are mixed lattice vector spaces.
(ii) H is a lattice with respect to one of the partial orderings.
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(iii) 'H is a regular Archimedean mixed lattice group.

Remark 5.7 Note that in Example 2.17 we showed that there does exist mixed lattice
groups that are not lattices with respect to either partial ordering. We should also
point out that the conditions (b) and (c) in the above corollary always hold for any
mixed lattice homomorphism but they are not necessarily equivalent to 7 being a
homomorphism. Furthermore, the assumption in Lemma 5.4 that G is a lattice is not
a necessary condition.

We shall say that a mapping 7' : G — H between two mixed lattice groups G and
‘H is increasing if x < y in G implies that Tx < Ty in H. Similarly, T is specifically
increasing, if x < y in G implies that Tx < Ty in H. We now prove the following
result which gives some additional basic facts about mixed lattice homomorphisms.

Theorem 5.8 Let T : G — H be a mixed lattice group homomorphism between two
mixed lattice groups G and H. Then the following hold.

(a) T is specifically increasing. In addition, if G is pre-regular then T is increasing.

(b) If S C G is amixed lattice subgroup (or subsemigroup) of G, then T (S) is a mixed
lattice subgroup (or subsemigroup) of 'H.

(c) If G is pre-regular then T (G) is pre-regular.

(d) If G is (quasi-)regular then T (G) is (quasi-)regular.

(e) If G is pre-regular and A is a (specific) ideal in G, then T (A) is a (specific) ideal
in T(G).

(f) If T is bijective then T~ is also a mixed lattice homomorphism.

Proof (a)If x = y then x — y = 0, and by Theorem 3.4 we have (x — y)* = x — y.
Since T is a homomorphism, it follows that

Tx=Ty=Tx—-y)=T((x-y)=[Tx-y]"*>0,

andsoTx = Ty.

If G is pre-regular, then x > 0 if and only if x = “x, by 3.7. Similar arguments as
above now establish that x > y implies that Tx > T'y.

(b) These statements are evident by the definition of a mixed lattice homomorphism.

(c) It is sufficient to show thatif y € T(G), then y = O implies that y > 0. If y >= 0
then by Theorem 3.4 (f) y = y“. There exists x € G such that y = Tx, and we have
y = y" = (Tx)* = T(x"). Now x* = 0 and G is pre-regular, so it follows that
x* >0.By (a) T is increasing, and so y = T'(x*) > 0. Hence T (G) is pre-regular.

(d) Assume that G is quasi-regular. Let i/ = {w € T(G) : w = 0}. We need to
show that U/ is a mixed lattice semigroup. If u, v € U, then u = u" and v = v* by
Theorem 3.4, and there exist elements x, y € G such that u = Tx and v = Ty. Since
x" =0, y" > 0and G is quasi-regular, it follows by Theorem 2.8 that x* A y* = 0.
By (a) T is specifically increasing, so we have

U Nv=u" ANv"=T0)" N(Ty"=Tx" Ay"*) =0.
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Hence, by Theorem 2.8 the set I/ is a mixed lattice semigroup and so 7'(G) is quasi-
regular. Moreover, if G is regular, then G = S — S and T(G) = T'(S) — T (S), where
T (S) is a mixed lattice semigroup, as we have just proved. Hence T'(G) is regular.

(e) By Theorem 4.2 we need to show that if 0 < Tx < Ty with Ty € T (A), then
Tx € T(A). Since Tx > 0it follows that Tx = “ (Tx). Hence, (Tx)! = T(x!) =0,
which implies that x! = 0, and so x > 0. Moreover, 0 < Tx < Ty implies that
T(y — x) > 0, and again similar reasoning shows that y — x > 0. Hence we have
0 < x < y with y € A, and since A is an ideal, it follows that x € A and so
Tx € T(A). Moreover, since “(Tx)! = T(*x!) and A is an ideal it follows that
“(Tx)! € T(A) if and only if Tx € T (A). Hence, T (A) is an ideal, by Theorem 4.2.
The proof is essentially the same for specific ideals.

(f)Let y € H and set x = T~ 'y. Then T(x*) = y*, and we have T~!(y*) =
x" = (T~'y)*. Thus 7! is a mixed lattice homomorphism, by Theorem 5.2. O

Let T : G — 'H be a group homomorphism, and recall that the kernel of T is the
set N(T) = {x € G : Tx = 0}. We give the following result concerning the kernel of
a mixed lattice homomorphism.

Theorem 5.9 Let T : G — H be a mixed lattice group homomorphism between two
mixed lattice groups G and H. If G is pre-regular then the kernel N(T) is an ideal,
and hence a specific ideal.

Proof The kernel N(T) is certainly a subgroup of G, and it is also a mixed lattice
subgroup of G, forif x,y € N(T) then T(x \~y) = Tx \v Ty = 0\~ 0 = 0, hence
x \~ y € N(T). Assume then that G is pre-regular. Then by 3.7 we have “x’ > 0 for
all x € G. Suppose now that 0 < * I'<uyl with x € N(T). By Theorem 5.8 T is
increasing, and so we have

T0)=0<TyH) <Tx")="Tx) =0 = 0.

Hence, T(”yl) = ”(Ty)l = 0, and it follows by Theorem 3.7 (c) that Ty = 0, or
y € N(T). This shows that N(T) is an ideal in G, and hence a specific ideal by
Proposition 4.7. O

The converse of the preceding theorem holds too, in the sense that if A is an ideal in
a pre-regular mixed lattice group G, then there exists a mixed lattice homomorphism
whose kernel is .A. We will prove this later in Theorem 6.3.

If T : G — H is a bijective mixed lattice homomorphism, then so is 7! (by
Theorem 5.8), and T is called a mixed lattice isomorphism, and the mixed lattice groups
G and 'H are said to be isomorphic. In pre-regular mixed lattice groups, isomorphisms
have the following characterization, which is analogous to the characterization of
Riesz isomorphisms between two Riesz spaces (see [16, Theorem 18.5]). Additionally,
Eriksson-Bique has proved a similar result for isomorphisms between two mixed
lattice semigroups ([10, Theorem 4.3]).

Theorem 5.10 Let G and 'H be pre-regular mixed lattice groups and T : G — H a
bijective additive mapping. Then T is a mixed lattice isomorphism if and only if both
T and T~ are increasing and specifically increasing.
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Proof If T is an isomorphism, then 7! is also an isomorphism and they are both
increasing and specifically increasing by Theorem 5.8. Conversely, assume that 7 and
T-1are increasing and specifically increasing. If x, y € G, thenx < x \~ yand y <
x \« y,whichimpliesthat Tx < T(x - y)and Ty < T(x \~ y).Hence, Tx \v Ty <
T (x \~ y). Similar reasoning shows that 7~'(u) \» T™'(v) < T~ '(u \~ v) for all
u,v € H. Since T is bijective, there exist unique u and v in H such that u = Tx
and v = Ty. So we have x \- y < T~ !(Tx \~ Ty). Now since T is increasing, we
can apply T and obtain T(x \~y) < Tx \« Ty.Hence, T(x \~y) = Tx \« Ty, and
so T is a mixed lattice homomorphism. Since 7" was assumed to be bijective, T is an
isomorphism. O

Mixed lattice homomorphisms also have a domination property described in the
next theorem. For a similar result in Riesz spaces, see ([15, 2.6.9]).

Proposition 5.11 Let G and 'H be mixed lattice groups and T : G — 'H a mixed lattice
homomorphism. If S : G — H is an additive mapping such that S and T — S are both
increasing and specifically increasing, then S is a mixed lattice homomorphism.

Proof Let x and y be elements of G satisfying x A y = 0. This implies that x > 0
and y > 0. To see this, we write x ANy =x4+0 AN —x)=x—-0\(x—y) =
x—@x—y)*=0,orx = (x —y)" > 0. Similarly we get y = “(y — x) > 0.
By our hypothesis it follows that 0 < Sx < Tx and 0 < Sy < Ty. Since T is a
homomorphism, we have 0 < Sx A Sy < Tx ATy =Tx ANy) = T(0) = 0.
Hence Sx A Sy = 0 and so by Theorem 5.2 S is a mixed lattice homomorphism. O

We will now examine the extensions of mixed lattice semigroup homomorphisms
to mixed lattice group homomorphisms. The following lemma is a slight modification
of Kantorovich’s classical extension lemma in Riesz spaces (see [2, Theorem 1.10]).

Lemma5.12 Let S and T be Abelian semigroups and T : S — 7T an additive
mapping. If G and H are the groups generated by S and T, respectively (i.e. G = S—S8
and H = T — T), then there exists a unique additive mapping S : G — H such that
S extends T, that is, Sx = Tx forall x € S.

The next result shows that if a mixed lattice group is extended to a group of formal
differences, then a mixed lattice semigroup homomorphism can be extended to a mixed
lattice group homomorphism.

Theorem 5.13 Let T : S — T be a mixed lattice semigroup homomorphism between
two mixed lattice semigroups S and T.If G =S — S and H = T — T are the mixed
lattice group extensions of S and T, then T can be extended to a mixed lattice group
homomorphism S : G — H.

Proof Let T : S — 7 be a mixed lattice semigroup homomorphism. Since T is an
additive map, by Lemma 5.12 it has an additive extension S : § — H whereG = S—8
and H = 7 — 7 are the mixed lattice group extensions of S and 7, respectively. We
need to show that the extension S preserves the mixed lattice operations. Let w, z € G
and write w = u — v and z = x — y where u, v, x, y € §. Then by Theorem 2.7

wyz=-—v)v -y =uty\vx+v)-(@+y).
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Since S = T on S, we get

S(w\z)=S((u+y) \(x+v)—S(v+y)
=T(u+y)vx+v)-Tw+y)
=Tu+y)Tkx+v)=Tw+Yy)
={Tu+Ty)« Tx+Tv)—Tv—Ty
={Tu—-Tv)y\ (Tx—Ty)
= Sw \ Sz

for all w,z € G. It now follows from Theorem 5.2 that S is a mixed lattice group
homomorphism. O

6 Quotient mixed lattice groups

In this section we examine how quotient group constructions work in mixed lattice
groups, and we obtain results that have analogues in Riesz space theory. For these we
refer to [16, Chapter 3, §18].

Let G be an additive group and S a subgroup of G. An equivalence relation ~ in G
isdefined as x ~ yiff x —y € S. The equivalence class (or coset) of x € G is denoted
by [x], and we identify S = [0]. The quotient group of G modulo § is denoted by
G/S. The set G/S with addition defined by

[x]+[y] =[x+ y] forall[x]and [y],

is a group, where —[x] = [—x].

Assume now that G is a pre-regular mixed lattice group. We will prove that if A is
an ideal in G then we can define initial and specific orders in G/.A in such manner that
G/ A becomes a mixed lattice group. First we define the partial orderings.

Definition 6.1 Let A be an ideal in a pre-regular mixed lattice group G. If [x], [y] €
G/ A then we define [x] < [y] whenever there exists elements x € [x] and y € [y]
such that x < y in G. Similarly, [x] < [y] whenever there exists elements x € [x] and
y € [y] such that x < y in G.

Before we proceed we need to verify that the relations given in the above definition
are indeed partial orderings in G/ A. We will begin with the initial order. Reflexivity is
obvious. For transitivity, assume that [x] < [y]and [y] < [z].Letx € [x], y1, y2 € [y]
and z € [z] be such that x < y; and y, < z. Then

x=<yir=y+O1—y) <z+ Q1 —y),

but by definition y; — y» € A, and so z + (y1 — ¥2) € [z]. This shows that [x] < [z].

Finally, to prove antisymmetry, let [x] < [y] and [y] < [x]. Then there exist
x1,x2 € [x] and y1, y» € [y] such that x; < y; and y, < x3. Since A is a subgroup,
it follows that

O<yi—x1 = —xD)+@x2—y2)=02—x1)+ (1 —y) €A
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Since A is an ideal, it follows that y; — x1 € A, that is, [x] = [y]. Noting that A is
also a specific ideal (by Proposition 4.7), we can show similarly that the specific order
given in Definition 6.1 is likewise a partial ordering in G/.A.

We will now show that with these orderings the set G/.A becomes a pre-regular
mixed lattice group.

Theorem 6.2 If A is an ideal in a pre-regular mixed lattice group G, then G/ A is
a pre-regular mixed lattice group with respect to initial and specific orders given in
Definition 6.1.

Proof First we must show that these partial orderings are compatible with the group
structure, that is, G/.A is a partially ordered group with respect to orderings < and <.
To this end, assume that [x] < [y] and choose x € [x] and y € [y] such that x < y,
andletz € [z]. Then x +z < y+z,and so [x + z] < [y 4+ z]. By definition of addition
in G/ A, this is equivalent to [x] 4+ [z] < [y] + [z]. The specific order < is treated
similarly.

It remains to show that G/ A is a mixed lattice group. We will do this by showing
that [x]“ exists for all x € G and it is equal to [x“]. Let x € G and notice that x* > x
and x* > 0, so we have [x] < [x*] and [0] < [x"]. Assume then that [x] < [y] and
[0] < [y]. Then there exist x| € [x] and y;, y2 € [y] such that x; < y; and 0 < y,.
It follows that x| < y; <y yrandx —x; <0\ (x —x1) = (x — x1)*. This
implies that

x=x1+@—=x) <\ y+a—x)" =+ —y)" + @ —xD"
Now we also have
2+ =)+ & —x)" =0,
and therefore
X' =0vx <y + O —y)" + & —x)"
Now, since yi, y» € [y] and x, x| € [x], we have y; — y» € Aand x — x| € A, and

since A is a mixed lattice subgroup, it follows that (y; — y2)* € Aand (x —x1)* € A.
Hence we have

<+ =)'+ @ —xD" en+ A==l
Thus, [x*] < [y] and so we have proved that
[x"] = min{[w] € G/A : [0] < [w] and [x] < [w]} = [0] \~ [x] = [x]"“,

and so G/ A is a mixed lattice group, by Theorem 2.12.

Finally, assume that G is pre-regular and let [x] < [y]. Then there exist x € [x]
and y € [y] satisfying x < y in G. Since G is pre-regular, this implies that x < y.
Consequently, [x] < [y] and so G/ A is pre-regular. O
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The mixed lattice group G/ A is called the quotient mixed lattice group of G modulo
A.

Now we observe that there is a close connection between mixed lattice homomor-
phisms and quotient mixed lattice groups.

Theorem 6.3 If A is an ideal in a pre-regular mixed lattice group G, then G/ A is a
mixed lattice homomorphic image of G under the canonical mapping x +— [x]. Con-
versely, if G is pre-regularand T : G — 'H is a surjective mixed lattice homomorphism
with kernel N(T), then G/N (T) and 'H are isomorphic.

Proof Let G be a pre-regular mixed lattice group and A an ideal in G. Inspecting the
proof of Theorem 6.2 reveals that [x*] = [x]" in G/A, and so by Theorem 5.2 the
mapping x +—> [x] is a mixed lattice homomorphism of G onto G/ A, and A is the
kernel of this homomorphism.

Conversely,let T : G — H be a surjective mixed lattice homomorphism with kernel
N(T). Then by Theorem 5.9, N(T) is an ideal in G, and G/N(T) is a mixed lattice
group by Theorem 6.2. Now the mapping f : G/N(T) — H, where f([x]) = Tx, is
amixed lattice isomorphism of G/ N (T') onto H. To prove this, we need to show that f
is a bijective mixed lattice homomorphism. First, if Tx = Ty then T (x — y) = 0, and
sox —y € N(T). But this means that x and y belong to the same equivalence class in
G/N(T), thatis, [x] = [y]. Thus f is injective. Next, let z € H. Since T is surjective,
there exists an element x € G such that z = Tx. Now we have f([x]) = Tx = z, and
so f is surjective. Finally, since [x*] = [x]* in G/N(T), and T is a homomorphism,
it follows that

FAx1) = fIx"D =T = (Tx0)" = (f(xD)"
Hence, f is a bijective homomorphism, and therefore an isomorphism. O

Combining the two preceding theorems with Theorem 5.8(d) we get the following
result.

Corollary 6.4 If A is an ideal in a quasi-regular (regular) mixed lattice group G, then
G/ Ais a quasi-regular (regular, respectively) mixed lattice group with respect to initial
and specific orders given in Definition 6.1.

We conclude this section with an example.

Example 6.5 Let G = BV ([0, 1]) be the set of all functions of bounded variation on
the interval [0, 1] (see Example 2.15). In Example 4.11 we saw that the set S of all
constant functions is a mixed lattice subgroup of G, but not an ideal. In Example 4.11
we also considered the set A = {f € G : f(0) = 0}, which was seen to be an
ideal in G. As a group, the quotient group G/S can be identified with the subgroup
A of G. If we define a mapping T : G/S — Aby T([f]) = f — f(0), then T is
clearly an additive map (that is, a group homomorphism), which is bijective. Indeed, if
T([fD = T([g]) and choose any f € [f]and g € [g], then f — f(0) = g — g(0), or
f—g = f(0)—g(0).Now f(0)—g(0)isaconstantandso f —g € S,or [f] = [g].
Thus T is injective. Let f € A. Then f € G andso f € [f] € G/S, and we have
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T({fD) =f— f(@) = f,since f(0) =0 forall f € A. Hence T is surjective. This
shows that the groups G/S and A are isomorphic.

Now, since S is not an ideal, Theorem 6.1 does not apply here. In particular, the
canonical mapping x +> [x] is not a mixed lattice homomorphism, because the kernel
of this mapping is S, and the kernel of a mixed lattice homomorphism is necessarily
an ideal (by Theorem 5.9).

Since A is an ideal in G (see Example 4.11), the quotient group G/.A is a mixed
lattice group and the canonical map f +— [f]is a mixed lattice homomorphism. We
observe that the elements of G/.A are the equivalence classes determined by constant
functions, that is, G/A = {[f] : f is constant}. Indeed, if f and g are in [ f], then
f—ge€ A or(f —g)(0) =0. This implies that f(0) = g(0) and hence [ f] = [¢]
if and only if f(0) = g(0). Since f(0) is a constant, we have [ f] = [ f(0)].

Now the mapping T : G — S defined by T'f = f(0) is a surjective mixed lattice
homomorphism, since

T(f\ g =(f\g0)=max{f(0),g0)}=Tf\Tg,

and the kernel of T is A. Hence, by Theorem 6.3, G/ A and S are isomorphic mixed
lattice groups.
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Abstract

A mixed lattice vector space is a partially ordered vector space with two partial order-
ings and certain lattice-type properties. In this paper we first give some fundamental
results in mixed lattice groups, and then we investigate the structure theory of mixed
lattice vector spaces, which can be viewed as a generalization of the theory of Riesz
spaces. More specifically, we study the properties of ideals and bands in mixed lattice
spaces, and the related idea of representing a mixed lattice space as a direct sum of
disjoint bands. Under certain conditions, these decompositions can also be given in
terms of order projections.

Keywords Mixed lattice - Mixed lattice semigroup - Riesz space - Ideal - Band -
Disjointness - Direct sum
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1 Introduction

The idea of equipping a vector space with two partial orderings plays an important
role in classical potential theory [4]. During the 1970 s and early 1980s, M. Arsove
and H. Leutwiler introduced the notion of a mixed lattice semigroup which provides
a rather general setting for axiomatic potential theory [2]. The novelty of their theory
was that it mixed two partial orderings in a semigroup in such way that the resulting
structure is not a lattice, in general, but it has many lattice-type properties, and the
interplay between the two partial orderings plays a fundamental role in the theory.
Although Arsove and Leutwiler formulated their theory in the semigroup setting, a
similar mixed lattice order structure can also be imposed on groups and vector spaces
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where non-positive elements are present. This gives rise to the notions of mixed lattice
groups and mixed lattice vector spaces. In this paper, we are mostly concerned with
the latter. A mixed lattice space is a real partially ordered vector space with two partial
orderings, where the usual lattice operations (i.e. the supremum and infimum of two
elements) are replaced with asymmetric mixed envelopes that are formed with respect
to the two partial orderings. As a consequence, the theory of mixed lattice structures
is asymmetric in nature. For example, the mixed envelopes do not have commutative
or distributive properties, in contrast to the theory of Riesz spaces, where the lattice
operations are commutative and distributive. On the other hand, mixed lattice spaces
have also many similarities to Riesz spaces. In fact, a Riesz space is just a special
case of a mixed lattice vector space, in which the two partial orderings coincide. Early
studies of mixed lattice groups were done by Eriksson-Bique [6, 7], and more recently
by the authors in [5]. The present paper is a continuation of the research that was
commenced in [5-7].

Ideals and bands are the main structural components of a Riesz space, and Riesz
spaces can be decomposed into order direct sums of disjoint bands. Apart from Riesz
spaces, these concepts have recently been studied in more general ordered vector
spaces [8, 9], as well as in mixed lattice semigroups in [2]. It is therefore natural to
explore these ideas also in the mixed lattice space setting, and this is the main topic
of the present paper.

First we give a brief survey of terminology, definitions and basic results that will
be needed in the subsequent sections. Section3 contains some important results on
the properties of the mixed envelopes. Many of these results are known in mixed
lattice semigroups through the work of Arsove and Leutwiler in [2], but they haven’t
been studied in the group setting. The main difficulty here is that many of the results
that hold in a mixed lattice semigroup depend on the fact that all the elements are
positive. Therefore, some of these properties do not hold in the group setting without
some limitations. We also give the mixed lattice version of the fundamental dominated
decomposition theorem.

The concept of an ideal in mixed lattice groups and vector spaces was introduced in
[5]. Many properties of the most relevant subspaces, including ideals, are determined
by their sets of positive elements. In this context, positive cones play a fundamental
role and we discuss some properties of mixed lattice cones, which generate mixed
lattice subspaces. In Sect.4 we study the structure of ideals, and we introduce the
notion of a band in mixed lattice spaces and give some basic results concerning bands.
The two partial orderings give rise to two different types of ideals, called ideals and
specific ideals, depending on which partial ordering is considered. Consequently, we
also have different notions of a band, depending on the type of the underlying ideal.
In addition to these, we introduce an intermediate notion of a quasi-ideal, which plays
an important role in the structure theory.

Disjoint complements are introduced in Sect.5. The disjointness of two positive
elements is defined in a similar manner as in Riesz spaces, by requiring that the lower
envelope of the two elements is zero. However, the asymmetric nature of the mixed
envelopes leads to two distinct one-sided notions of disjointness, the left and right
disjointness. The disjoint complements and direct sum decompositions in mixed lattice
semigroups were studied by Arsove and Leutwiler in [2], where they showed that the
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left and right disjoint complements of any non-empty set in a mixed lattice semigroup
have certain band-type properties. In mixed lattice vector spaces the situation is a
bit more complicated, again due to the existence of non-positive elements. In order
to obtain a satisfactory theory, we consider disjointness first for positive elements,
and we then define the left and right disjoint complements as the specific ideals and
ideals, respectively, generated by certain cones of positive elements that satisfy the
disjointness conditions. This approach turns out to be quite natural, and we also find
it to be compatible with the existing theory of mixed lattice semigroups. We then
investigate the structure and properties of the disjoint complements, such as the band
properties and the structure of the sub-cones that generate the disjoint complements.
We also introduce the notion of symmetric absolute value in mixed lattice spaces and
show that the right disjoint complement can be described in terms of the absolute
value. This approach corresponds to the usual definition of the disjoint complement in
a Riesz space. Finally, we give some results concerning bands in Archimedean mixed
lattice spaces.

In the final section we study decompositions of mixed lattice spaces, where the
space can be written as a direct sum of an ideal and a specific ideal that are disjoint
complements of each other. The direct sum decompositions give rise to band projec-
tions which can be expressed in terms of order projection operators. Of course, these
projection properties have their well-known analogues in Riesz space theory. For an
account of the theory and terminology of Riesz spaces, we refer to [10] and [11].

2 Preliminaries
The fundamental structure on which most of the theory of mixed lattice groups and
vector spaces is based on, is called a mixed lattice semigroup. Let S(+, <) be a positive
partially ordered abelian semigroup with zero element. The semigroup S(+, <) is
also assumed to have the cancellation property: x + z < y + z implies x < y for all
x,y,z € S. The partial order < is called the initial order. A second partial ordering
< (called the specific order) is then defined on S by x < y if y = x + m for some
m € S. Note that this implies that x = O for all x € S. The semigroup (S, +, <, X) is
called a mixed lattice semigroup if, in addition, the mixed lower envelope

x ANy =max{weS:w=<xand w <y}
and the mixed upper envelope

xvyy=min{weS: wHxand w >y},
exist for all x, y € S, and they satisfy the identity

XVy+yAx=x+y. (2.1)

In the above expressions the minimum and maximum are taken with respect to the
initial order <.

@ Springer



32 Page4of35 J. Jokela

Typical examples of mixed lattice semigroups are constructed by starting with some
vector space V and a cone C in V which generates a partial ordering <. Then a sub-
cone S of C is taken as the semigroup in which the specific order < is defined as the
partial ordering induced by the semigroup S itself, that is, S is taken as the positive
cone for the partial ordering <. This procedure turns S into a mixed lattice semigroup,
provided that the conditions in the above definitions are satisfied. Many examples of
mixed lattice structures are given in [5].

A mixed lattice group is a partially ordered commutative group (G, +, <, <) with
two partial orderings < and < (called again the initial order and the specific order,
respectively) such that the mixed upper and lower envelopes x -y y and x A y, as
defined above, exist in G for all x, y € G. A sub-semigroup S of a mixed lattice
group G is called a mixed lattice sub-semigroup of G if x v y and x _\ y belong to
S whenever x, y € S. It should be remarked here that the additional identity (2.1) in
the definition of a mixed lattice semigroup is then automatically satisfied because the
identity holds in G (see further properties of the mixed envelopes below). A mixed
lattice group G is called quasi-regular if the set G5, = {x € G : x = 0} is a mixed
lattice sub-semigroup of G, and G is called regular if G is quasi-regular and every
x € G can be written as x = u — v where u, v € Gy.

There are several fundamental rules for the mixed envelopes that hold in quasi-
regular mixed lattice groups. These are listed below, and will be used in this paper
frequently. For more details concerning these rules and their proofs we refer to [5] and
[7].

The following hold for all elements x, y and z in a quasi-regular mixed lattice group
G.

M1) xvy+yArx=x+y

M2a) z4+xvy=x+2)v(y+2)

(M2b) z+x ANy =x+2)ANO+2)

(M3) xvy=—(—xA —Yy)

M4) xANy<xx=<xvyy and x Ay<y<x-vyy

(M5) x<u and y<v = xvy<u~vyv and x Ay<u Av

(Mba) x Xy < xyy=y << Yy AX=x

(M6b) x <y = yvx=y < x ANy=x

(MT) x<y = x<y

(M8a) x <z and y<z = xvy=<2z

(M8b) z<xx and zxy = z=xxXxA\Yy

We should mention here that (M1)-(M6a) hold more generally in every mixed
lattice group. Moreover, quasi-regularity is equivalent to the properties (M8a) and

(M8b), and these in turn imply (M7) (but not conversely). A mixed lattice group in
which (M7) holds is called pre-regular.
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3 Additional properties of mixed lattice groups

In this section we give several further properties of mixed lattice groups. Many of
these have been studied in mixed lattice semigroups in [2], but some of them do not
carry over to the group setting without some restrictions.

We begin by introducing a useful tool (which is due to M. Arsove and H. Leutwiler,
[2]) for studying the properties of the mixed envelopes. For x, u € G we define the
mapping Sx(#) = min{w > 0 : u < w+x}, where the minimum is taken with respect
to <. We will first show that the element S (u) exists for all x, u € G and it has certain
basic properties.

Proposition 3.1 Let G be a quasi-regular mixed lattice group. The mapping Sy defined
above has the following properties.

(a) The element Sy (u) = min{w > 0 : u < w + x} exists forall x,u € G and it is
givenby Sx(U) =x yu—x=u—u \X.

(b) If x = O then SySy(u) = Sxyy(u) holds forallu,y € G. Moreover, if x,y = 0
then S, Sy(u) = SySc(u) = Sxyy(u) forallu € G.

(¢) Sxya(w+a) =Sy (u) forall x,u,a € G.

(d) If u v then Sy(u) = Sy—uSx(v) forall x € G.

Proof (a) Let A = {w > 0 : u < w+ x}. Let m = x vu — x. The equality
x vyu—x =u—u A x follows immediately from (M1). First we note thatm >= 0
and

m+x=xvyu—XxX+x=xyu>u,

and so m € A. Assume then that z € A. Then u < z + x and since z >= 0, we
also have u < z + u. By (M5) and (M2) it now follows that u < (z +u) A (z +
x) = z + u A\ x and this implies that m = u — u A x < z. This shows that
m=S¢(u) =min{w >0:u < w+ x}.

(b) Bypart (@) wehaveu <y~vu=(y vu—y)+y=3S8,u)+yforaly,uegG,
and similarly Sy (u) < §,Sy(u) + x. It follows that u < §,Sy(u) + x + y and
by the definition of S, we obtain the inequality Sy, (u) < SyS)(u). Similarly,
exchanging the roles of x and y gives Sy4y(#) < Sy Sx(u). On the other hand, we
have u < Syyy(u) +x + y, and if x >= O then Sy4y(u) + x = 0, and it follows
again from the definition that Sy (1) < Sy, (u) + x. Hence, Sy Sy (1) < Sxyy(u)
and so the equality Sy Sy(u) = Sy4,(u) holds forall u, y € G. If also y >= O then
we can exchange the roles of x and y above to get S, Sy(u) = Sy Sx (1) = Sxyy(u)
forallu € G.

(c) The translation invariance property follows immediately from the definition of Sy.

(d) Letu < v. Thena = v — u > 0 and using (b) and (c) gives

Sx) = Sxypau+a) = 8,5 +a) = Sy_,Sx (v).
O
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Using the above results for S, we can prove several additional properties of the
mixed envelopes. We begin with the following theorem, which gives two important
inequalities for the mixed envelopes. They were first studied in mixed lattice semi-
groups by Arsove and Leutwiler [2, Theorem 3.2]. Later, Eriksson-Bique showed
that they hold also in a group extension of a mixed lattice semigroup, and therefore
in every regular mixed lattice group [6, Theorem 3.5]. We will now prove that the
inequalities hold more generally in every quasi-regular mixed lattice group. Later on,
these inequalities will play an important role in the development of the theory.

Theorem 3.2 Let G be a quasi-regular mixed lattice group. If x X y then the inequal-
ities
UANX<UuNy and uvyx=suvyy

hold for all u € G.

Proof First we observe that the first inequality is equivalent to
OsunNy—urNx=@—-uAx)—@—uNy) =S8 —Su).

Now if x < ythen y = a + x, where a = y — x = 0. Using the properties of the
mapping S, we get

Sy(u) = Sxta(u) = Sq(Sx(u)) = Syfx(Sx(u)) = Sx(u) — Sx(u) A (y —x),
and this yields
Sx) = Sy(u) =Sx () N (y—x) =@ —uAx)A\(Qy—x).

Hence wehaveu N y—u ANx=w—uANx) A\ (y —x).Nowu —u A\ x >0and
y —x = 0, and since G is quasi-regular, it follows by (M8b) that (u —u A x) A (¥ —
x) = 0. Thus we have shownthatuy Ny —u AN x = 0,oru Nx u \y.

The proof of the other inequality is similar. O

The next example shows that the assumptions in the last theorem cannot be weak-
ened, that is, the inequalities do not hold if G is not quasi-regular.

Example 3.3 Let G = (Z x 7Z, <, <) and define partial orders < and < as follows. If
x = (x1,x2)and y = (y1, y2) thenx < yiff x; < y; and x < y;. In addition, x < y
iff x =yory; >x;+ 1and y» > x + 1. Then G is a mixed lattice group which is
pre-regular but not quasi-regular (see [5, Example 2.23]). If x = (1,0), y = (2, 1) and
u=0,0)thenu~vyx=(I,)andu vy =2,1). Nowx x ybutu vx u-~vy
does not hold.

The inequalities in Theorem 3.2 have several implications. For example, the fol-
lowing one-sided associative and distributive laws hold for the mixed envelopes.
The proof is exactly the same as in the mixed lattice semigroup case, see [2, The-
orems 3.3 and 3.5].

@ Springer



Ideals, bands and direct sum decompositions in mixed... Page 7 of 35 32

Theorem 3.4 If G is a quasi-regular mixed lattice group then the following one-sided
associative laws

A NZ=Zx NN and xvy) vz<xv( VY2

and one-sided distributive laws

XNOYD=EAY)YEANZ) and x Yy ND<(ExYY) AKXV
hold forall x, vy, z € G.

In the sequel, sup E and inf E stand for the supremum and infimum of a subset £
with respect to the initial order <. The supremum and infimum of E with respect to
the specific order < are denoted by sp sup E and spinf E, respectively.

The following result is originally due to Boboc and Cornea (see [3, Proposition
2.1.4]). The more general mixed lattice version is given in [2, Theorem 4.2].

Lemma3.5 Let E be a subset of a quasi-regular mixed lattice group G such that
ug = sup E exists in G. If w € G is an element such that x < w for all x € E then
ug < w. Similarly, if vo = inf E exists and w € G is such that w < x forall x € E
then w < vp.

Proof 1f ug = sup E then x < ug for all x € E, and so if x < w for all x € E then
by (M5), x < w A ug < ug for all x € E. This implies that ug = w A up < w. The

result concerning the infimum can be proved by a similar argument. O

We obtain stronger results if the supremum and specific supremum of a subset are
equal.

Definition 3.6 Let E be a subset of a mixed lattice group G such that sup E and
spsup E existin G, and ug = sup E = spsup E. The element u is called the strong
supremum of E and it is denoted by ug = strsup E. The strong infimum vy of E is

defined similarly, and it is denoted by vy = strinf E.

The following result can now be proved exactly the same way as in the theory of
mixed lattice semigroups (see [2], p. 23). We include the proof here for completeness.

Proposition 3.7 Let E be a subset of a quasi-regular mixed lattice group G such that
ug = strsup E exists in G. Then forall x € G

Strsup,cp(x A u) =x ANug and strsup,cp(x yu) =x "y uo.
Similarly, if vo = strinf E exists then for all x € G

strinf,cg(x N u) =x ANvg and strinf,cg(x v u) =x v vp.
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Proof If x € G and ug = strsup E then By (M5), x A u

uo v x forall u € E. Let w be any element such that x A u
by (M1) we have

x ANugand u yx <
w forall u € E. Then

IATA

X+u=x ANu+uvx <xANu+uyvx <w4uyvx

forallu € E. Thus w+ug ~v x — x is a (<)-upper bound of E, and since ug = sup E,
by (M1) this implies that

X ANuotuovx=uyg+x <(w—+ugvx—x)+x=w-+upvx.

Hence x \ ugp < w, and this shows that x A\ ug = sup{x Nu : u € E}. On the
other hand, by Theorem 3.2 we have x Nu < x ANugforallu €e E.If x Nu X w
for all u € E then it follows by Lemma 3.5 that x A\ ug < w, and so x A\ up =
spsup{x A\ u : u € E}. This shows that x \ ug = strsup{x A\ u : u € E}. The other
identities can be proved in a similar manner. O

In the sequel, we will use the following notation. The inequalitiesx < yandy < z
are written more concisely as x < y < z. Similarly, the notation x < y < z means
thatx < yandy < z.

We conclude this section by showing that mixed lattice groups have the dominated
decomposition property. We actually have different variants of this property that will
be useful.

Theorem 3.8 Let G be a quasi-regular mixed lattice group.

(a) Letu = 0, vi > 0 and vy = 0 be elements of G satisfying u < vi+vy. Then there
exist elements uy and uy such that 0 <uy; <vy, 0<upy <vy and u = uy + uo.
Moreover, if vy = 0thenu; = 0, and ifu < vy + vy then uy < v3.

(B) Letu > 0, vy = 0 and vy > 0 be elements of G satisfying u < vi+v;. Then there
exist elements uy and us such that 0 < uy vy, 0 <ur <vy and u = uy + us.
Moreover, if u = 0 then uy = 0.

Proof (a) The element u; = u A v; satisfies u; < vy and u; > 0 (and u; = O if
vy = 0).Letup =u —uy. Thenu = u; + up and up = 0, since u; < u. It remains to
show that uy < v;. For this, we note that 0 < vy and u — v; < vy, and so we have

up=u—-uAvi=u+(—u) v (=v) =0y @ —v) <v2vuv=r1.
If u < v1 + vy then u — v < vy and we can replace < by < in the above inequality,
by (M8a).
(b) The element u; = vy A u satisfiesu; < u,u; < viandu; > 0 (and u; = 0if
u >= 0). It follows from u < v; + vo and v < v{ + vy that u v v < v + v2, and so
if we set up = u — u; we have up > 0 and

Up=u—viANu=uvyvy—vy <vi+v2—0v =2,

and the proof is complete. O
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4 Ideals and bands in a mixed lattice vector space

A mixed lattice vector space (or briefly, a mixed lattice space) was defined in [5] as a
partially ordered real vector space V with two partial orderings < and < (called the
initial order and the specific order, respectively) such that the mixed upper and lower
envelopes x -y y and x _\ y, as defined in Sect.2, existin V forall x, y € V.

We recall that a subset C of a vector space is called a cone if (i)aC C C for all
a>0, (i) C+C < Cand (iii)) C N (—C) = {0}. Cones play an important role in
the theory of ordered vector spaces because a partial ordering in a vector space can be
given in terms of the corresponding positive cone. For more information about cones
and their properties we refer to [1].

Before we proceed, let us introduce some notation. If V' is a mixed lattice space
then V, = {x € V : x > 0} and V;;, = {x € V : x = 0} are the (<)-positive cone and
the (X)-positive cone of V, respectively. Accordingly, an element x € V), is called
positive, and if x € V), then x is said to be specifically positive, or (X)-positive. In
mixed lattice spaces we are particularly interested in cones that are also mixed lattice
semigroups.

Definition 4.1 A cone C C Vj, in a mixed lattice space V is called a mixed lattice
cone if x -y y and x A\ y belong to C whenever x, y € C.

If E is any subset of V then we define £, = EN YV, and E5;, = E N Vy,. The
notions of regular and quasi-regular mixed lattice space are defined similarly as in
mixed lattice groups. Hence, using the notation just introduced, V is quasi-regular if
Vip, the positive cone associated with the specific order, is a mixed lattice cone. If C
is a cone in a vector space V then § = C — C is called the subspace generated by C.
A mixed lattice space V is regular if V), is a generating mixed lattice cone, that is,
V= Vsp - Vsp-

The rules (M1)-(M8) for the mixed envelopes remain valid in quasi-regular mixed
lattice spaces. In a mixed lattice space we can add to the list the following rules
concerning the scalar multiplication. If V is a mixed lattice space and 0 < a € R then
the following hold for all x, y € V

(M9) (ax) A (ay) = a(x N\ y) and (ax) v (ay) =a(x vy) (a=0).

The notions of upper and lower parts of an element and the generalized asymmetrical

absolute values were introduced in [5]. If x € V then the elements “x = x v 0 and

Ix = (=x) ~v 0 are called the upper part and lower part of x, respectively. Similarly,

the elements x* = 0~y x and x/ = 0~ (—x) are called the specific upper part and
specific lower part of x, respectively. These play a similar role as the positive and
negative parts of an element in a Riesz space. The generalized absolute values of x
are then defined as “x! = “x + x! and 'x* = 'x 4+ x*. The elements “x’ and ‘x* are
distinct, in general, and they are “asymmetrical” in the sense that “x! = (—x)* for

all x.
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The upper and lower parts and the generalized absolute values have several impor-
tant basic properties, which were proved in [5]. These properties are given in the next
theorem.

Theorem 4.2 Let V be a quasi-regular mixed lattice space and x € V. Then the
following hold.

(@) “x ='(=x) and x" = (—x).

() x = x* —1x =4x — x!,

(c) “x! =ux~vx! =4x + x! and 'x* ='x~x* =!x + x.
(d) “x! = (~x)".

(e) "x+"y="(x+y), x'+y' =@+ and "x
) x“+y =@+ x+ly="a+y and 'x
(g) xU ANlx =0 =x! N"x.

(h) x“~lx =4x +1x = x! 4+ x* = xl vux

(i) x =0 ifandonlyif x ='x*="x! =%x =x* and'x =x' =0.

(j) x>0 ifandonly if x ="x' ="x and x' = 0.

(k) “x* >0 and 'x* > 0. Moreover, “x" = x" = 0 if and only if x = 0.
(1) “(ax)! = a¥x! and '"(ax)* = a'x* foralla > 0.

(m) “(ax)! = |a|'x"* and "(ax)* = |a|“x" foralla < 0.

(m) 2x Ay)=x+y—'x—y" and 2(y nx)=x+y—"(x—y"

The next theorem was also proved in [5], but under more general assumptions. If V
is assumed to be quasi-regular then we have a sharper version of the same theorem, as
given below. The proof is almost identical to the more general case, see [5, Theorem

3.6].

Theorem 4.3 Let V be a quasi-regular mixed lattice space and x € V.

(a) If x =u—vwithu >>0andv > 0, then 0 < x* 5uand0§v§lx.lfals0
v=0then) < x" <uand0 <'x < v.
(b) Conversely, ifx =u — v withu N v=0thenu =x"andv ="x.

For the remainder of this paper, we shall always assume that V is a quasi-regular
mixed lattice vector space unless otherwise stated. Due to this convention, we shall
drop the term “quasi-regular”’, and henceforth, by a mixed lattice space we mean a
quasi-regular mixed lattice space.

The notions of mixed lattice subspaces and ideals were introduced in [5]. A subspace
S of a mixed lattice vector space V is called a mixed lattice subspace of V if x v y
and x _\ y belong to S whenever x and y arein S. A subset U C V is called (<)-order
convex,if x <z < yandx,y € U imply that z € U. Similarly, a subset U C V is
called ()-order convex, if x < z < yand x, y € U imply that z € U. A subspace A
is (<)-order convex if and only if 0 < y < x and x € A imply that y € A. Similarly,
a subspace A is (<¢)-order convex if and only if 0 < y < x and x € A imply that
y € A.If Aisa(<)-order convex mixed lattice subspace of V then A is called a mixed
lattice ideal of V. Similarly, a (X)-order convex mixed lattice subspace of V is called
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a specific mixed lattice ideal of V. For brevity, these will be called simply ideals and
specific ideals, respectively. This should not cause any confusion as we are mostly
dealing with mixed lattice ideals in this paper. If we refer to other type of ideals (such
as lattice ideals) then we will emphasize it accordingly.

To study the relationships between ideals and specific ideals, as well as the structure
of mixed lattice spaces in more detail, we introduce the following definitions.

Definition 4.4

(i) A subspace S is called regular, if § = S;;, — S;.
(ii) A subspace S is called positively generated, if S = §), — ).
(iii) A subspace A is called mixed—order convex if y € A and 0 < x < y together
imply that x € A.
(iv) A mixed—order convex mixed lattice subspace is called a quasi-ideal.
(v) A specific ideal A is called a proper specific ideal if A is not a quasi-ideal.
Similarly, a quasi-ideal A is called a proper quasi-ideal if A is not an ideal.

Every mixed lattice subspace is positively generated. It is also easy to see that a
mixed lattice subspace S is regular if and only if for every x € S there exists some
z € Syp such that x < z. There are ideals that are not regular (Example 5.15). In many
cases, proper specific ideals and proper quasi-ideals are regular, but it is not known
whether or not this is true in general.

Before we proceed, we should remark that if A is a subspace of V then, in order
to show that A is a mixed lattice subspace it is sufficient to show that x* € A for
every x € A. Indeed, if this holds and x,y € Atheny vyx =y + (x — y)* € A.
Consequently, x A y =x +y —y v x € A. This observation simplifies many of the
proofs that follow.

Now the following result holds.

Proposition 4.5 Every regular (X)-order convex subspace is a mixed lattice subspace,
and hence a specific ideal.

Proof If x € Athenx = u—v withu, v € A;p. By Theorem4.3 wehave 0 < x" < u
and so it follows that x“ € A. Hence, A is a regular (x)-order convex mixed lattice
subspace, by the remark made before the proposition. O

The notion of a mixed-order convex subspace is intermediate between (<)-
order convex and (<)-order convex subspaces. Every (<)-order convex subspace is
mixed-order convex, and every mixed-order convex subspace is ()-order convex. In
particular, every ideal is a quasi-ideal, and every quasi-ideal is a specific ideal.

The following simple lemma is useful in the study of mixed-order convex subspaces.

Lemma 4.6 A subspace A is mixed-order convex if and only if 0 < x X ywithy € A
imply that x € A.

Proof Assume that 0 < x < y with y € A implies that x € A. We observe that if
0<u<vwithv € Athen0 < v —u < v, and this implies that v — u € A by
assumption. Thenu = v—(v—u) € A since A is a subspace. The converse implication
is similar. O
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Next we will study some basic properties of mixed lattice cones.

Theorem 4.7 Let V be a mixed lattice space and C a mixed lattice cone in V. Then
the subspace generated by C is a mixed lattice subspace. Conversely, if S is a mixed
lattice subspace of 'V then Sy is a mixed lattice cone in'V.

Proof Let C be a mixed lattice cone. It is clear that S = C — C is a subspace. If
x,y€ Sthenx =u —vand y =a — b for some u, v,a,b € C. Then

XANy=W@—-v)AN@—b)=wW@+b) A (@a+v)—(v+0b),

where (u +b) AN (@a+v) e C.Alsov+b e C,s0x ANy e S. Similarly x vy € §
and so S is a mixed lattice subspace.

Conversely, if S is a mixed lattice subspace then Sy, is clearly a cone. If x, y € Sy,
then x Ay € Sand x A\ y >= 0, by (M8b), and so x A\ y € S;,. Similarly, x v y €
Ssp, and the identity (2.1) automatically holds, by (M1). Hence S;), is a mixed lattice
cone. O

To gain more information about the structure of specific ideals, we introduce some
additional terminology. A mixed lattice cone C is called a mixed lattice sub-cone of
another mixed lattice cone C; if C1 € C;. A sub-cone F of a cone C is called a face
of Cifx +y e F withx,y € C imply thatx, y € F.

First we observe that every face of V), is a mixed lattice sub-cone.

Proposition 4.8 Every face of Vi is a mixed lattice sub-cone of V.

Proof Let F be a face of Vs, and x,y € F. Thenx vy +y ANx =x+y e F. It

follows that x v y € F and y \ x € F, and so F' is a mixed lattice sub-cone of V.
O

The next two results are well-known but we give proofs for completeness.

Lemma 4.9 A sub-cone C of V), is (<)-order convex if and only if 0 < x < y with
y € C implies that x € C. Similarly, a sub-cone C of Vyp is (<X)-order convex if and
only if 0 X x < ywith y € C implies that x € C.

Proof Clearly the given condition is necessary. Assume the condition holds and let
z<x <ywithz,y € C.Then0 < x —z <y—z < y which implies thatx —z € C,
and since z € C and C is a sub-cone, it follows that x = (x — z) 4+ z € C. The proof
of the second statement is essentially the same. O

Proposition 4.10 A sub-cone F of V), is a face of V), if and only if F is (<)-order
convex. Similarly, F is a face of Vs, if and only if F is a (<)-order convex sub-cone
of Vsp.

Proof Suppose that F is a face of V,, andlet0 < x < y withy € F. Thenx € V,,
0<y—xeVyand (y —x)+x =y € F.Itfollows that x € F and this shows that
F is (<)-order convex, by the preceding lemma. Conversely, if F is (<)-order convex
andx +ye Fthen0 <x <x+4+yand0 <y <x + y imply that x, y € F. Hence
F is a face. The proof of the second assertion is identical, just replace < by <. O
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The following result is now an immediate consequence of the preceding results and
the definition of a specific ideal.

Corollary 4.11 A mixed lattice subspace A is a specific ideal if and only if Ay is a
face of Vyp.

Our next result is important for the theory of ideals. It shows that every ideal contains
a quasi-ideal.

Theorem 4.12 If A is an ideal and W = A, — Ag), then W is a quasi-ideal, and there
is no ideal B such that W C B C A and B # A. In particular, if W is an ideal then
W = A.

Proof By Theorem 4.7, W is a mixed lattice subspace. Moreover, if 0 < x < y with
y € Witheny € A, and A is an ideal, so x € Ay, € W. This shows that W is
mixed-order convex. Let B be any ideal contained in A such that W € B. Then for
every x € A, we have 0 < x < x" € B. This implies that x € B,so B = A. In
particular, if W is an ideal then W = A. O

We recall that if E is a subset of V then the smallest ideal (with respect to set
inclusion) that contains E is called the ideal generated by E. The next result gives a
description of ideals generated by a mixed lattice cone.

Theorem 4.13 The ideal A generated by a mixed lattice cone C equals the subspace
generated by the cone S = {x € V : 0 < x <u for some u € C}.

Proof Since C is a cone, it follows immediately that S is also a cone. Evidently, every
ideal that contains C must contain S, so it contains also the subspace S — S. Therefore,
it is sufficient to show that the subspace S — S is an ideal. S — S is obviously (<)-order
convex, so it remains to show that it is a mixed lattice subspace. Let x € S — S. Then
x =x1 —xp withxy, x2 € §,and sox < x; < u; for some u; € C. Since C C Vj,,
it follows by Theorem 4.2(i) that (u1)* = u1, and so by (M5) we have

0<x"=0vx<0vx1<O0~vu=w)"=u; eC.

Thus, x* € S, and so S — § is a mixed lattice subspace. Hence we have proved that
S — S is a smallest ideal containing C. O

If A is an ideal then by Theorem 4.7 the set Ay, is a mixed lattice cone, and
by Theorem 4.12 A is the smallest ideal that contains Ag,. Now the two preceding
theorems yield the following corollary which tells that ideals are uniquely determined
by their sets of (x)-positive elements.

Corollary 4.14 Every ideal A equals the ideal generated by Ay, that is, the subspace
generated by the set S = {x € V : 0 < x < u for some u € Agp). In fact, S = A,
Consequently, if A and B are two ideals such that A;, = By, then A = B.

Proof The only thing that still needs proof is the claim that § = A,. The inclusion
§ C A, isclear, and the reverse inclusion holds too, forif x € A, then0 < x < x" €
Agp. O
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The preceding results have yet another consequence. By Theorem 4.12, if A is an
ideal then the subspace W = A, — Ay, is a regular quasi-ideal. The following gives
the converse.

Theorem 4.15 If W is a regular quasi-ideal then there exists an ideal A such that
W = Ayp — Asp. Hence, W is a regular quasi-ideal if and only if W = Ay, — Ay, for
some ideal A.

Proof Let W = Wy, — Wy, be a regular quasi-ideal and let A be the ideal generated
by W;,. By Theorem 4.7 the set Wy, is a mixed lattice cone, so by Theorem 4.13
A=S—S8,where § ={x € V:0=<x <u forsome u € Ws,}. Now we only need
to show that As, = Wj,. It is clear that Wy, C A;p,soletx € Ag,. Thenx =y —z
where y, z € S, so we have 0 < x <y < u for some u € Wy,. But this implies that
x € W;, since W is a quasi-ideal, so we conclude that Ag, = Wy),. ]

Next we will study the properties of algebraic sums of different types of subspaces.
For instance, if A and B are quasi-ideals, then what can be said about the sum A + B
? Another important question is if the sets of positive elements are preserved in these
sums, that is, does (A + B)s, = Asp + Bsp or (A + B), = A, + B, hold.

Theorem 4.16 If A is a quasi-ideal and B is a positively generated (<)-order convex
subspace then A+ B is a mixed-order convex subspace. Moreover, if B is an ideal then
A + B is a quasi-ideal, and if, in addition, A is regular then (A + B), = A, + B),.

Proof 1t is clear that A + B is a subspace. Assume first that 0 < x < y with y =
y1 + y2 € A+ B. By assumption, y; = v; — vy with 0 < vy,v; € B, and A is
a mixed lattice subspace, so (y1)* € A. Then0 < x < y; + y» < (y)* + vy, so
we can now apply the dominated decomposition property (Theorem 3.8(a)) and write
x = x1 +x2,where 0 < x1 < (y1)* and 0 < xp < vy. It follows that x; € A and
X2 € B,sox € A+ B. This shows that A + B is mixed-order convex.

Assume next that B is an ideal and let y = y; + y» € A+ B. Then 0 < y* <
(y1)“ + (y2)"“ and, applying Theorem 3.8(a) again we can find elements u; and u5
such that y* = u; +uz, 0 5 u; < (y1)* and 0 < up < (y2)“. This implies that
u1 € Aand uy € B, and hence y* € A + B. This shows that A + B is a mixed lattice
subspace, and hence a quasi-ideal. It is clear that A, + B, C (A + B),. Conversely,
if0 <x e A+ Bthenx = x; + xp with x; € A and x; € B. If A is regular, we
can choose an element 0 < v € A such that x| < v. Also, x2 < “x2 € B, and so we
have 0 < x < v 4+ “x2. We can now apply Theorem 3.8(b) to find positive elements
u1 € A and up € B such that x = u1 + up, completing the proof. ]

Along the same lines we have the following result.

Theorem 4.17 In a mixed lattice space the following hold.

(a) If A and B are quasi-ideals then (A + B)sp = Agp + Bgp. Moreover, if A and B
are regular then A + B is also a regular quasi-ideal.

(b) If A is a regular specific ideal and B is a regular quasi-ideal then A + B is a
regular specific ideal and (A + B)sp = Agp + Byp. The last equality holds, in
particular, if B is an ideal.
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Proof (a) Ifx € (A+ B)spthen0 < x = x1+x2 < (x1)" + (x2)* with (x1)" € Ay,
and (x2)" € Bjp. By Theorem 3.8(a) x = a + b for some elements a and b such
that 0 < a < (x1)" and 0 < b < (x2)". It follows that @ € A, and b € By,
hence (A + B)sp € Ayp + Bgp. The reverse inclusion is obvious. Assume then that
0 <y <xwithx € A+ B.If A and B are regular it follows that A 4 B is also regular,
and we may thus assume that x = 0. Hence,0 <y < x = a + b where a € Ay,
and b € Bg,. Now the same argument as above (using Theorem 3.8(a)) shows that
y € A+ B, and so A + B is mixed-order convex. Then A + B is a mixed lattice
subspace, by Proposition 4.5.

(b) If x € (A+ B);p thenx = x; + xp withx; € A and x; € B. Since A and B
are regular, there exist elements u € A;p, and v € By, such that x; < « and x < v.
Hence 0 < x = x1 + x2 < u + v, and by Theorem 3.8(a) we have x = a + b
for some elements a and b such that 0 < ¢ < u and 0 < b < v. It follows that
a € Agp and b € By, hence (A + B)s, C A;p + Bgp. The reverse inclusion is clear.
In particular, if B is an ideal then W = By, — B;, is a regular quasi-ideal, and so
Vsp = Asp + Wsp = Asp + Bsp. The proof that A + B is a regular specific ideal is
similar to part (a). O

Regarding the above theorem we note that by Theorem 4.15 regular quasi-ideals
are precisely those subspaces W that W = A, — A, for some ideal A. As with ideals
in Riesz spaces, these regular quasi-ideals form a distributive lattice.

Theorem 4.18 Let V be a mixed lattice space and denote by R(V) the set of all
regular quasi-ideals of V, ordered by inclusion. Then R (V') is a distributive lattice
where AV B = A+ Band AANB = AN B. Moreover, R(V) has the smallest element
{0} and the largest element Vs, — Vyp,.

Proof If A, B € R(V) then by Theorem 4.17 we have A + B € R(V), and A + B is
clearly the smallest regular quasi-ideal that contains both A and B, hence A + B =
AV B. Itis also clear that A N B is the largest quasi-ideal that is contained in both
A and B. To see that A N B is regular, let x € A N B. Since A and B are regular,
there exist elements u € Ay, and v € By, such that x < « and x < v hold. Then
x < u A\ v and the inequalities 0 X u ANv X uand 0 < u A v < v imply that
u A\ v € AN B, proving that AN B is regular, and hence AN B = A A B. To prove the
distributivity, it is sufficient to show that [(A N B) + (AN C)]sp =[AN (B + C)]sp,
since (AN B)+ (ANC) and AN (B + C) are both regular quasi-ideals. The inclusion
(ANB)+(ANC) € AN (B + C) is rather trivial, so let x € [AN (B + C)]sp. Then
x € (B + C)yp, so x = x1 + x2 where x| € B, and x € Cy), by Theorem 4.17.
Moreover, 0 < x; < x € A implies that x; € Ay, and similarly, x, € A;,. Hence,
x1 € (AN B);p and xp € (A N C)jyp, and therefore x € [(A N B) + (A N C)lsp. This
shows that R(V) is distributive. Finally, it is clear that {0} is the smallest element in
R(V), and by Theorem 4.12 the largest element is W = V), — V. O

We do not know if the preceding theorem can be stated for regular specific ideals
in general. However, in many cases, a mixed lattice space is also a lattice with respect
to one (or both) partial orderings. In this case, we obtain stronger results as all the
lattice-theoretic tools are available to us. We will now briefly consider this situation.
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To avoid any confusion, we need to fix some terminology. If (V, <) is a vector lattice
then we will say that V is a (x)-lattice. If (V, <) is a vector lattice and A is a lattice
ideal in (V, <), then A is called a (X)-lattice ideal. We also denote the absolute value
and the positive and negative parts of an element x with respect to < by sp |x|, sp(x™)
and sp(x ™), respectively.

Theorem 4.19 If V is a mixed lattice space such that (V, X) is a vector lattice then
A is a regular specific ideal in V if and only if A is a (X)-lattice ideal of (V, ).

Proof 1t was proved in [5, Proposition 4.6] that every (<)-lattice ideal is a specific
ideal. Moreover, a (<)-lattice ideal A is regular (since every x € A can be written
as x = sp(x™) — sp(x~) where sp(x™), sp(xT) € Ajp), so we only need to prove
the converse. Let A be a regular specific ideal. Then A is (X)-order convex and if
x € A then also “x’ € A and 'x* € A. Since A is regular, there is an element
u € Agp such that Ux! <y and 'x* <X u. By [5, Proposition 3.16] the absolute value
of x formed with respect to < is given by sp |x| = spsup{*x/,‘x*}. Thus we have
0 < sp|x| = spsup{“x!,’x*} < u € A. Since A is (X)-order convex, it follows that
sp |x| € A. This shows that A is a (<)-lattice ideal. O

It is well known that the set of lattice ideals in a Riesz space is a distributive lattice.
Also, every regular quasi-ideal is a regular specific ideal, so putting all this together
with Theorems 4.19 and 4.18 we obtain the following:

Corollary 4.20 Let V be a mixed lattice space that is a lattice with respect to <, and
denote by L(V) the set of all regular specific ideals of V, ordered by inclusion. Then
L(V) is a distributive lattice where AV B = A+ B and AN B = AN B. Moreover,
L(V) has the smallest element {0} and the largest element V, and the set R(V) of all
regular quasi-ideals of V is a sub-lattice of L(V).

Now we turn to the discussion of bands in mixed lattice spaces.

Definition 4.21 Let V be a mixed lattice space. A specific ideal A is called a specific
band if spsup E € A whenever E is a non-empty subset of A such that sp sup E exists
in V. If A is a quasi-ideal with the above property then A is called a quasi-band. An
ideal B is called a band if sup E € A whenever E is a non-empty subset of A such
that sup E exists in V.

It follows from the identity inf E = — sup(—F) that if A is a band and E is a
non-empty subset of A such that inf E exists in V then inf E € A. Similarly, if A is a
specific band and spinf E exists in V then spinf E € A.

It is also clear that every quasi-band is a specific band. For the sequel, we need to
introduce the following notions.

Definition 4.22 A specific ideal A is called a weak specific band if strsupE € A
whenever E is a non-empty subset of A such that str sup E exists in V. A quasi-ideal
with the above property is called a weak quasi-band, and an ideal with the above
property is called a weak band.
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Weak bands and weak specific bands in mixed lattice semigroups were introduced
by Arsove and Leutwiler [2].

Clearly, every specific band is a weak specific band, every quasi-band is a weak
quasi-band and every band is a weak band. Now we can state the following character-
ization for weak bands and weak specific bands.

Lemma 4.23 If A is a (specific) ideal in V then the following are equivalent.

(a) A is a weak (specific) band.

(b) strsup E € A whenever E is a non-empty subset of A, such that strsup E exists
inV.

(c) strsup E € A whenever E is a non-empty subset of Asp such that strsup E exists
inV.

Proof The implication (a¢) = (b) is clear. Condition (b) obviously implies (c),
since Agp C Aj. Assume that (¢) holds and let E be a non-empty subset of A such that
ug = strsup E existsin V.Fixanelementx € E anddefine D = {x yu—x : u € E}.
Then D is a non-empty subset of Ay, and since ug = x, by property (M6a) we have
X vy up = up. Using Proposition 3.7 we then have strsup D = strsup{x yu — x :
ueE}=xvug—x =uyg—x € A, and hence ug = x + (ug — x) € A. O

5 Disjoint complements

If x,y € Vand x A y = 0 then x is said to be left-disjoint with y and y is right-
disjoint with x. The reason for this terminology is, of course, the fact that in general
X Ay # y A x. Next we will investigate the sets of those elements that are left or
right disjoint with each element of a given subspace A. It follows immediately from
the inequalities x >= x A\ yandy > x _\ y thatif x A y = 0 then we musthave x = 0
and y > 0. Because of this, we will first consider disjointness for positive elements
only. As it turns out, these sets of positive disjoint elements are in fact mixed lattice
cones. We then define the left and right disjoint complements as the specific ideal and
the ideal generated by these cones.
We begin with the left disjoint complement.

Lemma5.1 Ifx,y = 0and z > Owithy Nz =0then (x +y) Nz =x ANz In
particular, if also x \ z = 0 then (x + y) Az =0.

Proof If y A z = 0 and x 3= O then, using Theorem 3.2 we obtain
@+ ANz @+ ANE+)=x+y ANz=nx.

On the other hand, (x + y) A z < z, so we have (x + y) A\ z < x A z. The reverse
inequality 0 < x A z < (x + y) A\ z holds by (M5), and the lemma is proved. O

We now introduce the set (lA)Sp ={xeV:xAnz=0foral z € Ay} and
study its properties.
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Theorem 5.2 Let V be a mixed lattice space and A a mixed lattice subspace of V.
Then the set (+A) sp defined above is a mixed lattice cone in V.

Proof Let x,y € (lA)Sp and z € A,. Then (x + y) Az = 0 by the preceding
lemma, and hence x + y € (lA)sp. If0 < o € R and we put ¢ = max{«, 1}, then
0 < (@x) Nz <c(x ANz) =0. Thus, ax € (lA)Sp. This shows that (LA)sp is a
cone in V. Next we note that if v = x A\ y then 0 < v < x and it follows that for
every z € A, wehave 0 < v Az < x Az = 0, and thus v A\ z = 0. This shows
that v € (LA)SP. If wesetw = x —x A ythen 0 < w < x, which implies that
O0<wAz=<xAz=0forallz € A,. Thusw € (LA)SP, and since (LA)sp is a
cone,wehave y+w =y+x—x ANy=yvx € (LA)sp. Hence, (J-A)Sp is a mixed
lattice cone in V. a

The preceding result motivates the following definition.

Definition 5.3 Let A a mixed lattice subspace of a mixed lattice space V. The left
disjoint complement of A is the specific ideal A generated by the cone (J-A)Sp =
(x=0:x Nz=0forall z € A,}.

Remark 5.4 ‘We should point out that, more generally, if E is any subset of V such that
E, is non-empty, then LE p is a mixed lattice cone in V. However, for the purposes
of the present paper it is sufficient to restrict ourselves to mixed lattice subspaces. By
doing so we can avoid some unnecessary complications that arise if one considers
non-trivial subspaces § such that §;, = {0}. For instance, in such cases the algebraic
sum of a subspace and its disjoint complement would not be a direct sum, in general.
We will discuss these matters further at the end of this paper.

Theorem 5.5 If E is a subset of (* A) sp Such that spsup E exists in'V then spsup E €
(J-A)Sp. In particular, - A is a regular weak specific band in V. Moreover, if - A is an
ideal, then it is a weak regular band.

Proof We will first show that - A is regular. Let W = (+A) sp— (+A) sp- Itis clear that
W is a subspace and W C LA, sowe only need to show that W is a specific ideal. It
follows from Theorem 5.2 and Theorem 4.7 that W is a mixed lattice subspace in V.
Moreover, if 0 < y < x with x € W then for every z € A, wehave 0 < y Az <
x ANz=0,s0y A z=0andthus y € W. Hence, W is a regular specific ideal, and
soW =14,

Let E be a non-empty subset of (+A) sp such that up = spsup E exists in V. Then,
using (M1) and Theorem 3.2 we have

U—UNZ=ZYU—ZXZYU)—Z=U)—U)ANZ

forall u € E and z € Aj,. But u A\ z = 0, so the above inequality reduces to
u < uog—ug A\ z. Thus the element ug — ug A zis a (X)-upper bound of the set E, so
we have ug < ug — ug A z. This implies that 0 < ug A z < 0 (where the inequality
0 < ug A z follows by (M5), since ug = 0 and z > 0), and so ug A z = 0. Hence,
up € (tA) sp- In particular, if u is the strong supremum then LA is a weak specific
band, and if - A is an ideal then - A is a weak band, by Lemma 4.23. m]
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Next we turn to the right disjoint complement which we define in a similar manner
as the left disjoint complement, but the situation is slightly more complicated. Let A be
a mixed lattice subspace and consider the set S(A) = {x >0:z ANx =0 forall z €
Agp}. It is easy to see that S(A) is closed under multiplication by positive scalars, by
using a similar argument as in the proof of Theorem 5.2. However, in general, S(A)
is not closed under addition (see Example 5.15).

To get a better understanding of the situation, let us briefly examine the set S(A)
more closely. Let B be the family of all those subsets of S(A) that are closed under
addition. Notice that B is non-empty since {0} € B. Let BB be ordered by inclusion. If
C is a totally ordered subset of 55 then | J{C : C € C} is an upper bound of C, and so by
Zorn’s lemma B has maximal elements. Let us denote by M (A) the set of maximal
elements of B, that is, the set of those subsets of S(A) that are maximal with respect
to the property of being closed under addition. If S(A) itself is closed under addition
then S(A) is the only element of M(A). Clearly, S(A) = |J{C : C € M(A)}, and
each setin M (A) is a (<)-order convex cone.

Proposition 5.6 The set S(A) is (<)-order convex, and each C € M(A) is a (<)-order
convex cone.

Proof We divide the proof into 5 steps.

(HDIfO<x <ywithy e S(A)then0 <z Nx <z AN y=0forallz € A, and
soz N\ x = 0forall z € Ay, proving that S(A) is (<)-order convex.

(2) Let C € M(A). Then C is closed under addition by definition.

B3)If0 <x < ywithy € C, then x € S(A) by step (1). Now, if x ¢ C and
x+zeS(A)forallz e Cthen0 <ax+bz <(a+b)(x+z) € S(A)forallz € C
anda, b € Ry. By step (1) this implies that the set D = {ax+bz : z € C, a,b € R}
is contained in S(A). Clearly, D is closed under addition, and C is contained in
D, contradicting the maximality of C. Hence, there exists some z € C such that
x+2z¢ S(A).Butthen0 < x +z < y+z € C, and by step (1) this implies that
x +z € S(A), a contradiction. Thus x € C, and C is (<)-order convex.

(4) If x € C then an inductive argument applied to step (2) shows that nx € C
foralln € N. If a € R, then we can find some m € N such that a < m, and so
0 < ax < mx € C. By step (3) this implies that ax € C, showing that C is closed
with respect to multiplication by positive scalars.

(5) Finally, C N (—C) = {0}, because the elements of C are positive and 0 € C.
By steps (2)—(5), C is a (<)-order convex cone. m|

Due to the above result, we will call M (A) the set of maximal right disjoint cones
of A. It was noted above that, in general, the set S(A) is not closed under addition. In
this sense, the set S(A) is “’too large”. However, we have the following result which
is the analogue of Lemma 5.1.

Lemma5.7 Ifz,x = 0andy > Owithz Ny =0thenz N\ (x +y) =z A x.In
particular, ifalso z N\ x =0thenz A (x +y) =0.

Proof Letv = z A (x + y). Thenv < x + y,s0 v — x < y. On the other hand,
since x »= Owe have v —x < v < z.Hence,v —x <z Ay =0,andsov < x.
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Since we also have v < z, it follows that 0 < v < z A\ x. The reverse inequality
0 <z Ax <z (x+y)holds by (M5), and the desired result follows. O

It is clear that the set (AJ-)SP ={x=0:zAx =0 forall z € Ayp} is contained
in S(A). The set (AL)S,, is in fact a mixed lattice cone.

Theorem 5.8 If A is a mixed lattice subspace of V then the set (A1) sp defined above
is a mixed lattice cone in V.

Proof The proof of the fact that (A1) p 1s a mixed lattice cone is similar to the proof
of Theorem 5.2. The only real difference is in showing that the set Ah) sp 18 closed
under addition, and this follows immediately from the preceding lemma. O

Definition 5.9 Let V be a mixed lattice space and A a mixed lattice subspace of V.
The right disjoint complement of A is the ideal A+ generated by the cone (A1) sp =
{x 70:zAxx=0forall z € A}

Remark 5.10 In the above definition we require A to be a mixed lattice subspace
for similar reasons that were explained in Remark 5.4 considering the left disjoint
complement. The assumption that A is a mixed lattice subspace guarantees that A
contains non-zero specifically positive elements (except, of course, in the trivial case

A = {0}).
Theorem 5.11 A~ is a weak band and 7 \ x = Oforall0 <x e Al andz € Agp.

Proof We will first show that (A1), = {w € AL : w 3= 0}, that s, the ideal A+ does
not contain any (<)-positive elements that are not in (A1), p- This will also justify the
notation used for the set (AJ-)sp in Definition 5.9. For this, let W = (AJ-)SP — (AJ-)SP
and0 x x <y e W.Theny = u — v for some u,v € (AJ-)sp,andSOO <x <
u e (AJ-)SP. This implies that 0 < z A x <z A u = 0forall z € Ay, and therefore
zZAx=0,s0x € (AL)S,, C W. This shows that W is a regular quasi-ideal, and so
by Corollary 4.14 and Theorem 4.15, Wy, = (A1), = {w € AL 1 w 3= 0}
Now, if z € A;pand 0 < x € AL then 0 < x < x" € (A1);, 500 <z A x <
z A x" =0, which implies that z A\ x = 0. Next, let E C (AL)SP be a non-empty set
and assume that xg = str sup E exists in V. Then x¢ = 0, and since z A x = O for all
x € E and z € Ay, it follows by Proposition 3.7 that z \ xo = strsup,cz(z \ x) =
0, and hence xg € (Al)sp. By Lemma 4.23 this shows that A+ is a weak band. O

The next result provides more information about the relationship between A+ and

S(A).
Theorem 5.12 If A is a specific ideal then (Al)p CC:C e M(A)}.

Proof We will first show that that (AL)SP C(C : C € M(A)}. Let A be a specific
ideal and C € M(A) with x € C. Then it follows by Lemma 5.7 that for every
w € Agp and z € (Al)sp we have w A\ (x +z) = 0, and so x + z € S(A). This
shows that (AL)sp 4+ C € S5(A). But C is, by definition, a maximal cone in S(A), so
we must have (A1), € C. This proves that (A1), € {C : C € M(A)}.
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Next,if0 <y € At then0 < y* € (AL)SP. Thus, by what was just proved above,
we have y* € ({C : C € M(A)}, and the inequality 0 < y < y* then implies that
y € ({C : C € M(A)}, by Proposition 5.6. Hence, (AJ-)p CC:CeM(A)}.O

In the next theorem we collect some basic properties of the disjoint complements.
Some of them are straightforward consequences of the definitions.

Theorem 5.13 If A is a mixed lattice subspace then the following hold.

(a) ANLtA ={0}and AN AL+ = {0).

(b) AC (A

(c) If A is regular then A C +(A™1).

(d) If A is a quasi-ideal then (A1),, C (L A),).

(e) If A is a quasi-ideal and LA s quasi-ideal then (Al)sp = (J-A)Sp. Moreover, if
A is a quasi-ideal and * A is an ideal then + A = A+,

Proof (a) If x € A N LA then also x*, x! € AN LA, since A and ~A are mixed
lattice subspaces. It follows that x* = x* A x* = 0 and so x < 0. Similarly

x! = 0, which implies that x > 0. Hence x = 0. By a similar argument we have
AN AL ={0).

(b) This follows from the observation that A, C (+a)h p- Indeed, it follows from
the definitions that Ay, € ((1A)1),,. Hence, if x € A, we have x" € Ay, C
((LA)L)SI,. Since (LA)L is an ideal, it follows from 0 < x < x* that x €
(+A)h)p, andso A, C (FA)D),.

(c) It is evident that A;, € (A1), and if A is regular then A = A, — Ay, C
J_(AJ_)sp - J_(AJ_)sp = J_(AJ_)-

(d) Let x € (AL)S,, and z € Ajyp. Then the inequalities 0 < x Az < x and 0 <
x Az < zimply that x A z € (A1), N Ay = {0}, and s0 x € (LA);).

(e) Ifx € (LA)SP andz € Ayp thenitfollowsfrom0 <z AN x zand0O <z AN x < x
thatz A x € ANLA = {0}. Hence, x € (A1), and so (*A),, C (A1);,. The
reverse inclusion follows from (e). Then 1A = (J-A)sp — (LA)S,, = (AL)sp —
(A1)sp, by Theorem 5.5, so if A is an ideal then the equality - A = A~ follows
from Theorem 4.12.

O

Remark 5.14 We note that, in particular, {0} = V and LV = {0}. Moreover, V+ =
{0} holds always, and {0} = V holds if and only if V is regular. Indeed, if V is not
regular then +{0} = Vip = Vsp #V.

We now give an example to illustrate some of the ideas presented above.

Example 5.15 Let V = R3 where < is the standard partial ordering where (x, y, z) >
(0,0,0) if x, y,z > 0. Define < to be the partial ordering with the positive cone
Vsp = {(x,x,2) : x,z > 0}. Then V is a quasi-regular mixed lattice space. Consider
the following subspaces: A = {(0,0,z) : z € R}, B = {(x,y,0) : x,y € R},
C ={(x,x,2) :x,z € R}, D ={(x,x,0) : x e R}, E = {(x,x,x) : x € R}
Then A is a regular ideal and B is an ideal (but not regular) such that B = A+ and
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A = 1+ B. Moreover, C = Vsp — Vsp is a quasi-ideal, and it is the largest quasi-ideal
in V. Also D = By, — By is a quasi-ideal, and it is the largest quasi-ideal contained
in B. Finally, E is a regular mixed lattice subspace but not a specific ideal.

Next, K1 = {0, y,2): y,z>0}and K> = {(x,0, 2) : x, z > 0} are the maximal
right disjoint cones of D and S(D) = Kj U K, which is clearly not closed under
addition. Moreover, (D) p = Asp = K1 N Ky (Theorem 5.12). The inclusion in
Theorem 5.12 may be proper. To see this, let us modify the mixed lattice space, and
consider U = R? where < is the same as above, and define < as the partial ordering
with the positive cone Uy, = {«(0,0, 1) +8(0,1,0) +y(1,1,0) : o, B,y > 0}. Let
all the subspaces be the same as above. Then U is a regular mixed lattice space, and
F = {(0,y,0) : y € R} is a regular ideal in U. Now S(F) = K, which is closed
under addition, but (F Ly p = Asp € K. Note also that A and B are still ideals in U,
this time they are both regular, and B = A* and A = * B holds.

Our definitions of the left and right disjoint complements differ from the corre-
sponding definition in the theory of Riesz spaces. We recall that if E is a subset of
a Riesz space L then the disjoint complement of E is defined as E+ = {x € L :
|[x] Aly] =0 forall y € E}.

In mixed lattice spaces the generalized absolute values exist, and this naturally raises
the question whether it is possible to give the definitions of the disjoint complements
in terms of the absolute values, like in Riesz spaces. The main difficulty here is that
the asymmetric generalized absolute values are not necessarily positive with respect
to the specific order. To deal with this issue we introduce the notion of a symmetric
absolute value, which is defined in terms of the asymmetric absolute values. It has the
advantage of being positive with respect to both partial orderings while retaining most
of the other important properties of the absolute value.

Definition 5.16 Let V be a mixed lattice vector space and x € V. The element
s(x) = %(“xl + Ix*y is called the symmetric generalized absolute value of x.

Next we derive some basic properties of the symmetric absolute value. The first item
gives useful alternative expressions and the rest of the properties show that, in many
ways, the symmetric generalized absolute value behaves like the ordinary absolute
value in Riesz spaces.

Theorem 5.17 Let V be a mixed lattice vector space and x € V. Then the following

statements hold.

(a) s(x) = x"~vlx =4x +1x =x! + x* = x!~v¥x

(b) s(ax) = |a|s(x) foralla € R.

(c) s(x) =0 and s(x) > 0. Moreover, s(x) =0 ifandonlyif x = 0.

(d) x =0 ifandonly if x = s(x). In particular, s(s(x)) = s(x).

(e) s(x+y) <s(x)+s(y).

) xAy+yArx=x+y—sx—y).

Proof (a) All the equalities apart from the first one were given in Theorem 4.2(h). The
first equality follows from

25(0) ="x! +Ix" ="x + 1y + 2!+ x" =20 + x) =2(x" v ' x),
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where we used Theorem 4.2 (c) and (h).

(b) This follows from Theorem 4.2 (1) and (m).

(c) Since x* = 0 and x! 3= 0 we have s(x) = x* +x' = 0. Also, “x > Oand'x > 0
imply s(x) = “x + Iy > 0.1t is clear that x = 0 implies s(x) = 0. Assume

then that s(x) = 0. Now s(x) = “x +/x =0, or “x = —/x. Hence 0 < “x =
—!x < 0, which implies “x = 0. On the other hand, s(x) = x¥ + x!' =0, or
x!'=—x%.S0,0 < x! = —x* < 0, which in turn implies xl=o0. Consequently,

x="x—x!=0.
(d) This follows immediately from (a), (c) and Theorem 4.2 (i).
(e) Using (a) together with Theorem 4.2 (e) and (f) we get

s ="+ F ety <“x+yHlx+ly =500 +s0).

(f) This follows by adding the two identities given in Theorem 4.2 (n).

We can now characterize ideals in terms of the symmetric absolute value.

Theorem 5.18 Let V be a mixed lattice space and A a subspace of V. The following
conditions are equivalent.

(a) Ais anideal.
(b) If s(x) <s(y) and y € A then x € A.

Proof Assume that (a) holds and let s(x) < s(y) with y € A. Then s(y) € A, and the
inequalities 0 < x! < s(x) < s(y)and 0 < “x < s(x) < s(y) imply that “x, x' € A
andso“x —x! =x € A.

Conversely, assume that (b) holds and let y € A. Then by Theorem 5.170 < y* =
s(y*) < s(y).Itfollowsthat y* € A andso A is amixed lattice subspace. Next, assume
that0 < x < y withy € A. Theny/ = x! = 0andsos(y) = y* and s(x) = x*. Now
the above assumption implies that x* = s(x*) < y* = s(y"*) < s(y). It follows that
x" = s(x) € A and since s(x) < s(s(x)) by Theorem 5.17(d), we infer that x € A
and so A is (<)-order convex, and hence an ideal. O

Next we will show that the right disjoint complement can also be given in terms of
the symmetric absolute value, and for Riesz subspaces, the usual Riesz space definition

of the disjoint complement can thus be viewed as a special case of the next result.

Theorem 5.19 If A is a mixed lattice subspace then the right disjoint complement is
givenby At ={x €V :5(z) As(x) =0 forall z € A}.

Proof Let X = {x € V : 5(z) A s(x) =0 forall z € A}. We first note that A, =

{s(2):z€eAlandso X ={x € V:zAs(x) =0 forall z € Agp}. Letx,y € X
and z € Ay). Since s(x) = 0 and s(y) »= 0 we have

0<zAsGx+Y) Zz2AG@ +s() <zAsKx)+z2As8() =0,
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and so z A s(x + y) = O (here we used Theorem 5.17 and Lemma 5.7). This shows
that X is a subspace. To show that X is an ideal, we note thatif s(x) < s(y)andy € X
then0 < z A s(x) <z As(y) =0,and sox € X and by Theorem 5.18 X is an ideal.

Clearly, At C X.If x € X then s(x) € Aj,,, and it follows from 0 < x* < s(x)
and 0 <'x < s(x) thatx = x% —'x € AL. Hence AL = X. O

Theorem 5.19 thus gives an alternative (but equivalent) definition of the right dis-
joint complement by means of the symmetric absolute value. The reason this works
is implied by Theorem 5.18, for if A is an ideal then x € A if and only if s(x) € A.
However, if A is a specific ideal, then x € A implies s(x) € A, but not conversely in
general. This is the fundamental reason why we cannot similarly characterize the left
disjoint complement - A in terms of the symmetric absolute value.

In the next section we consider the situation where A is aband suchthat A = (+A)L.
We will now give sufficient conditions for this to hold. The next couple of results have
their counterparts in the theory of Riesz spaces, and the methods used in their proofs
are also similar. First we recall some terminology. A mixed lattice space V is called
(<)-Archimedean if the condition nx < y for all n € N implies x < 0. Similarly, V
is called (X)-Archimedean if the condition nx < y for all n € N implies x < 0. It
is easy to see that if V is (<)-Archimedean then it is also (<)-Archimedean, but the
converse is not true as the next example shows.

Example 5.20 Let V = (R?, <, <), where < is the lexicographic ordering defined as

(x1,x2) =(O1,y2) = (x1 <y or xy=y; and x2 <y),

and < is the usual coordinatewise ordering (x1, x2) < (y1, y2) if x; < yjand xp < y».
Then V is a mixed lattice space which is ()-Archimedean but not (<)-Archimedean.

Next we will show that in (<)-Archimedean mixed lattice spaces every band A
has the property that A = (+A)L. First we consider the following order-denseness
property of quasi-ideals with respect to their second right disjoint complements.

Proposition 5.21 If A is a quasi-ideal and x € (* A)* is a non-zero element such that
x = 0, then there exists a non-zero element y € A suchthat(0 <y < x.

Proof Let 0 < x € (FA)' be a non-zero element. Then x ¢ A, and there exists an
element 0 < w € A such that x A w # 0. Since A is a quasi-ideal, the inequality
0 < x ANw < wimplies that x A\ w € A. The element y = x A\ w then satisfies
0 < y < x, as required. O

Remark 5.22 The above proposition holds also if A = {0}, because then ~A = Vsp —
Vsp and (At = {0}, so there are no non-zero elements in (+A)L which makes the
proposition vacuously true.

In (x)-Archimedean mixed lattice spaces the order-denseness property of the pre-
ceding proposition has the following consequence.

Theorem 5.23 Let V be a (X)-Archimedean mixed lattice space and A a quasi-ideal
inV.IfM, ={ve A:0=<xv < u}thenu = spsup M, for everyu € ((J-A)J-)sp.
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Proof Let0 < u € (tA)tand M, ={v e A:0=< v < u}. Clearly, u is a specific
upper bound of M,. Assume that u # spsup M,,. Then there exists some specific
upper bound wg of M,, such that u < wq does not hold. If we put w = u A\ wg then
0 < w < u holds, and w € (+A)L, since (+A)~ is an ideal. Moreover, 0 < u — w €
(+A)* and so we can apply Proposition 5.21 to find a non-zero element z € A such
that 0 < z < u — w < u. In particular, we have z < 1 and z < wy, and consequently,
z < w. Hence

0x2z=z4+z5(u—-w)+w=u,

and clearly 2z € A, so in fact we have 2z € M,. Hence, we can repeat the same
argument for the element 2z. That is,

0x3z2=z4+2z(u—w)+w=u,

and so 3z € M,,. Continuing this way we find thatnz € M), foralln,andso0 < nz X u
for all n. But 0 < nz # 0, which is impossible since V is (x)-Archimedean. Hence,
u = spsup My, and the proof is complete. O

The following result is now a rather immediate consequence of the preceding the-
orem.

Corollary 5.24 IfV is a (X)-Archimedean mixed lattice space and A is a quasi-band
in'V, then Agp = (1 A))s)p.

6 Direct sum decompositions and projections

The sum of subspaces A and B of a mixed lattice space V is called a direct sum if
A N B = {0}, and this is denoted by A & B. If V has a direct sum decomposition
V = A @ B then each element x € V has a unique representation x = x| + x», where
x1 € A and x; € B. The elements x| and x, are called components of x in A and
B, respectively. A vector space can usually be written as a direct sum of subspaces
in many ways, but we are mainly concerned with direct sum decompositions that are
compatible with the mixed lattice structure in the sense that the order structure of V
is determined by its direct sum components.

In this section we give some results concerning direct sum decompositions of a
mixed lattice space in terms of ideals and specific ideals. First we show that if a mixed
lattice space V can be written as a direct sum of a regular specific ideal A and an ideal
B then A and B are necessarily the disjoint complements of each other. Moreover, A
has stronger band properties than those implied by Theorem 5.5.

Theorem 6.1 If A is a regular specific ideal and B is an ideal such that V. = A & B
then A is a regular specific band and B is a weak band such that A = +B = (A1)
and B = A+ = (J-B)J-. Moreover, Vg, = Agp + Bg)p.
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Proof Assume that V = A @ B, thatis, AN B = {0}. Letu € A and v € B such
that u »= 0 and v > 0. Then, since B is an ideal, it follows from 0 < u _\ v < v that
u A\ v € B, and consequently (u A v)* € B. On the other hand, u A\ v < u and by
Theorem 3.2 we have

u

0w AV'"=0yurAV)0~vu=u"=u,

and so (u A\ v)* € A, since A is a specific ideal. Hence, we have (u A\ v)* € AN B,
and so (u A v)* = 0. Since u A\ v > 0, this implies thatu A\ v = 0. Hence, A C LB
and B C A+,

To prove the reverse inclusions, let x € L+ B.Since V = A @ B, the element x has
a unique decomposition x = x; + x; with x; € A and x; € B. But we showed above
that A € 1B, and so x; € *B. Since tB is a subspace, we have x — x; = x3 € LB,
Thus x; = 0 (by Theorem 5.13) and x = x; € A. Hence, “BC Aandso A = 1B.
From this it follows that A* = (*B)- and V = A @ B = B @ B. Thus, every
x € At = (*B)L has a unique decomposition x = x; + xp with x; € L+ B and
x2 € B C (+B)1, and so by Theorem 5.13 we have x; = x — x3 € (+B)*. But then
x1 €1BN (LB)L = {0}, so we deduce that x = x, € B, and therefore AL C B, and
so At = B. Hence, we have A = *B = L (A1) and B = A+ = (1 B)'.

The equality Vi, = A;, + B;), holds by Theorem 4.17(b). By Theorem 5.11, Bis a
weak band, and by Theorem 5.5, A is a weak specific band, but we must show that A
is a specific band. For this, let E be a subset of A such that w = spsup E existsin V.
Then for any x € E we have z = w — x »= 0, and so z = 71 + z2 with z; € Ay, and
22 € Bgp. On the other hand, we have w = w; + wy with w; € A and wy € B, and
therefore 7 = (w1 —x)+wy where w; —x € A. Since the representation of z is unique,
we have 71 = w; —x € Ayp and 22 = wy € Byp. Hence, x X wy < wy +wp = w.
Since this holds for any x € E, it follows that wp, = 0 and w = w; € A, and so A is
a specific band. O

For a regular mixed lattice space we have the following result.

Theorem 6.2 Let A be a regular specific ideal and B an ideal such that V. = A & B.
Then V is regular if and only if A and B are both regular.

Proof If A and B are both regular then clearly V is also regular. If V is regular and
x € Bthen x < u for some u € Vy;,. Now by the preceding theorem u = uy +u; with
uy € Agpanduy € Byp. The inequality x < w1 +us is equivalentto 0 < u + (u2 —x),
and, again by Theorem 6.1, we have up — x € By. This implies that B is regular. O

If there is a weak band A such that V = - A @ A then the components of specifically
positive elements in A and - A are given by the next theorem.

Theorem 6.3 Let A be a weak band such that V = +A @ A. Then for every x € Vip
the elements

x1 =spsupfv € A:0<xv=<x} and x2=spsup{veLA:0<v<x}
exist, and x| and x, are the components of x in A and - A, respectively.
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Proof Let x € V), have the decomposition x = x| + x2 withx; € A and x, € LA.
Let M ={veA:0=<xv=<x}.Ifve M then the element x — v = 0 has the unique
decomposition x — v = (x; — v) + x2 where x; — v € Ay, and x; € (LA)SP, by
Theorem 6.1. Thus, v < x1 and so x; is a (<)-upper bound of M. But we also have
0 < x1 =x —x3 < x,and so x; € M. This shows that x; = spsup M. The formula
for x; is proved similarly. O

In accordance with the Riesz space terminology, the components given by the
above theorem are called specific projections of x on A and - A. We will return to the
discussion of projection elements later.

In the above theorems we considered a direct sum V = A @ B such that V;, =
Asp + Byp. If also V, = A, + B), holds then we obtain stronger results, and this
motivates the following definition.

Definition 6.4 Let A and B be subspaces of a mixed lattice space V such that V =
A © B. This direct sum is called a mixed-order direct sum if V5, = A, + By, and
Vy=Ap + Bp.

Mixed-order direct sums can be characterized as follows.

Theorem 6.5 Let A and B be subspaces of V suchthat V. = A@ B. Then the following
are equivalent.

(a) V= A & B is a mixed-order direct sum
(b) A is a regular band and B is a band such that A = B and B = A™+.

Proof Assuming that V = A @ B is a mixed-order direct sum, we first show that A is
(<)-order convex. Let0 < v <u withu € A. If weputw =u —vthenu =v+w
and v, w > 0. Now by assumption v and w have representations v = v; + v, and w =
w1 + wy where vy, wy € A, and vy, wy € B,. Hence, u = (vi +v2) + (wy + wy), or
vy+wy = u—(vi+wi). A and B are subspaces, so vo+wy € Bandu—(vi+wp) € A.
Butthen v, +wy € AN B = {0}, and it follows that v = wy = 0. Thus,v =v; € A,
and this shows that A is (<)-order convex.

Next we need to prove that A is a mixed lattice subspace. By assumption, the
elements x “ and ! x can be written as x* = a; +b; and' x = ap + b, where a; € Agp,
by € Bjpanday € Ap, by € By. Now x = x* —'x = (a1 — ap) — (b — by), s0
by — by = x — (a1 — az). Since A and B are subspaces, we have b, — b; € B and
x — (a1 —ax) € A.Butthen by — b1 € AN B = {0}, and it follows that x = a; — ay,
and so we have two representations x = x* — 'y andx = a; —ay witha; € A sp and
ay € A,. By Theorem 4.3 we have 0 < x" < aj and 0 < Iy < ay. It follows that
Ix,x" € A, since A is order-convex. This shows that A is a mixed lattice subspace,
and hence an ideal. Similar arguments show that B is also an ideal.

To show that A is regular, we note that 0 < x Ny <xand0 <x ANy <y for
all x € Ay and y € Bp, and since A and B are ideals such that A N B = {0}, it
follows that x A y = O for all x € A;, and y € B). Hence, A C L B. Next, let
0 < z € 1 B. By assumption we can write 7 = a + b where a € Ap,andb € B),. Then
b=z—aec LB, because ACtBand+tBisa subspace. Thus, b € BN 1B = {0},
by Theorem 5.13. Hence, z = a € A and so A = 1B, which is a regular weak band
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by Theorem 5.5. It now follows from Theorem 6.1 that B is a weak band such that
B = At . To see that B is actually a band, let E be a subset of B such that w = sup E
exists in V. Then for any x € E we have z = w —x > 0, and so z = z1 + z» with
71 € Ap and z3 € B). On the other hand, w = wy + wy with w; € A and wy € B,
and so z = w1 + (wy — x) where wy — x € B. Since this representation is unique, we
have z; = w; € Ay and 22 = wy — x € Bp. Hence, x < wy < wy + wy = w. Since
this holds for any x € E, it follows that w; = 0 and w = w; € B, and so B is a band.
A similar argument shows that A is also a band.

To prove the implication (b) = (a), assume that A is a regular band such that
V=A@ AL IfW = (AJ-)SP — (AJ-)SP then by Theorem 4.12 W is a quasi-ideal, so
by Theorem4.17 we have Vi, = Agp+(AL)s, = Agp+W;,. Then V), = Ap+(AL),,
by Theorem 4.16, and hence V = A @ A~ is a mixed-order direct sum. O

Now, if V = A @ A is a mixed-order direct sum then the left and right disjoint
complements of A are very closely related, and they are equal if V is regular.

Theorem 6.6 IfV = A® A< is a mixed-order direct sum then A = +(A+) = (A+)~.
Moreover, 1A - AJ-, and ifAL is regular then LA = AL Inthis case, A = J-(AJ-) =
AHLt =1tA) =EAt particular, all these equalities hold if V is regular.

Proof The equality A = - (A1) follows from Theorem 6.5, and since A and A~ are
both ideals, it then follows from Theorem 5.13(e) that ~ (A1) = A = (A1)*. By
Theorem 5.13(d) (A1) sp © (+A) sp- To prove the reverse inclusion, let x € (+A) sp-
Then by assumption we can write x = x| + x2 where x; € Ay, and x; € (AL)SP -
(J-A)Sp. Then for every z € A;, we have xp A z = 0, and it follows by by Lemma 5.1
that0 = x A\ z = (x1+x2) A z = x1 A z.Hencex; € (tA);p,andsox; € LANA =
{0}. Thus x = x; € (A1),p, andso (FA)sp = (A1)sp. Since YA = (LA);p — (LA)sp,
it follows that *A € AL, and if AL is regular then the equality 1A = AL holds. In
this case we therefore have A = 1 (A1) = (AL)+ = +(+A) = (+A)L. In particular,
this holds if V is regular, by Theorem 6.2. O

The next theorem shows that disjoint components of elements in a mixed lattice
space have similar properties as in Riesz spaces. In particular, the symmetric absolute
value behaves as one would expect.

Theorem 6.7 Let V = A & B be a mixed-order direct sum. If x € A and y € B then
the following hold.

(@) x4+ N4=x"+y" and "(x+y)=lx+1y.

(b) “(x+y)=Ux+"y and (x +y) =x'+yl.

(C) u(x+y)lzuxl+uyl and l(x+y)u:lxu _{_lyu'

(d) s(s(x) = s(y) = s(x+y) =sx—y) =sx)+s() =s&x) vs(y) =
s(y) v s(x) = spsup{s(x), s(y)}.

Proof To prove (a), we start by noting that 0 < x* A (‘x+!y) <x* A (x+(¢y)").
Nowx* A lx = 0 (by Theorem4.2) and x * A\ (' y)* = 0(since (' y)* € Byp). Hence,
by Lemma5.7 we have x* A (x+( y)*) = 0, and consequently, x “ A\ (lx—l—ly) =0.
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Nowletw = (x“+y*) A (‘x+'y). Thenw < ‘x+!yand,since y* = 0, by Theorem
3.2 we also have

W@ H Y)Y NG+ =y 4 A x4+ ly) = y"

This implies that 0 < w < y* A (‘x +'y). Next we note that y* € By, = (A1), C
(+A)sp (by Theorem 5.13(d)), and (" x)* € Agp, 500 < y* Alx < y* A (x)* =0.
Moreover, y* A 'y = 0, so we can use Lemma 5.7 again to obtain 0 < y* A (x+
Lyy < y* A ((Cx)* +'y) = 0. Hence, we have shown that y* A (‘x +'y) =0, and
consequently, w = 0.

Sincex +y = (x*+y*) — (x+Ly)and ¢ + y*) A (x+'y) =0, we have
x4+ =x"+y"and (x +y) ='x+1y, by Theorem 4.3. Similar reasoning
proves (b), and adding the equalities in (a) and (b) gives the equalities in (c). Adding
the equalities in (c) then gives s(x + y) = s(x) + s(y). Since this holds for all x
and y, we can replace y by —y to get s(x — y) = s(x) + s(—y) = s(x) + s(y).
The equality s(s(x) — s(y)) = s(x) + s(y) then follows immediately from Theorem
5.17(f) by replacing x with s(x) and y with s(y), and using the fact that s(x) \ s(y) =
s(y) A s(x) = 0. Indeed, since s(x) € Ay, and s(y) € By, = (AJ-)sp, then by
Theorem 5.13(d) we have s(y) € (LA)SP, and so s(x) A s(y) = s(y) As(x) =0.
Consequently, s(x) v s(¥) = s(¥) v s(x) = s(x) + s(y) = spsup{s(x), s(y)}. Here
the last equality follows by noting that s(x) 4 s(y) is clearly a (<)-upper bound of
{s(x), s(y)}, and if s(x) < ¢ and s(y) < c then s(x) v s(y) < ¢, completing the
proof. O

If C is a mixed lattice cone then the following inequalities hold for all x, y, z € C.
(For the proofs we refer to [2, pp.13] and [2, Theorem 3.6.])

IANX+Yy)<zAx+zAYy 6.1)
x+yY) ANZxANZ+YAZ (6.2)

With these inequalities we obtain the following formulae for the mixed envelopes of
specifically positive elements.

Proposition 6.8 Let V = A ® B be a mixed-order direct sum. If x,y € Vg, are
elements with components x = x1 + xp and y = y1 + y» where x1,y1 € Ay, and
X2, Y2 € Byp, then

XANY=XIAYi+X2Ay2 and xyy=x1yy +x27V¥y.

Proof Ay, and By, are mixed lattice cones, so using 6.1 and 6.2 together with the fact
that x; A\ y2 = 0 = xo _\ y; (where the last equality follows from Theorem 6.6, since

V1 eA:LBgBL)Weget
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= (x1 +x2) A (y1 + y2)

<K x1 A (1 +y2)+x2 A (1 +y2)
SXIAYL XL AY2F X2 AV +H X2 AW
= X1 A Y1 +Xx2 A .

XANY

Onthe other hand, wehave x| \ yi+x2 A y2 < x1+x2 =xandx; A yj+x2 A y» <
Y1+ Y2 =1y,8x1 Ay +x2 A\ y2 <x\Y, and the first identity follows. Similar
reasoning shows that y A x = y; A\ x1 + y2 A x2.

Substituting these into x v y = x +y — y A\ x gives

xvyy=xi+x2+y1+y2— 1 Axi+y2 Ax2)
=@ +y1—=y1 Ax)+ @2+ y2—y2 Ax2)
=X17Y Y1 +Xx27V¥.

O

If V=A@ At is a mixed order direct sum then the components of a positive
element in A and AL are given by the next theorem, which is proved exactly as
Theorem 6.3.

Theorem 6.9 Let A be a band such that V.= A @& AL is a mixed order direct sum.
Then for every x € V), the elements

x;=supfve A:0<v<x} and x2=sup{veAL:O§v§x}

exist, and x1 and x» are the components of x in A and AL, respectively.

As in the theory of Riesz spaces, it turns out that the existence of a mixed order direct
sum is equivalent to the existence of the associated order projection. Let V = A @ A+
be a mixed order direct sum. If x € V has the components x; € A and x; € At then
we define the mapping P4 : V — V by P4(x) = x1. We can immediately see that
P4 has the following properties:

(P1) Py is alinear operator and Pﬁ = Py.
(P2) 0 < Py(x) <x forevery x > 0.
(P3) 0 < Pa(x) < x forevery x = 0.

A mapping with these properties is called a mixed order projection and the associ-
ated band A is called a projection band. (Note that the specific projection elements in
Theorem 6.3 can be given similarly in terms of a specific projection operator that has
the properties (P1) and (P3)).

Conversely, if P is a mixed order projection on V then there exists a corresponding
mixed order direct sum decomposition of V. Apart from a few minor modifications,
the proof is essentially the same as in the case of Riesz spaces (see [11, Theorem
11.4]).
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Theorem 6.10 If P : V — V is a mapping with properties (P1)—(P3) then there exists
a regular band A such that V. = A @ A~ is a mixed order direct sum and P is the
associated projection on A and I — P is the projection on A™.

Proof Let A={Px :x € V}and B={(I — P)x : x € V}. Then A and B are clearly
subspaces of V.If x € AN Bthenx = Py and x = (I — P)z for some y,z € V.
Using the property (P1) we get

x=Py=P(Py)=P(I—P)z=Pz— P>z=0.

This shows that A N B = {0}, so A @ B is a direct sum. Moreover, for any x € V we
have x = Px 4+ (x — Px) = Px+ (I — P)x,so V = A & B. It now follows from
(P2) thatif x > O then Px > 0and 0 < x — Px = (I — P)x. Hence, V, = A, + B).
Similarly, (P3) implies that V;;, = Ay, + B;p, and so V = A @ B is a mixed order
direct sum. It then follows from Theorem 6.5 that A is a regular band and B = A*.
Clearly, P and I — P are the projections on A and A, respectively. O

If x > 0 then by Theorem 6.9 the element P4 (x) is given by P4(x) = sup{v € A :
0 < v < x}. Since every element can be written as a difference of positive elements,
we obtain the projection of an arbitrary element.

Theorem 6.11 IfV = A& AL is a mixed order direct sum and P and Py =1—Py
are the associated projections on A and A~, respectively, then for any x € V we have

x = Pa(x) 4 Pyi(x) = Pa(x") — Po('x) + Pyo(x*) — Pyo('x),
or alternatively,
x = Pa(x) + Pyr(x) = Pa(“x) — Pa(x!) + Pyu(“x) — Pyo(xh).

Proof Every x € V can be written as x = x* — ! x (or alternatively, x = “x — x/, but
this case is treated similarly). The elements x * and’ x have the components x* = a+b
and’!x = u+v,wherea, u € Aandb, v € AL. On the other hand, x = x1+xo with the
components x; € A and x, € Al By Theorem 6.7 we havea +b = x* = x1* +x*
and u +v = 'x = 'x; + !xp, where x1%,'x; € A and x2%,'x, € AL. Since
AN AL = {0}, this implies that x;“ = a, x,* = b, 'x; = uand 'x = v. These
components are the projection elements, and the proof is thus complete. O

Next we consider some examples. First it should be noted that there are non-trivial
mixed lattice spaces in which non-trivial ideals do not exist, and hence non-trivial
mixed lattice decompositions do not always exist either.

Example 6.12 Let V = R? and define < as the partial ordering with the usual positive
cone V, = {(x,y) : x = 0,y > 0}. Let < to be the partial ordering induced by the
positive cone V, = {a(2, 1) + B(1,2) : a, B > 0}. Then V is a regular mixed lattice
space. If C1 = {(x,y) : y = %x} and C» = {(x,y) : y = 2x} then C; and C; are
both specific ideals, but there are no other ideals in V than {0} and V itself.
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If we change < to be the partial ordering with the positive cone Vi, = {a(1, 0) +
B(,1) : a, B = 0} then V is again a regular mixed lattice space. Let A = {(x, y) :
y=x}and B = {(x,y) : y = 0}. It is easy to see that A is a regular specific ideal
and B is a regular ideal such that V = A @ B. The conditions of Theorem 6.1 are
thus satisfied and A = B and B = A'. Moreover, (A + B)sp = Agsp + Byp holds.
However, this is not a mixed-order direct sum. For instance, the element x = (1, 2)
cannot be written as x = xj + x, where x; € A, and x; € B),.

The next one is related to the setting of Theorem 6.1.

Example 6.13 This example is adapted from [2, pp. 34]. See also [5, Example 2.15].
Let V = BV ([0, 1]) be the set of all functions of bounded variation on the interval
[0, 1]. Define the initial order as f < g if f(x) < g(x) for all x € [0, 1], and the
specific order as f < gif f < g and g — f is non-decreasing on [0, 1]. Then V is a
regular mixed lattice space.

Now fix some ¢ € (0, 1) and let A be the subspace consisting of those functions
that are constant on the closed interval [c, 1], and let B be the subspace consisting of
those functions that vanish on the closed interval [0, c]. Then A is a regular specific
ideal and B is a regular ideal such that A N B = {0}. It is well known that every
g € V can be written as a difference of two non-decreasing non-negative functions on
[0, 1]. Hence, to see that V = A @ B it is sufficient to note that every non-decreasing
non-negative function f on [0, 1] can be written as f = f; + f> where f; € A and
J> € B.Indeed, define f1 by f1(x) = f(x)forallx € [0, c], and f1(x) = f(c) forall
x € [c, 1]. Then define f; by f>(x) = 0 forall x € [0, c] and f2(x) = f(x) — f(c)
for all x € [c,1]. Then f1 € A, f» € B and f = f1 4+ f», and by Theorem 6.1
A = 1B is a specific band and B = A~ is a weak band.

If we consider the space W of all continuous functions of bounded variation on
[0, 1], and we put ¢ = O with A and B defined as above, then A is just the set of all
constant functions on [0, 1] and B = {g € W : g(0) = 0}. Then W = A & B as
above, and B is a weak band by Theorem 6.1, but not a band. This can be seen by
choosing f(x) = 1 for all x € [0, 1] and defining f, by f,(x) = nx forx € [0, 1/n],
and f,(x) =1 forx € (1/n, 1]. Then {f,} € B foralln € N and sup{ f,} = f, but
f ¢ B. Note also, that now f is not the specific supremum (and hence not the strong
supremum) of { f;,}.

Special cases of mixed-order direct sums are provided by Dedekind complete Riesz
spaces, where all bands are projection bands. We give some other examples below.

Example 6.14 Let U be the same mixed lattice space as in Example 5.15, with the
subspaces C = {(0,y,2) : y,z € R} and D = {(x,x,0) : x € R}. Now C is
a regular ideal and D is a regular specific ideal such that U = C & D. Hence,
the conditions of Theorem 6.1 are satisfied and we have C = D+ and D = LC.
Moreover, (C + D)s, = C;p + Dy, but this is not a mixed-order direct sum. If
A =1{0,0,2):z€ R}and B = {(x, y,0) : x, y € R} then A and B are both regular
ideals such that U = A @ B. This is a mixed-order direct sum where B = A+ and
A="1B.

Similarly, if V is the same as in Example 5.15, then in V, A is a regular band and
Bisaband suchthat B = A+, A =1-Band V = A @ B is a mixed order direct sum.
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Example 6.15 Let V be the set of all n-by-n matrices and define < as the usual element-
wise ordering and define specific order by M = 0 if M > 0 and M is a symmetric
matrix. Then V is a quasi-regular mixed lattice space (see [5, Example 2.19]), where
the set A consisting of all diagonal matrices is a band and the set B of those matrices
with zero diagonal elements is a band such that A = 1B, B=AtandV=A®B
is a mixed order direct sum.

As we have seen in Example 6.13, the mixed lattice space of functions of bounded
variation has direct sum decompositions of the type described in Theorem 6.1, but it
does not possess non-trivial mixed-order direct sum decompositions. The following
example is somewhat analogous to the situation in the Riesz space C([0, 1]) of con-
tinuous real functions on the interval [0, 1], where non-trivial projection bands do not
exist. Before discussing the example we need the following lemma.

Lemma 6.16 The ideal I (u) generated by a single element u € V is given by I(u) =
{x € V:s(x) < ns(u) for some n € N}.

Proof We first show that /(u) is a subspace. If x, y € I(u) then s(x) < ns(u) and
s(y) < ms(u) for some n, m € N. Then forall a, b € R,

s(ax + by) < lals(x) + 1bls(y) = (laln + [blm)s(u) < ps(u),

where p € N is a number such that |a|n 4 |b|jm < p. Thus, ax + ny € I(u). Next,
let x € I(u) and s(y) < s(x). Then s(y) < s(x) < ns(u) for some n € N and
so y € I(u). It follows that I(u) is an ideal, by the condition of Theorem 5.18.
To show that I (u) is the smallest ideal that contains u«, let J be another ideal such
that u € J. Then also ns(u) € J for all n € N, and if x € I(u) the inequality
s(x) < ms(u) = s(mu) holds for some m € N. It follows again by Theorem 5.18 that
x € J.Hence, I(u) C J.

Example 6.17 Consider the regular mixed lattice space V = BV ([0, 1]), asin Example
6.13.1f f, g € V then the mixed lower and upper envelopes are given by ([2, Theorem
21.1.])

(f A @) =inf {fu) = (f(x) —gx) T : x €0, ul)

and

(f v @) =sup{f(u)+ (g(x) — fNT: x €[0,ul},

where r+ = max{0, r} is the positive part of the real number r.

Now V = V @ {0} is the only mixed order direct sum decomposition of V. This
can be seen by considering the constant function 4 (x) = 1 for all x € [0, 1]. First we
note that the ideal generated by % is V. Indeed, since every f € V is bounded, then for
any f € V there exists some n € N such that s(f) < nh = ns(h). Hence I(h) =V,
by the preceding lemma.
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Now if V = A @ B is a mixed order direct sum then 4 has the components f € A
and g € B such that f(x) + g(x) = 1forall x € [0, 1] and f A g = 0. This implies
that f and g are positive, s0 0 < f(x) < 1and0 < g(x) < 1 forall x € [0, 1]. Then
the above expression for f A\ g gives

(f N @) = f) —sup{(f(x) = gx)™ : x € [0, ul}.

If f A g =0 then we have f(u) = sup{(f(x) — g(x))™ : x € [0, u]}. In particular,
f0) = (f(0) — gO)T = 2f(0) = DT. Now, if 0 < f(0) < 5 then £(0) = 0.If
% < f(0) < 1then f(0) =2f(0) — 1, or f(0) = 1. Hence, we must have either
f(©O)=0and g(0) =1,0r f(0O) =1and g(0) =0.Sinceh =0andV = A B
is a mixed order direct sum then also the components of & satisfy f = 0 and g = O.
In other words, f and g are non-decreasing. But this and f(x) 4+ g(x) = 1 imply
that either f(x) = O and g(x) = 1, or f(x) = 1 and g(x) = O for all x € [0, 1].
This shows that either A or B contains the constant function 4(x) = 1. Since the
ideal generated by & equals V, we must therefore have either A = V and B = {0}, or
B =V and A = {0}.

A few concluding remarks are in order to further explain and justify our choice
of certain definitions. Since we have defined AL to be the ideal generated by the
cone (A1) sp» one might be inclined to ask why did we define L A as the specific ideal
generated by the cone (+A); p» and not the ideal generated by (tA); p- The main reason
for this stems from the fact that if B is the ideal generated by (+ A); p then, in general,
By, is a larger set than (+A) sp- As a consequence, properties such as A N LA = {0}
would no longer hold. Moreover (and perhaps most importantly), there is a rather
well developed theory of direct sum decompositions in mixed lattice semigroups, as
presented in [2]. Indeed, our Theorems 6.1 and 6.5 have their counterparts in the
theory of mixed lattice semigroups ([2, Theorems 7.1 and 7.2]). (Note however, that
the authors in [2] use different terminology, as they use the potential-theoretic notions
of pre-harmonic band and potential band. The corresponding objects in this paper are
called specific bands and weak bands, respectively.) Our present definitions of A+ and
L A are in agreement with the existing theory of mixed lattice semigroups. In fact, if
A is an ideal such that V = +A @ A, then the set Vsp 1s a mixed lattice semigroup
in its own right (with the orderings inherited from V), and V;, = (J‘A)sp ® Agp
is the corresponding mixed lattice semigroup decomposition of V,, by Theorem
6.1.

With all these considerations, our definitions of the disjoint complements indeed
seem to be the most natural, and also compatible with the theory of mixed lattice
semigroups, at least if we restrict ourselves to mixed lattice subspaces, as we have
done in this paper. However, the corresponding definitions for more general sets would
be more problematic, as pointed out in Remark 5.4.
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A mixed lattice vector space is a partially ordered vector space with two partial
orderings, generalizing the notion of a Riesz space. The purpose of this paper is to
develop the basic topological theory of mixed lattice spaces. A vector topology is
said to be compatible with the mixed lattice structure if the mixed lattice operations
are continuous. We give a characterization of compatible mixed lattice topologies,
similar to the well known Roberts-Namioka characterization of locally solid Riesz
spaces. We then study locally convex topologies and the associated seminorms, as
well as connections between mixed lattice topologies and locally solid topologies on
Riesz spaces. In the locally convex case, we obtain a more complete characterization
of compatible mixed lattice topologies. We also briefly discuss asymmetric norms
and cone norms on mixed lattice spaces with a particular application to finite

dimensional spaces.
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1. Introduction

We recall that a real vector space V together with a partial ordering < is called a partially ordered vector
space, if

u<v —= utw<v4+w and uw<v = au<av

holds for all u,v,w € V and a € R,. A partially ordered space V is called a Riesz space, or vector lattice, if
sup{z,y} and inf{z,y} exist for all z,y € V.

A mixed lattice vector space is a partially ordered vector space with two partial orderings. The precise
definition will be given in Section 2, but the idea is that the usual notions of supremum and infimum of two
elements in a Riesz space are replaced by asymmetric mixed envelopes which are formed with respect to the
two partial orderings. It is then required that these mixed upper and lower envelopes exist for every pair
of elements. If the two partial orderings are identical, then the mixed upper and lower envelopes become
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the usual supremum and infimum, and the mixed lattice vector space is reduced to a Riesz space. In this
sense, the concept of a mixed lattice vector space is a generalization of a Riesz space. However, due to
the asymmetric behavior of the mixed envelopes, some familiar properties of Riesz spaces (such as the
distributive laws and commutativity of the lattice operations) no longer hold in a mixed lattice vector
space. In particular, a mixed lattice space is not necessarily a lattice with respect to either of the partial
orderings.

The notion of a mixed lattice semigroup was introduced by Arsove and Leutwiler in connection to their
work on axiomatization of potential theory [2,3]. The mixed lattice theory in a group setting was later
studied by Eriksson-Bique [7,8]. More recently, in [6] and [11] the theory of mixed lattice vector spaces
has been developed in a direction that is more parallel with the theory of Riesz spaces, as presented, for
example, in [12].

All the previous research on mixed lattice structures has focused on the algebraic and order structure,
and the main purpose of this paper is to develop the topological theory of mixed lattice spaces. The natural
starting point is that the topology should be compatible with the mixed lattice structure in the sense that
the mixed lattice operations are continuous. This requirement leads to different conditions the topology
should satisfy in order to be compatible. A similar topological theory for Riesz spaces and more general
ordered vector spaces is well-established (cf. [1,5,16]).

In a general partially ordered vector space the notion of locally full topology provides the most natural
setting for topological considerations, and with some modifications, these ideas can be applied also in mixed
lattice spaces. We recall here that a subset S of an ordered vector space is called full if x,y € Sandx < z <y
imply that z € S. A vector topology is called locally full if it has a neighborhood base at zero consisting of
full sets. On the other hand, in Riesz spaces the fundamental idea is that there is a base of neighborhoods
of zero consisting of solid sets. A subset S of a Riesz space is called solid if y € S and |z| < |y| imply that
x € 5. Solid sets are defined in terms of the absolute value of an element, which does not necessarily exist
in a mixed lattice vector space. However, there are ways to generalize the notion of absolute value in mixed
lattice spaces, as introduced in [6] and [11]. Such generalization can be used to define an analogous notion
of a solid set in mixed lattice spaces, resulting in a topological theory that is similar to the theory of locally
solid Riesz spaces.

The abovementioned ideas are discussed in Section 3, where we study adaptations of locally full and
locally solid topologies in the mixed lattice setting. In Section 4 it is shown that in the locally convex
case the topology is determined by a family of seminorms that have additional properties related to the
partial orderings. Our main results in Sections 3 and 4 give fundamental characterizations of mixed lattice
topologies, which can be viewed as mixed lattice versions of the well-known Roberts—-Namioka theorem in
locally solid Riesz spaces. In the general case we obtain a partial result, but in the locally convex case we
can give a more complete characterization. We also study the connections between mixed lattice topologies
and Riesz space topologies in the case that the mixed lattice space is a lattice with respect to one of the
partial orderings. It turns out that a compatible topological structure on a mixed lattice space places some
restrictions on the order structure. We show in Section 4 that a finite dimensional normed mixed lattice
space is necessarily a lattice with respect to one of the partial orderings.

In Section 5 we briefly discuss asymmetric norms on mixed lattice spaces. Vector spaces with asymmetric
norms are a relatively recent area of research (see [4] and the references therein), and in mixed lattice spaces
asymmetric norms appear naturally due to the asymmetric nature of the mixed envelopes. We close the
paper by presenting an application of our results to asymmetric cone norms on R™. More specifically, we
show that given any closed cone C' in R™ there is an associated mixed lattice structure on R™ that gives
rise to an asymmetric cone norm corresponding to the cone C. These types of applications are of interest
in other branches of mathematics, particularly in convex analysis and related topics [15].
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2. Mixed lattice vector spaces

We begin by recalling some definitions and terminology related to mixed lattice spaces. A subset K of a
vector space V is called a cone if (i) tK C K for all t > 0, (ii) K + K C K and (iii) K N (—K) = {0}. For
any cone K in a vector space there is an associated partial ordering defined by « < y iff y —x € K. Then
K is called the positive cone for the ordering <.

Suppose next that we have two partial orderings < and < on V. Here < is called the initial order and
< is called the specific order. For these two partial orderings < and < we define the mized upper and lower
envelopes

uvov=mn{weV: wixu and w>v} (2.1)
and
ulv =max{weV: wsu and w<v}, (2.2)

respectively, where the minimum and maximum (whenever they exist) are taken with respect to the initial
order <. These definitions were introduced by Arsove and Leutwiler in [2]. We observe that these operations
are not commutative, i.e. z v y and y v x are not equal, in general.

A mixed lattice vector space is defined by requiring that the mixed envelopes exist for every pair of
elements.

Definition 2.1. Let V be a partially ordered real vector space with respect to two partial orderings < and
<,and let V, ={z € V:2 >0} and V;p, = {x € V : 2 = 0} be the corresponding positive cones. Then
(W, <, %) is called a mized lattice vector space if the following conditions hold:

(1) The elements x A\ y and x v y exist in V for all z,y € V,
(2) Vop is a mized lattice cone, that is, the elements v y and x A y are in Vs, whenever z,y € V.

Remark 2.2. A more general definition of a mixed lattice space does not assume the condition (2) in the above
definition. This condition is included here because it provides a sufficiently rich structure for developing an
interesting theory for mixed lattice spaces. In fact, many important properties of mixed lattice structures
depend on this assumption. For more details on these technicalities, as well as many examples of mixed
lattice spaces, we refer to [6] and [11].

Below we have listed several basic properties of the mixed envelopes that hold in every mixed lattice
space. For proofs and further discussion on these properties we refer to [8], [6], and [11]. In the following
identities and inequalities, x, ¥y, z, u, v are elements of a mixed lattice space V and a € R.

zhygz<zvy and 2 Ny<y<zvVy (2.3)
TYy+tyrr=zx+y (2.4)
zt+zvy=(x+2)v(y+z)and z + z ANy = (x+2) A (y+2) (2.5)
vy =—(-zA —y) (2.6)

r<xy = <y (2.7)

r<uand y<v = zvy<uvwv and zANy<uAv (2.8)

)

<y < yvar=y < rANy==x (2.9
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TKY &= VY=Y <<= yrr==zx (2.10)
Xy = zvzr=<zvyand 2 ANYK2ZANY (2.11)
uxr=<xz and usKysxz = rzvy<zand uxTANY (2.12)
(az) A (ay) = a(z AN y) and (az) v (ay) =a(z v y) (a>0) (2.13)
(az) A (ay) = a(z v y) and (az) Vv (ay) =alz Ay) (a<0) (2.14)

The following notions of upper and lower parts of an element were introduced in [6]. They generalize the
concepts of the positive and negative parts of an element in a Riesz space.

Definition 2.3. Let V be a mixed lattice vector space and # € V. The elements “z = 2~ 0 and 'z =
(—x) v 0 are called the upper part and lower part of x, respectively. Similarly, the elements z* = 0~ z
and x' = 0~ (—x) are called specific upper part and specific lower part of x, respectively. The elements
Uzl = g (—x) and 'z* = (—2) v = are called the (asymmetric) generalized absolute values of z.

From the above definitions we observe that for the specific upper and lower parts we have x* > 0 and
2! %= 0, and for the upper and lower parts “z > 0 and 'z > 0.
The following useful result is from [6, Theorem 2.12].

Theorem 2.4 (/6, Theorem 2.12]). Let (V, <, <) be a partially ordered vector space with two partial orderings.

l l

Then V is a mized lattice vector space if and only if one of the elements “x, z%, ‘x or x

eV

exists for all

The upper and lower parts and the generalized absolute values have several important basic properties,
which were proved in [6]. These properties are given in the next theorem.

Theorem 2.5. Let V be a mized lattice vector space and x € V. Then the following hold.

(a) “z = '(—x) and 2* = (—2)".
(b)xzx“fl:L':“a:fxl.

(c) bzt = z~val =2z +zland'a® =z~ ¥ =to + 2%

(d) “z' = '(-z)".

(¢) “(a+y) < a+ty, (e+y) <z’ +y' and “(z+y)' <ol + vyt
(f) (m—i—y) <z +y“ He+y) <lz+'ly and '(z +y)* < lz¥ +lyv.

(9) ¥ Nz =0 = 2! A vz

(h) zv~v'le =tz +'lz =z + ¥ =2l vz

(i) x =0 if and only if x ='2¥ ="z =%z =% and 'z = 2' = 0.

(j) = >0 if and only if x = 2! ="z and x' = 0.

(k) tz! >0 and'z® > 0. Moreover, “z' = 'z* = 0 if and only if x = 0.
() “(ax)! = avx’ and (azx)* = a'lx® for all a > 0.

(m) “(ax)! = |a|'z* and (ax)* = |a|“z! for all a < 0.

We should note here that in a mixed lattice vector space V the positive cone V, = {x € V : x > 0} is
always generating. This is a consequence of Theorem 2.5(b).

It is possible to combine the two asymmetric generalized absolute values to define a symmetric version
of the generalized absolute value that retains most of the important properties of the absolute value. This
notion was introduced in [11], and it will be essential for describing topologies on mixed lattice vector spaces.
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Definition 2.6. Let V be a mixed lattice vector space and € V. The element s(z) = 1 (“z! + 'z") is called
the symmetric generalized absolute value of x.

The next theorem lists the most important properties of the symmetric absolute value. They are rather
straightforward consequences of Theorem 2.5 (for proofs, see [11, Theorem 5.17]).

Theorem 2.7 ([11, Theorem 5.17]). Let V be a mized lattice vector space and x € V. Then the following
hold.

(a) s(z) = z*~viz =vr + 'z =2l + 2% =zl vz

(b) s(ax) = |als(z) for all @ € R.

(c) s(x) = 0 and s(x) > 0. Moreover, s(x) =0 if and only if x = 0.
(d) = = 0 if and only if v = s(x) = z™.

(e) s(s(x)) = s(x).

(f) s(x+y) < s(x)+sy).

v

The following result will also be useful in the next section.
Lemma 2.8. If V is a mized lattice vector space then s(z* —y*) < s(x —y) for all x,y € V.

Proof. Since z = y+ (z —y), Theorem 2.5(f) implies that 2* < y“ + (z —y)“ and thus z* —y* < (z —y)".
Since 0 < 0, we have from (2.8) and Theorem 2.5(i) that

(" =y")" =0y (@"—y") S0V (-9 =((z-y)")" =@ -y"

Exchanging x and y gives similarly (y* — z*)* < (y — z)“. But by Theorem 2.5(a) we have (y* —z")% =
(z% —y") and (y — 2)* = (x — y)', and hence (z* — y*)! < (z — y)!. Adding the two inequalities gives

(@ =y + @ —y) <@ -y)" + (@ -y),

or equivalently, s(z* — y*) < s(z — y), by Theorem 2.7(a). O
3. Topological mixed lattice vector spaces

We collect some basic facts and terminology from the theory of topological vector spaces. A more detailed
account is given in [5] and [14]. Let S be a subset of a vector space V. Then S is called symmetric, if S = -5,
and S is called balanced if x € S implies ax € S whenever |a| < 1. Moreover, S is called absorbing if for
every x € V there exists a number r > 0 such that z € aS whenever |a| > r, and S is called convex if
ax+ (1 —a)y € S for all z,y € S and a € [0,1].

If 7 is a topology on V such that vector addition and scalar multiplication are continuous mappings then
7 is called a wvector topology and (V,T) is a topological vector space. A collection B of neighborhoods of
zero of V is called a neighborhood base at zero if for every neighborhood U of zero there exists V € B such
that V' C U. Every vector topology is translation invariant, that is, for any y € ¥V the map z — z +y is a
homeomorphism. This implies that if z € V and B is a neighborhood base at zero, then z+8 = {z+B : b € B}
is a neighborhood base at x. This means that the topology is completely determined by the neighborhoods
of zero, and for this reason we usually only need to work with neighborhoods of zero.

Every topological vector space has a base at zero consisting of balanced absorbing sets. Furthermore, if
U is any neighborhood of zero, then there is a balanced neighborhood V' of zero such that V +V C U. A
vector topology 7 is called locally convez, if T has a neighborhood base at zero consisting of convex sets. In
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this case, for any neighborhood U of zero there exists a convex, balanced and absorbing neighborhood V' of
zero such that V C U.

A mapping p: V — R is called a seminorm if (i) p(x) > 0 for all z € V, (ii) p(azx) = |a|p(z) for all z € V,
a € R, and (i4) p(z +y) < p(z) + p(y) for all z,y € V. A locally convex vector topology is determined by
a family of seminorms. We may always assume that the generating family P of seminorms is directed, i.e.
for every p1,p2 € P there exists p € P such that p(x) > max{pi(x),p2(x)} for all z € V. In this case, a
base of neighborhoods of zero is given by the sets V(p,e) = {z : p(z) < e} where p € P and € > 0. For
an absorbing subset U the mapping defined as py(z) = inf{t > 0 : & € tU} for each € V is called the
Minkowski functional of U. If U is an absorbing, convex and balanced set then p, is a seminorm.

Let V be a topological vector space. A map f : V — V is called uniformly continuous, if for every
neighborhood V' of zero there exists a neighborhood U of zero such that z —y € U implies f(z) — f(y) € V.
For example, the inversion map x — —z, addition and translation are all uniformly continuous. Uniform
continuity implies continuity, and the composition of uniformly continuous maps is uniformly continuous.

If (V,<) is an ordered vector space then a subset U is called full if z,y € U and = < z < y imply that
z € U. An ordered vector space equipped with a vector topology 7 is called an ordered topological vector
space if T is a locally full topology, i.e. it has a neighborhood base at zero consisting of full sets. A vector
topology is locally full if and only if every neighborhood U of zero contains a neighborhood V' of zero such
that y € V and 0 < z < y imply that = € V. For more information on ordered topological vector spaces,
see [5] and [16].

We will now turn our attention to topologies on a mixed lattice space. In order to obtain useful results the
topology should be compatible with the mixed lattice structure, and this motivates the following definition.

Definition 3.1. Let V be a mixed lattice vector space equipped with a vector space topology 7. Then 7 is
called a mized lattice topology and (V,7) is called a topological mized lattice space if the mixed upper and
lower envelopes are continuous mappings from V x V to V (here it is understood that V x V is equipped
with the product topology).

In Riesz spaces the compatibility is achieved by requiring that the topology is locally solid, i.e. it has
a local base consisting of solid sets. In fact, the following well-known Roberts-Namioka theorem holds in
topological Riesz spaces. The theorem is due to G. T. Roberts, who introduced the notion of a locally solid
topology in [17], and I. Namioka, who later extended the theorem in [13].

Theorem 3.2 (Roberts—Namioka). Let (V,T) be a Riesz space equipped with a vector topology T. The following
conditions are equivalent.

(a) T is a locally solid topology.
(b) 7 is locally full and the lattice operations are continuous at zero.
(¢) The lattice operations are uniformly continuous.

As one of the main results of this paper we will show that a similar characterization holds in topological
mixed lattice spaces. Let us begin by considering the uniform continuity of the mixed lattice operations.

Proposition 3.3. Let (V,7) be a mized lattice vector space equipped with a vector topology 7. Then the
following conditions are mutually equivalent.

(a) The map (x,y) — x vy fromV xV toV is uniformly continuous.
(b) The map (z,y) — x Ny fromV XV toV is uniformly continuous.
(¢) The map x — “x from V to V is uniformly continuous.
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(d) The map z+ 'z from V to V is uniformly continuous.
(e) The map =+ 'a* from V to V is uniformly continuous.
(f) The map z+— “x' from V to V is uniformly continuous.
(g9) The map x — ! from V to V is uniformly continuous.
(h) The map x — x* from V to V is uniformly continuous.

Proof. (a) = (b) This follows from the identity © A\ y = —(—z v —y) and uniform continuity of the map
x = —.

(b) = (c) Follows from the identity “z = —((—z) A 0).

(¢) = (d) Follows from the identity 'z = *(—x).

(d) = (e) This follows since ‘z* = 2! x +x and addition and scalar multiplication are uniformly continuous.
(e) => (f) Follows from the identity “a! = !(—x)%.

(f) = (g) Follows from the identity 2z! = “z! — 2.

(9) => (h) Follows from the identity z* = (—x)'.

(h) = (a) If x — z* is uniformly continuous then, since addition is uniformly continuous, it follows that

ryy=r+0v(y—z)=z+@y—-z)"
is also uniformly continuous as a composition of uniformly continuous mappings. O

Remark 3.4. In any topological mixed lattice space the mapping = — s(z) is also continuous. This follows
from the identities in Theorem 2.7(a).

We will next define different types of sets that will be used in the study of mixed lattice topologies.
Definition 3.5. Let A be a subset of V and define the sets
MF(A)={yeV:z=<xy<zforsomex,zc A}
and
MFy(A)={yeV:z<y<zforsomez,z € A}.

The set M Fy(A) is called the type I mized-full hull of A, and MF5(A) is called the type 2 mized-full hull
of A. If A= MF;(A) then A is called a type I mized-full set, and if A = MF5(A) then A is called a type 2
mized-full set.

The mixed-full hulls of a subset A are the smallest mixed-full sets containing A. Alternatively, these sets
are given by MFy(A) = (A+ V) N(A—=V,) and MFy(A) = (A+V,) N (A= V).

Next we show that with regards to neighborhood bases at zero the two different notions of mixed-full
sets are equivalent, and so for all practical purposes, we only need to consider one type of mixed-full
neighborhoods.

Proposition 3.6. Let (V,7) be a mized lattice vector space equipped with a vector topology T. The following
conditions are equivalent.

(a) Each neighborhood of zero contains a type 2 mized-full neighborhood of zero.
(b) Each neighborhood of zero contains a neighborhood V' of zero with the following property: if y € V' and
0<z<xythenxzeV.
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(¢) Each neighborhood of zero contains a type 1 mized-full neighborhood of zero.
(d) Each neighborhood of zero contains a neighborhood V' of zero with the following property: if y € V and
Oxx<ythenzeV.

Proof. The implication (a) = (b) is obvious. Suppose that (b) holds. Let U be a neighborhood of zero
and let W; be a neighborhood of zero such that W7+ W7 C U. Let Wy C W7 be a neighborhood of zero with
the property given in (b). Choose a balanced neighborhood V' of zero such that V4+V C Wh. If x € MF (V)
then there exist y,z € V such that y < o < 2. Then 0 < z — 2 < 2z — y where z — y € W3, and it follows
that z — x € Wy C W;. Consequently, since z € V C W1, we have x = z — (z — x) € Wi + W; C U. Hence,
MF,(V) CU and so (c) holds. The implication (¢) = (d) is obvious and the implication (d) = (a) is
proved in a similar way as (b) = (c), and so the proof is complete. O

The above results motivate the following definition.

Definition 3.7. Let V be a mixed lattice vector space with a vector topology 7. Then 7 is called locally
mized-full if 7 satisfies the equivalent conditions of Proposition 3.6.

The equivalence of the conditions given in Proposition 3.6 also motivates the following convention for
simplifying the terminology. We shall say that a neighborhood V' of zero is mized-full if x € V whenever
0xx<yor0<ax<yholds withyeV.

The following basic result provides more information about mixed-full sets and locally mixed-full topolo-
gies.

Proposition 3.8. Let (V,7) be a topological mized lattice space.

(a) If A is a balanced and absorbing set then M Fy1(A) = —MF»(A) and the set B = MF;(A) + M F5(A)
is balanced, absorbing and mized-full (i.e. it has the properties (b) and (d) of Proposition 3.6). If, in
addition, A is convez then MFy(A), MF5(A) and B are convez too.

(b) If T is a locally mized-full topology then every neighborhood of zero contains a balanced absorbing neigh-
borhood of zero with the properties (b) and (d) of Proposition 3.6. If T is also locally convex then every
neighborhood of zero contains a convex, balanced and absorbing neighborhood of zero with the aforemen-
tioned properties.

Proof. (a) First we note that if A is absorbing, then so are M F;(A) and M F»(A) since A is contained in
these sets. Let A be a balanced set. If € MF;(A) then y < @ < z for some y, z € A. This implies that
—z < —z < —y where —y, —z € A since A is symmetric. Hence —x € M F3(A). The reverse inclusion is
similar, so MF;(A) = —MF;(A). Consequently, B = MF|(A) + MF5(A) is a symmetric set. Let © € B
and 0 <t < 1. Then x = 1 + x3 where 1 € MF(A) and 29 € MF3(A). If x1 € MF1(A) then y < 21 < z
for some y,z € A. This implies that ty < txz; < tz, and since A is balanced, we have ty,tz € A, and the
last inequality shows that tzqy € MF;(A). A similar argument shows that tzo € MF5(A), and so tz € B.
This shows that B is balanced. In addition, if A is convex then MFi(A) = (A+ Vsp) N (A —V),) and
MF5(A) = (A+V,)N(A—V,,) are also convex, as the sum and intersection of convex sets are again convex.
It follows that B is also convex. It remains to show that B has the stated properties. For this, let 0 x = <y
where y € B. Then y = y; + y2 where y; € MF1(A) and yo € M F5(A). From the above inequality we get
—y2 < ¢ —y2 < y1, where y; € MF1(A) and —ys € —M F»(A) = MF(A). Hence, © — y» € MF;(A) and
sox = (x—y2)+y2 € MF1(A) + MF,(A) = B. A similar argument shows that B has the property (d) of
Proposition 3.6.

(b) Let 7 be a locally mixed-full topology. Let U be a neighborhood of zero and choose a balanced
neighborhood Wy of zero and a type 1 mixed-full neighborhood Wi of zero such that Wy + Wy C U
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and W7 C Wy. Next, let V be a balanced absorbing neighborhood of zero such that V' C Wj. Then
MS;(V) C Wy C Wy, and since Wy is balanced, we also have MFy(V) = —MF,(V) C Wy. It follows
that B = MF (V) + MF,(V) C Wy + Wy C U, where B is balanced and absorbing, and it has the stated
properties, by part (a). If 7 is also locally convex then the set V' can be chosen to be convex and balanced.
The desired result then follows by part (a). O

For the characterization of mixed lattice topologies we need a few more definitions.
Definition 3.9. Let V be a mixed lattice vector space.

(i) A subset A CV is called symmetric-solid if x € A and s(y) < s(z) together imply that y € A. The set
SH(A)={y € V:s(y) < s(x) for some z € A} is called the symmetric-solid hull of A.

(ii) A subset S C V is called (<)-full if z,y € S and y < z < z together imply that z € S. Similarly, a
subset S C V is called (x)-full if z,y € S and y < z < « together imply that z € S.

Remark 3.10. We observe that SH(A) is the smallest symmetric-solid set containing A (with respect to set
inclusion). Moreover, it follows easily from the properties given in Theorem 2.7 that every symmetric-solid
set is symmetric, and if A is balanced and absorbing, then so is SH(A).

Definition 3.11. A vector topology 7 on a mixed lattice vector space is called locally symmetric-solid if T
has a base at zero consisting of symmetric-solid sets. A vector topology 7 is called locally (<)-full if 7 has a
base at zero consisting of (<)-full sets. Similarly, 7 is called locally (<)-full if T has a base at zero consisting
of (x)-full sets.

The next theorem is the first version of our main result on mixed lattice topologies.

Theorem 3.12. Let (V,7) be a mized lattice vector space equipped with a vector topology 7. Consider the
following statements:

(a) T is locally symmetric-solid.

(b) T is locally (<)-full and the mized lattice operations are continuous at zero.
(¢) The mized lattice operations are uniformly continuous.

(d) 7 is locally mized-full and the mized lattice operations are continuous at zero.

Then the statements (a) and (b) are equivalent, and they both imply (c), and (c) implies (d).

Proof. (a) => (b) We will first show that the condition (a) implies uniform continuity of the map z — z™.
Let U be a neighborhood of zero. Then there exists a symmetric-solid neighborhood V' of zero such that
VCU.If z—y eV, then s(z —y) € V and by Lemma 2.8 we have s(z" — y*) < s(z — y) and since V
is symmetric-solid we have 2% — y“ € V C U. This shows that the map « +— z* is uniformly continuous,
and so by Proposition 3.3 the mixed lattice operations are uniformly continuous. In particular, they are
continuous at zero.

To show that 7 is locally (<)-full we only need to show that every symmetric-solid set is (<)-full. For this,
let V be a symmetric-solid set with # € Vand 0 <y < z. Theny! =2! =0and y* =0~v y <0~v z = 2%,
by (2.8). Thus,

s() =y " +y' =y  <av=a"+2' =s().

Since V is symmetric-solid, we deduce that y € V. Hence, V is (<)-full.
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(b) = (a) Let U be a neighborhood of zero and choose a (<)-full and balanced neighborhood V' of zero
such that V' C U. Choose another neighborhood W of zero such that W + W C V. Since the map x — “«
is continuous we can choose a balanced neighborhood V; of zero such that x € V4 implies “z € W. Since
Vi is balanced we have —x € V; and so “(—z) = 'z € W. Then s(z) = Yz +'z € W + W C V. Now, if
s(y) < s(x) then we have the following inequalities

—s(z) < —s(y) < —y' <y <My < s(y) < s(a).

Since V is balanced we have +s(z) € V, and so y € V since V is (<)-full. Hence U contains the symmetric-
solid hull of V; and so (a) holds.

The implication (a) = (¢) was already proved. To finish the proof, we will show that uniform continuity
of the mixed lattice operations implies the statement (d). If the mixed lattice operations are uniformly
continuous, then they are certainly continuous at zero. Let U be a neighborhood of zero and choose a
balanced neighborhood W of zero such that W+ W C U. Since the maps « — 'z and z — z* are uniformly
continuous we can choose a neighborhood V of zero such that z—y € V implies z%—y* € W and'z—ly € W.
Assume that v < x < v with u,v € V. We write v = x — (x —v) and v =  — (z — u) and note that xt —v < 0
and z — u %= 0 imply that (x —v)* = 0 and ! (2 — u) = 0. Tt follows that 2% = 2% — (z —v)* € W and
lg =ty —!(x —u) € W. Hence v = 2% — 'z € W + W C U. This shows that M F;(V) is contained in U.
Hence, the condition (d) holds and the proof is complete. O

Since every mixed-full set is (x)-full, the preceding theorem shows in particular that locally symmetric-
solid mixed lattice spaces are always ordered topological vector spaces with respect to both partial orderings,
and therefore all the well-known results for ordered topological vector spaces hold in locally symmetric-solid
mixed lattice spaces. For more on these results, see [5] and [16].

We do not know if all the conditions in Theorem 3.12 are equivalent in general. However, under certain
stronger assumptions we obtain a more complete characterization, which will be given later (cf. Theo-
rem 4.7).

The notions of Riesz subspaces and ideals are in a central role in the theory of Riesz spaces. In the
theory of mixed lattice spaces, the two partial orderings give rise to different types of ideals (see [6,11]). A
subspace S of a mixed lattice space V is a mized lattice subspace of V if the elements x v y and = A y are
in 8§ whenever z,y € S. A mixed-full mixed lattice subspace of V is called a quasi-ideal of V, and a (<)-full
mixed lattice subspace of V is called a specific ideal of V. If y,z € V then the sets {x € V: z g <y} and
{z € V:z <z <y} are called mized-order intervals.

We also recall that an ordered vector space V is called (<)-Archimedean if nx <y for all n € N implies
that < 0. We shall also say that a sequence {z,} is (<)-increasing if z,, < x,, whenever n < m. A
(X)-increasing sequence is defined similarly. The following theorem gives some additional properties of
topological mixed lattice spaces. Similar results hold in topological Riesz spaces (see [1, Theorems 2.19 and
2.21)).

Theorem 3.13. Let (V, ) be a topological mized lattice vector space. Then the following statements hold.

(a) The positive cones V, ={x € V :x > 0} and Vsp = {x € V : © = 0} are closed if and only if T is a
Hausdorff topology.

(b) If 7 is Hausdorff then V is (<)-Archimedean.

(c) If T is Hausdorff and {x,} is a (<)-increasing (or (X)-increasing) sequence such that x, — x then
sup{zn,} =z (or sp sup{z,} = z, respectively).

(d) If T is locally mized-full and A is a bounded set then M Fy(A) and M F»(A) are bounded.

(e) If 7 is locally mized-full then every mized-order interval is bounded. In particular, every (<)-order
interval is bounded.
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(f) If S is a mized lattice subspace of V then the closure S is also a mived lattice subspace.
(g) The closure of a quasi-ideal is a quasi-ideal, and the closure of a specific ideal is a specific ideal.

Proof. (a) If 7 is Hausdorff then the set {0} is closed, and so the cones V, = {x € V : ! = 0} and
Vep={z€V: 'z = 0} are inverse images of a closed set under continuous mappings = ~— 2! and x ~ ‘=,
respectively, and are therefore closed. Conversely, if V, and V), are closed, then V, N (=Vs,) = {0} is
closed and this implies that 7 is Hausdorff.

(b) If nz <y forallm € N then n~ly —x >0 for all n € N, and so —x = lim,, oo n "1y — 2 > 0 since Vp is
closed by (a). Hence = < 0 and V is (<)-Archimedean.

(c) Let {z,,} be a (<)-increasing sequence such that z, s z. Then #, < Tpim for all m € N, so
0 < Zptm — 2, and since by (a) V, is closed, we have lim,, oo (Zptm — Zn) = ¢ — x,, > 0. Hence
x, < z for all n. Suppose that y is another upper bound of {z,}. Then y — x, > 0 for all n, and
lim, oo(y — 25) =y — 2 > 0, or & < y. This shows that = sup{z,}. The case of a (x)-increasing
sequence is treated similarly.

(d) Let A be a bounded set. If U is any neighborhood of zero then there is an absorbing mixed-full neigh-
borhood V' of zero such that V' C U. Since A is bounded, there is some o > 0 such that A C aV. Then,
since aV is mixed-full, we have M F;(A) C oV C aU. This shows that M F;(A) is bounded. Similarly,
MF5(A) is bounded.

(e) Let S = {z: 2 < z < y} and let V be a mixed-full and absorbing neighborhood of zero. Then there
exist @ > 0 such that z € oV and y € aV. Then S C oV, and so S is bounded. A (x)-order interval
{z:2 < z < y} is contained in S, and is therefore bounded.

(f) Let S be a mixed lattice subspace of V. Evidently, S is a subspace. If 2 € S then there exists a net
{z,} C S such that z, — z. Since S is a mixed lattice subspace, we have (z4)* € S for all a, and
(o)™ —5 2™ by the continuity of the map 2 — z*. Hence z* € S and so S is a mixed lattice subspace.

(g) Let A be a quasi-ideal. If z € A then there exists a net {z,} C A such that z, — . If we define
another net {vo} by vo = & — 24, then v, — 0. Now let 0 < y < x. Since  — v, € A it follows that
(. —va)* € A, and so y — v, < T — v, for all a. By (2.8) this implies that 0 < (y — va)* < (z —v4) Y,
and consequently, (y — v,)" € A for all a. But 0 < y, and by the continuity of the map = — x“ we
have (y —vq)* — y* = y. Hence, y € A proving that A is mixed-full. It now follows from part (f) that
A is a quasi-ideal. The statement concerning specific ideals is proved in a similar way (just replace the
assumption 0 < y < z by 0 < y < x and apply (2.11) in place of (2.8)). O

In the next section, we discuss the special case where the (<)-positive cone Vs, is generating. Under this
assumption we can obtain stronger results than in the general case. For this, we need to introduce some
additional concepts. Let A be a subset of V and define the sets

MS1(A)={yeV:—s(z) Xy < s(x) for some z € A}
and
MSy(A)={yeV:—s(x) <y< s(zx) for some z € A}.

These sets are useful technical devices in the study of topological properties of mixed lattice spaces. We
should point out that the set A is not usually contained in M Sy(A) or M S3(A). However, it is clear that if
A is any non-empty set then 0 € M S;(A) and 0 € M S3(A). Other basic properties of these sets are given in
the next proposition. In particular, it will be shown why these concepts are mainly useful in the case that
the cone V), is generating.

Proposition 3.14. Let A be a non-empty subset of a mized lattice space V.
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(a) If v € A then £s(z) € MS1(A) and £s(x) € MSy(A). Moreover, MSi(A) = —MS>(A).

(b) If A is an absorbing set then M S1(A) and M S3(A) are absorbing if and only if the cone V), is generating.

(c) If0 <t <1 andxz € MS1(A) then tx € MS1(A), and similarly, if v € MSs(A) then tx € MSy(A).
Consequently, the set MS1(A) U MS2(A) is balanced.

Proof. (a) If € A then, in particular, —s(z) < £s(z) < s(z) holds. This implies that +s(z) € MS;(A).
Similarly, +s(x) € MSy(A). If z € MS1(A) then —s(y) < = < s(y) holds for some y € A. This is equivalent
to —s(y) < —x < s(y) for some y € A, and so —x € M S3(A). Hence MS;(A) = —MS5(A).

(b) If x € V and the cone V), is generating then x = u — v for some u,v € V. If A is an absorbing set,
there exists some r > 0 such that t(u 4+ v) € A whenever [¢t| <r. Since u+ v = 0, we have s(u +v) =u+v
and —|t|(u +v) < tz < |¢|(u + v). Thus —s(t(u + v)) < tx < s(t(u+ v)), and by (2.7) this implies that
tx € MS1(A) and tz € MS2(A). Hence, M S1(A) and MS3(A) are absorbing.

For the converse, let A be an absorbing set and assume that the cone V, is not generating. Then the
subspace W = Vg, — V,, is a proper subspace, and it has been shown in [11, Theorem 4.12] that W is a
quasi-ideal in V. For any = € V we have s(z) = 0, and so £s(z) € W for all x € V. Since W is a quasi-ideal,
it follows from —s(z) < y < s(z) that y € W. In particular, MS;(A) C W and MSy(A) = —MS,(A) CW.
Since W is a proper subspace, there exists an x € V such that x ¢ W. This implies that tx ¢ W for all
t > 0. In particular, tx ¢ MS;(A) and tz ¢ MS3(A) for all ¢ > 0, and hence MS;(A) and M Sy(A) are not
absorbing.

(¢) Assume first that 0 <t <1 and 2 € M S;(A) for some set A. Then there exist some y € A such that
—s(y) < « < s(y). Since s(y) = 0, this implies that —s(y) < —ts(y) < tz < ts(y) < s(y), and consequently,
tx € MS1(A). The case of MS3(A) is proved similarly.

Now if B = MS1(A)UM S3(A) and © € B then x € MS;(A) or & € MS2(A) = —MS,(A). If x € MS;(A)
and 0 < ¢ < 1 then tx € MS;(A) by what was proved above. If =1 < ¢ < 0 then —tz € MS;(A), so
tx € MS5(A). In either case, tx € B. The case © € MS3(A) is similar. Therefore, tx € B whenever z € B
and |t| < 1, and this shows that B is balanced. O

The next result provides additional conditions for our main characterization of mixed lattice topologies.
As with the two types of mixed-full sets discussed earlier (see Proposition 3.6), we usually only need to
work with one of the sets MS1(A) or M S3(A).

Theorem 3.15. Let (V,T) be a mized lattice space with a generating cone Vs, and a vector topology 7. Then
the following conditions are equivalent.

(a) T is locally mized-full and the mized lattice operations are continuous at zero.

(b) For every neighborhood U of zero there exists a neighborhood V' of zero such that V- C U and MS;(V) C
U.

(¢) For every neighborhood U of zero there exists a neighborhood V' of zero such that V. C U and M S2(V) C
U.

Proof. (a) = (b) Let U be a neighborhood of zero and let W be a balanced mixed-full neighborhood of
zero such that W + W C U. By the continuity of z — 'z and x + s(z) at zero (see Remark 3.4) we can
find a neighborhood V' of zero such that x € V implies 'z € W and £s(x) € W. Now if —s(z) < y < s(=)
then y € W since W is mixed-full. Hence, M S1(V) C W C U. In particular, —s(z) < z* < s(z) implies
z*cW,andsox =x2% 'z € W+ W CU. Hence V C U, as required.

(b) = (c¢) If U is a neighborhood of zero and W is a balanced neighborhood of zero such that W C U,
then we can choose a neighborhood V' of zero such that MS;(V) C W. Since W is balanced we have
—MS,(V)=MS3(V) CW C U. The converse implication (¢) => (b) is similar.
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(b) = (a) Let U be a neighborhood of zero and let V' be a neighborhood of zero such that MS;(V) C U.
If0 <y <axwithx € MS1(V) then —s(z) < x < s(z) for some z € V. Hence —s(z) < y < s(z), so
y € MS;(V). This shows that MS;(V) is a mixed-full neighborhood of zero, so 7 is locally mixed-full by
Proposition 3.6. Now, if x € V then —s(z) < 2% < s(z), and so z* € MS;(V) C U. This shows that the
map z — x¥ is continuous at zero, and hence the equivalence of (a) and (b) is proved. O

4. Locally convex topologies on mixed lattice spaces

In a locally convex space the topology is determined by a family of seminorms, and in the case of a locally
convex mixed lattice space the topology is compatible if the seminorms satisfy an additional condition.

Definition 4.1. Let p be a (semi)norm in a mixed lattice vector space V.

(i) If 0 < = < y implies p(z) < p(y) then p is called a mized-monotone (semi)norm.
(i) If s(z) < s(y) implies p(x) < p(y) then p is called a mized lattice (semi)norm.

If the topology of V is given by a mixed lattice norm then V is called a normed mized lattice space.
Locally convex mixed-full topologies have the following characterization.

Theorem 4.2. A locally convex topology T on a topological mized lattice vector space is locally mized-full if
and only if T is generated by a family of mized-monotone seminorms.

Proof. If 7 is locally convex and mixed-full then by Proposition 3.8 there exists a neighborhood base at zero
{Va : a € I} consisting of convex, absorbing, balanced, mixed-full sets. If V,, is any such neighborhood then
the Minkowski functional p, associated to V, is a mixed-monotone seminorm. Indeed, let p,(z) = inf{t >
0:2 €tVy} for each z € V. If 0 x y < x then for every a € I we have = € p,(2)V,. Since V,, is mixed-full,
0 is pa(x)V, and it follows that y € p,(z)V,. By the definition of p,, this implies that p,(y) < pa(x).
Hence, {p, : a € I} is a family of mixed-full seminorms generating 7.

Conversely, let {p, : @ € I} be a family of mixed-full seminorms generating 7. For every finite subset S
of I and € > 0 we put V(5,¢) = {z : pa(z) < cforalla € S}. Then 0 < z < y and y € V(S,¢) implies
xz € V(S,¢e), and so the sets V (5, ¢) form a base of mixed-full neighborhoods of zero. O

It follows from Definition 4.1 that the topology generated by a family of mixed lattice seminorms is
locally symmetric-solid, and so the mixed lattice operations are continuous, by Theorem 3.12. The proof of

the next result is similar to the latter part of the proof of Theorem 4.2.

Proposition 4.3. If a vector topology T on a mixzed lattice vector space is generated by a family of mixed
lattice seminorms then T is locally symmetric-solid.

We also have the following relationship between mixed lattice seminorms and mixed-monotone seminorms.
Proposition 4.4. Let p be a seminorm on V. The following conditions are equivalent.

(a) p is a mized lattice seminorm.
(b) p is a mized-monotone seminorm and p(s(x)) = p(z) for all z € V.

Proof. If (a) holds then, since s(z) = s(s(x)) for all z € V, it follows that p(s(z)) = p(z). 0z <y
then 0 < s(z) = z* < y* = s(y), and by assumption this implies that p(z) < p(y). Conversely, if (b) holds
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and 0 < s(z) < s(y) then p(s(z)) < p(s(y)). By assumption, this is equivalent to p(z) < p(y), and so (a)
follows. O

As an immediate consequence of the preceding result, we notice that every mixed-monotone seminorm p
gives rise to a mixed-lattice seminorm ¢, defined by g(z) = p(s(x)) for all z, which we call a mized lattice
seminorm associated with p.

Proposition 4.5. If p is any mized-monotone seminorm on 'V then q(z) = p(s(x)) is a mized lattice seminorm.
Moreover, if p is a mized-monotone norm, then q is a mixed lattice norm.

Proof. If 0 < z < y then 0 x s(z) = 2* < y“ = s(y). Since p is a mixed-monotone seminorm, it follows that
q(z) = p(s(x)) < p(s(y)) = q(y), so ¢ is also mixed-monotone. Moreover, ¢(s(z)) = p(s(s(z))) = p(s(z)) =
q(x), and so ¢ is a mixed lattice seminorm, by Proposition 4.4. If p is a norm then so is ¢, because then
q(z) =p(s(x))=0iff s(z) =0iff z=0. O

With the concepts and results introduced above we can now complete our characterization of mixed lattice
topologies. It was shown in Theorem 3.12 that a locally symmetric-solid topology is locally mixed-full. If V
is locally convex then we have the following converse.

Theorem 4.6. Let (V, T) be a locally conver topological mized lattice space such that the cone V), is generating.
If 7 is locally mized-full then T is locally symmetric-solid.

Proof. If 7 is a locally convex and locally mixed-full then 7 is determined by a directed family {p, : « € I} of
mixed-monotone seminorms, by Theorem 4.2. For each p,, let g, be the associated mixed lattice seminorm,
that is, go (z) = pa(s(z)) for all z € V, and let us denote the topology determined by the family {q, : @ € I}
by 7. By Proposition 4.3 T is locally symmetric solid. We will show that 7 = 7.

For every e > 0 and o € I the set W = {z : po(x) < 5} is a mixed-full T-neighborhood of zero, and W=
{z : ¢u(x) < £} is a symmetric-solid T-neighborhood of zero. By Theorem 3.15 there exists a T-neighborhood
Wy € W of zero such that M.S1(Wy) C W. Thus, for every x € MS;(Wy) there exists y € Wy such that
—s(y) < = < s(y) and s(y) € M S;(Wp). This inequality implies that 0 < z* < s(y) and 0 < =’ < s(y), and
summing these inequalities gives s(z) < 2s(y). This implies that go(z) < 2¢a(y) = 2pa(s(y)) < e. Hence
T € W, and so M S;(Wy) C W, proving that 7 C 7.

For the converse, choose the neighborhoods V' = {z : pa(z) < e} and V= {z:q() < £} Then,
in particular, V' is mixed-full since ¢, is a mixed-monotone seminorm, by Proposition 4.4. Thus, there
exists a 7-neighborhood Wy C W of zero such that ]WSl(WO) C W. Thus, for every z € N[Sl(wo) there
exists y € Wy such that —s(y) < = < s(y) and s(y) € MS;(Wo). Then 0 < = + s(y) < 2s(y), and
since p, is a mixed-monotone seminorm, we get po(z+s(y)) < 2p,(s(y)). The triangle inequality then gives
Pa(2)=Pal(5(y)) < 2pa(s(y)), or pa(x) < 3pa(s(y)) = 3qa(z) < &. Therefore, z € W, and so M Sy (W) € W.
This shows that 7 C 7, and hence 7 =7. O

Combining the results of the preceding theorem with Theorem 3.12 gives a complete characterization of
mixed lattice topologies in the locally convex case, assuming the cone V), is generating.

Corollary 4.7. Let V be a mized lattice space such that the cone Vsp is generating. If T is a locally convex
topology on V then the following conditions are equivalent.

(a) The mized lattice operations are uniformly continuous.
(b) 7 is locally symmetric-solid.
(¢) T is locally mized-full and the mized lattice operations are continuous at zero.
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(d) 7 is locally (<)-full and the mized lattice operations are continuous at zero.

Next we investigate the relationships between mixed lattice topologies and locally solid Riesz space
topologies. If V is a mixed lattice vector space which is a lattice with respect to the specific order < then
V can be equipped with a locally solid (with respect to <) Riesz space topology, and such topology will be
called a locally (X)-solid Riesz space topology. Similarly, if V is a lattice with respect to < then we use the
term locally (<)-solid Riesz space topology. As usual, if (V, <) is a Riesz space then the lattice-theoretic
positive part of an element x is denoted by ™. Similarly, if (V, <) is a Riesz space then the positive part
of = with respect to < is denoted by sp(z™), and the least upper bound of elements z and y with respect
to = is denoted by sp sup{z,y}.

Theorem 4.8. Let (V, <, <) be a mized lattice vector space which is a lattice with respect to specific order <.
If 7 is a locally (X)-solid Riesz space topology on V then the mized lattice operations are continuous.

Proof. In [6, Proposition 3.16] it was shown that sp(z*) = sp sup{*z,z"}, and so we have 0 < z* < sp(z™).
Now if U is a neighborhood of zero and 7 is locally (<)-solid, we can choose a (<)-solid neighborhood W
of zero such that W C U, and by the continuity of the mapping = + sp(z™) there exists a neighborhood V'
of zero such that x € V implies sp(z*) € W. Hence, by the above inequality x € V implies z* € W C U,
and hence the map x — x" is continuous at zero. By Proposition 3.3, all the mixed lattice operations are
then continuous. O

Theorem 4.9. Let (V, <, <) be a mized lattice vector space which is a lattice with respect to initial order <.
If 7 is a locally symmetric-solid topology on V then T is a locally (<)-solid Riesz space topology.

Proof. By Theorem 3.12 7 is locally (<)-full and the map = — “a continuous at zero. By the Roberts—
Namioka Theorem 3.2 it is sufficient to show that the map = — zt is continuous at zero. To this end, we
just need to note that “z > z and “x > 0, and hence “z > x+. Now if U is a neighborhood of zero, we
can choose a (<)-full neighborhood V' of zero such that V' C U, and by the continuity of  — “x there is a
neighborhood W of zero such that x € W implies Yz € V. But 0 < a2t <“zand Vis full, soat € V Cc U
and this completes the proof. O

As for the lattice properties of topological mixed lattice spaces, our results have the consequence that
finite-dimensional normed mixed lattice spaces with a generating cone V;, are necessarily lattices with
respect to specific order <. To prove this, we need the following theorem which was proved by Arsove and
Leutwiler for mixed lattice semigroups ([3, Theorem 9.7]), and essentially the same proof carries over to
mixed lattice vector spaces (cf. [8, Theorem 3.9]).

Theorem 4.10 (/8, Theorem 3.9]). Let V be a mized lattice space such that the cone Vsy is generating and
sp sup{z, } ezists for every (X)-increasing and (])-bounded sequence {x,}. Then V is a lattice with respect
to <.

The following theorem is now rather immediate.

Theorem 4.11. Let V be a finite-dimensional normed mizved lattice space. If the cone Vg, is generating then
V is a lattice with respect to <.

Proof. Let {z,} be a (<)-increasing sequence such that z,, < u for all n and some u € V. Since {z,,} is con-
tained in the (x)-order interval {z : z1 < z < u}, it follows by Theorem 3.13(e) that {z, } is norm bounded.
As V is finite-dimensional and {z,} is (X)-increasing, it follows from the Bolzano—Weierstrass theorem that
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{zn} converges to a limit z, and by Theorem 3.13(c) we have z = sp sup{x,, }. Now Theorem 4.10 implies
that V is a lattice with respect to <. O

Locally solid Riesz spaces are of course a special case of topological mixed lattice spaces. Let us consider
the following example to illustrate our results.

Example. Let BV ([a, b]) be the space of functions of bounded variation on an interval [a, b]. We define initial
order in BV ([a, b]) by

f<g = f(z) < g(z) forall z € [a,b]
and specific order by
g <= f(z) <g(z)forall z € [a,b] and g — f is increasing on [a, b].

It has been shown in [8] that V = (BV ([a,b]), <, =) is a mixed lattice vector space where the mixed lower
and upper envelopes are given by

(f A g)(u) = inf {f(u) — (f(2) = g(2))" : @ € [a,u]}

and

(f v 9)(u) = sup {f(u) + (9(z) — f(2))" : = € [a,u]},

where ¢ = max{0,c} is the positive part of the real number c. It is well-known that V is a lattice with
respect to both partial orderings < and <. In particular, the positive cone Vs, is generating.

cx € [a,b]} then Vis a
topological mixed lattice space. By Proposition 4.3 and Corollary 4.7 it is sufficient to show that s(f) < s(g)
implies || flloo < ||gllco- Let g € V. Let us first find s(g) using the above formulae for the mixed envelopes.
We have

First we will show that if V is equipped with the sup-norm || f|lec = sup{|f(z)

g9"(w) = (0¥ g)(u) = sup {(g(x))*},

z€la,u)

and

9'(w) = (0 (=g)(u) = sup {(—g(x))*} = sup {(g9(=))"}.

z€[a,u] z€la,u]

Since s(g) = g% + ¢!, we obtain

s(9)(u) = sup {(g(x))" + (9(x))"} = sup {|g(=)[}-

z€[a,u] z€[a,u]

Hence we have

19llcc = sup {lg(z)] : @ € [a,b]} = s(g)(b)-

This shows that if s(f) < s(g) then || flloc = s(f)(b) < s(9)(b) = ||glloo, and so || - ||oo is a mixed lattice

norm on V which generates a mixed lattice topology (by Proposition 4.3). In this case, this topology is the
same as the locally solid Riesz space topology on (V, <) induced by the sup-norm.
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On the other hand, if V is equipped with the total variation norm || f| 5 = |f(a)| + V2(f), (where V2(f)
is the total variation of f on [a,b]) then the mixed lattice operations are continuous. This follows from
Theorem 4.10, since V is a vector lattice with respect to < and || - || sv is a ()-lattice norm. Moreover, if
0 = f < g then f is positive and non-decreasing, and f(z) < g(z) for all z € [a,b], so we have ||f|zv =
F(0) < g(b) <|lgllsv- This shows that the topology generated by the total variation norm is locally mixed-
full, and so (V, || - ||sv) is a locally symmetric-solid mixed lattice space also with respect to the BV-norm
topology, by Corollary 4.7. Consequently, (V, ||-||sv) is also a locally (<)-solid Riesz space, by Theorem 4.9.
Note, however, that the norms || - ||oc and || - || 5 are not equivalent.

5. On asymmetric norms and cone norms

The theory of asymmetric normed spaces is relatively recent. A detailed account of the theory is given in
the monograph [4]. Although we shall not explore these ideas in detail in the present paper, the discussion in
the preceding sections suggests that topologies determined by asymmetric seminorms arise rather naturally
in mixed lattice spaces. For example, we have seen that there are two types of mixed-full sets that behave in
an asymmetric fashion, that is, if A CV is a balanced set then M Fy(A) = —M F5(A). On the other hand, if
a mixed lattice norm on V is given, then the properties of the upper and lower parts give rise to asymmetric
norms on V, as the following discussion shows. The definitions and notations that follow are adopted from
[4].

Let X be a real vector space. A real-valued mapping p : X — [0, 00) is called an asymmetric norm on X
if for all ,y € X the following conditions hold.

(Al) p(z)=0 and p(—z)=0 implies z=0
(A2) plaz)=ap(z) forall a>0
(A3)  p(z+y) <p(x) +p(y)

If p satisfies conditions (A2) and (A3) then p is called an asymmetric seminorm.

Given an asymmetric norm p, its conjugate asymmetric norm p is defined as p(z) = p(—=z). If we put
p*(z) = p(x) + p(x) then p® is a norm associated with the asymmetric norm p.

To see how these concepts are related to the results of the preceding sections, we note that if V is a mixed
lattice space and U is a convex, absorbing and balanced neighborhood of zero then by Proposition 3.8 the
sets MF1(U) and M F5(U) are also convex and absorbing neighborhoods of zero (but not balanced, since
x € MF(U) implies tx € MF;(U) only for 0 < ¢ < 1, and similarly for M F>(U)). Hence, the Minkowski
functionals p; of the set M F;(U) and py of the set M F»(U) are asymmetric seminorms. In fact, they are
conjugate asymmetric seminorms since MFy(U) = —M F»(U). Furthermore, by Proposition 3.8, the sum
MF,(U)+ MF5(U) is a balanced, convex, absorbing and mixed-full neighborhood of zero, whose Minkowski
functional is a mixed-monotone seminorm by Theorem 4.2.

In normed Riesz spaces, asymmetric norms are related to lattice norms in a quite natural way through
the positive and negative parts of an element. Similarly, in mixed lattice spaces the upper and lower parts
give rise to asymmetric norms. If p is any mixed lattice norm on V then we can define p;(x) = p(z*) and
p2(z) = p(z'). Then p; and p, are conjugate asymmetric seminorms on V. It follows immediately from
the properties of 2% and 2! (Theorem 2.5) that p; and po satisfy the conditions in the definition of an
asymmetric norm.

Asymmetric cone norms are further generalizations of asymmetric norms, and they have found applica-
tions in different areas of mathematics. In recent years, they have been used for studying generalizations of
asymmetric normed spaces and some related results in analysis [10,9]. The basic idea in such generalizations
is that the usual asymmetric norm is replaced by a vector-valued mapping that has properties similar to
those of an asymmetric norm, but its range is a positive cone of a partially ordered vector space. Asymmetric
cone norms are also closely related to certain problems in optimization theory [15].
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Definition 5.1. Let C' C X be a cone in a topological vector space X and let < be the associated order
relation. A continuous mapping @ : X — C' is an asymmetric cone norm if

(1) Qx)==xforall z € C and Q(X) =

(2) Q(tz) =tQ(z) for all t e Ry and x € X
(3) Qz+y) <Qz)+Qy) for all z,y € X
(4) If Q(z) =0 and Q(—xz) = 0 then = = 0.

Moreover, we say that @ is a proper asymmetric cone norm if Q(I — Q) = 0. Here I denotes the identity
operator on X.

In a general topological vector space, the existence of a mapping satisfying the conditions in the above
definition is not at all clear. However, the properties of the mixed lattice operations given in Theorem 2.5
yield the following existence result.

Theorem 5.2. Let V = (V, <, =) be a topological mized lattice space. Then the following hold.

(a) The mapping Q :V —V, given by Q(x) = "“x is a proper asymmetric cone norm on V.
(b) The mapping Q : V — Vs, given by Q(z) = z* is a proper asymmetric cone norm on V which is
increasing with respect to both partial orderings (that is, x < y implies Q(z) < Q(y) and x <y implies

Qz) < Q)

Proof. (a) The properties of “z imply that the mapping Q(z) = “« has the properties listed in Defini-
tion 5.1. Property (1) follows from Theorem 2.5(g), and (2) follows from (2.13). Property (3) is an immediate
consequence of Theorem 2.5(c), while (4) follows from Theorem 2.5(a) and (g). To check that @ is proper,
we note that

QU -Q)(z) =Qz —"z) =Q(—a') ="(—a") ='(a') =0,

by Theorem 2.5 (since z! 3= 0).
The proof of (b) is similar. The property that @ is increasing with respect to both partial orderings
follows by (2.8) and (2.11). O

Suppose that C is a cone in a topological vector space X, and we ask if there exists an asymmetric cone
norm ) on X satisfying the conditions in Definition 5.1. Theorem 5.2 shows that a sufficient condition for
the existence of such mapping is that there exists a mixed lattice order structure on X such that C is a
positive cone for the partial order <.

As an application of our results, we show that given any closed convex cone C' in R™ we can always turn
R™ into a topological mixed lattice space (R™, <, <) in such way that C' will be the positive cone associated
with the partial order <, and so by Theorem 5.2 there always exists a continuous asymmetric cone norm
associated with the given cone in R™. The latter part (that is, the existence of a proper asymmetric cone
norm) has been proved recently in [15, Theorem 2] using different methods. This result is of importance in
problems related to optimization theory (see [15] and references therein).

Theorem 5.3. Let C' be a generating closed convex pointed cone in R™ and let x € int(C'). If < is the partial
ordering induced by C and < 1is another partial ordering induced by the cone R, = {txz : t > 0} then
(R™, <, <) is a normed mized lattice vector space with respect to the usual norm of R™. In particular, the
mapping @ : R™ — C given by Q(x) = “x is a continuous proper asymmetric cone norm.
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In the proof of Theorem 5.3 we use the well known fact that the interior int(C') of a generating cone C'
in R™ is non-empty. We also recall that a subset B of a cone C' is called a base of C'if for every x € C'\ {0}
there exists a unique number ¢ > 0 such that tx € B. We will also need the following geometric result,
which is a consequence of the existence of a hyperplane supporting C at 0 (cf. [15, Lemma 2]).

Lemma 5.4. If C C R"™ is a closed convex cone such that int(C) # 0 then there exists a closed, bounded and
convex base B of C and an interior point x € int(C) such that the line spanned by x is orthogonal to B.

Proof of Theorem 5.3. Let < be the partial ordering induced by the cone C. By the preceding lemma, there
is a closed, bounded and convex base B of C and an interior point = of C' such that B is orthogonal to
ray R, generated by z (i.e. R, = {tz : t > 0}). Clearly, R, is a cone and it induces a partial ordering <
on R" by u < v if v —u € R, or equivalently, v = u + tx for some ¢t > 0. Evidently, R, is also a mixed
lattice cone, as it is “one dimensional” and both partial orderings coincide on R,. Now V = (R, <, <) is a
partially ordered vector space with two partial orderings such that u < v implies u < v. To show that V is
a mixed lattice space it is sufficient to show that the element

Yy=yvO0=min{weV: wiy and w>0}

exists for all y € V (by Theorem 2.4). We note that in the present situation this is equivalent to showing
that

min({y+tz:t>0}NC)=min{t >0:y+tz € C}

exists for all y € V. If we denote the boundary of C' by 0C then the distance of z to dC is defined as
d(z,0C) = inf{||z —y|| : y € C}. Then the set D bounded by B and dC and containing 0 is convex, closed
and bounded. Moreover, tx € B for some ¢ > 0, so we may thus assume that € D. Now d(z,0C) > 0
since x is an interior point of C, and since D is closed, convex and bounded there is a point v € D N 9C
(not unique, in general) such that d(x,v) = d(x,D N OC) = d(x,dC). The last equality follows from the
orthogonality of B and R,. Hence, we have shown that for any = € int(C') there is some point v € dC such
that d(z,0C) = d(x,v). Now for any ¢ > 0 we have d(tx,0C) = d(tz,tv) = td(z,v). Indeed, if there was
some u € IC such that |tz —u|| < ||tz —tv| = t||x — v||, then this would imply that ||z — ¢t~ u| < ||z -], a
contradiction. Therefore, if 0 < s < ¢ then d(sz,dC) < d(tx,dC), and so the distance of tz to the boundary
of C increases as t increases. But {tz : t > 0} and {y+tx : ¢ > 0} are parallel half-lines, so d(tz, y+tz) = ||y||
is a constant. Thus, there is some t; such that d(tx,dC) > d(tz,y + tx) = ||y|| for all t > ¢;, and so y + tz
lies inside C for all ¢t > t;. Since C is closed, the number ¢; = min{t > 0 : y + tx € C'} exists, and so the
element “y = y + tox exists for all y € R™. This shows that (R™, <,<) is a mixed lattice vector space, by
Theorem 2.4. Then by Proposition 5.2 the mapping Q(z) = “z is a proper asymmetric cone norm.

We still need to prove the continuity of Q. Let || - ||2 be the usual Euclidean norm on R™. Define a new
norm by [|z|lo = [|s(2)]|2 for all z € R™. We will show that || - ||op is a mixed lattice norm. Assume that
s(z) < s(y). Then, since s(z),s(y) = 0, it follows that s(x) and s(y) are both contained in the ray R,.
Hence, s(z) < s(y) implies that s(y) = ts(z) for some ¢t > 1, and so [|s(z)||2 < t||s(z)||2 = |s(y)||2, or
lzllo < |lyllo. This shows that || - ||o is a mixed lattice norm, and hence the mapping @ is continuous in the
topology generated by the norm || - ||g. Since all norms on R™ are equivalent, it follows that the mapping Q
is continuous in the usual topology of R™. 0O

We remark that the proof of Theorem 5.3 is based on rather simple geometric arguments which do not
necessarily work in infinite-dimensional spaces. For instance, a generating cone in an infinite dimensional
space does not always possess interior points.
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Abstract

Problems related to projections on closed convex cones are frequently encountered
in optimization theory and related fields. To study these problems, various unifying
ideas have been introduced, including asymmetric vector-valued norms and certain
generalized lattice-like operations. We propose a new perspective on these studies
by describing how the problem of cone projection can be formulated using an order-
theoretic formalism developed in this paper. The underlying mathematical structure
is a partially ordered vector space that generalizes the notion of a vector lattice by
using two partial orderings and having certain lattice-type properties with respect to
these orderings. In this note we introduce a generalization of these so-called mixed
lattice spaces, and we show how such structures arise quite naturally in some of the
applications mentioned above.

Keywords Mixed lattice - Cone projection - Isotone retraction cone - Asymmetric
cone norm

1 Introduction

The problem of cone projection and the related decomposition method with respect
to dual cones is of significant importance in convex analysis, and it has been studied
extensively since the pioneering work of Moreau [11]. In this paper we present an
order-theoretic setting in which the basic projection problem can be stated and studied.
The theoretical framework on which this note is based is called a mixed lattice space
which is a partially ordered vector space (or more generally, a group) with two partial
orderings and certain “mixed” lattice-type properties with respect to these two orders.
In a mixed lattice space, the vector lattice operations of supremum and infimum are
replaced by asymmetric mixed upper and lower envelopes, which are formed with
respect to the two partial orders. A mixed lattice space is a generalization of a vector
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lattice in the sense that if the two partial orders are identical, then the mixed lattice
space reduces to a vector lattice. However, the two partial orders of a mixed lattice
space do not need to be lattice orderings. A systematic development of this theory is
quite recent [4, 9, 10], although some earlier studies on mixed lattice groups date back
to 1990s [5, 6]. The theory of mixed lattice spaces and groups is heavily based on an
earlier theory of mixed lattice semigroups, which was developed by M. Arsove and
H. Leutwiler in the 1970s for the purposes of axiomatic potential theory (see [2] and
references therein).

In Sect. 2 we give a brief overview of the terminology and the elementary properties
of mixed lattice spaces. In Sect.3 we present a generalization of mixed lattice struc-
tures by relaxing some of the assumptions in the definitions, resulting in a significant
gain in generality. This modification gives the structure more flexibility in terms of
applications to cone projections, and this is what our main results are concerned with.
In Sect. 4 we formulate certain problems in convex optimization using this generalized
order-theoretic framework. Here we observe a close connection between the mixed
lattice theory and the theory of cone projections.

In metric cone projections there are two cones involved (a cone and its dual), and
we show that this setting has a generalized mixed lattice structure. We then look at
some other fundamental facts and results concerning cone projections, and formulate
them in the language of mixed lattice theory. We also observe that the so-called lattice
like operations introduced in [12] can be viewed as the generalized mixed lattice
operations.

We should also mention the more general concept of isotone cone retraction, intro-
duced by Németh [14], and the related notion of an asymmetric cone norm, recently
studied in [13]. Some of the connections between these and the mixed lattice theory
is investigated in [10].

2 Mixed lattice spaces

In this section we collect the essential terminology, definitions and basic results. For
a more detailed presentation with proofs, we refer to [4, 6, 9].

Let V be a partially ordered real vector space with two partial orderings < and <
(i.e. we assume that both orderings are compatible with the linear structure of V). The
partial order < is called the initial order and < is called the specific order. With these
two partial orders < and < we define the mixed upper and lower envelopes

uvv=mn{weV:w:>uand w>v} 2.1)
and

u v =max{weV:w=<uand w=<v}, 2.2)

respectively, where the minimum and maximum (whenever they exist) are taken
with respect to the initial order <. These definitions were introduced by Arsove and
Leutwiler in [1]. We observe that these operations are not commutative, i.e. x -V y and
y 7Y x are not necessarily equal. We recall that a subset K of a vector space is called
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Mixed lattice structures and cone projections

aconeif (1)tK C K forallt >0, (ii)) K + K € K and (iii)) K N (—K) = {0}.
Although the above definition of a cone is rather standard in the theory of partially
ordered spaces, we should point out that there are also different definitions in use, and
sometimes a subset satisfying the above conditions is called a full-dimensional convex
pointed cone.

Definition 2.1 Let V be a partially ordered real vector space with respect to two partial
orders < and <, and let V), and V), be the corresponding positive cones, respectively.
Then V = (V, <, X) is called a mixed lattice vector space if the following conditions
hold:

(1) The elements x A yand x V¥ y existin V forall x,y € V,
(2) The elements x v y and x A y are in Vy, whenever x, y € V.

Remark 2.2 A more general definition of a mixed lattice structure does not require
the condition (2) in the above definition. It is included here for convenience, as many
important properties depend on it. For more details on these technicalities, as well as
many examples of mixed lattice spaces, we refer to [4]. If the condition (2) holds,
then V), is a called a mixed lattice cone. A mixed lattice space satisfying (2) is called
quasi-regular, and if in addition the cone Vj, is generating then V is called regular.
It follows from the condition (2) that Vi, C V) ([4, Theorem 2.10]). We also note
that the cone V), is always generating, thatis V = V), — V),. This is a consequence of
Theorem 2.5(b) given below.

The definition of the mixed envelopes implies that in a mixed lattice space V the
inequalitiesx Ny <x xVvyandx Ny <y <x v yholdforall x,y € V. For
proofs and further discussion on the properties given in the next theorem, see [4, 6, 9].

Theorem 2.3 Let V be a mixed lattice space. The mixed envelopes have the following
properties forall x,y,z,u,v € V anda € R.

@ xvYy+yAx =x+y

®z+xvy=x+2)YO+z) and z+x ANy = x+2) AN +2)
© xvy=—(=xA—y)

dx<xu and y<v = xvy<uvyv and x A\y<u\v

) x<y &< yVvVx=y &< xAy=x

D x<xy & xVvVy=y < yArx=x

(@) (ax) A (ay) = a(x A y) and (ax)~ (ay) =a(xv'y) forall a >0
(h) (ax) A (ay) = a(x vVy) and (ax) ¥ (ay) =a(x A y) forall a <0
D) x<y = zVvx<zVYy and ZANYy<ZA\Y

GGusx<zad usxy<sz = xvy<z and usxx\y

The upper and lower parts of an element were introduced in [4, Definition 3.1].
Their roles are similar to those of the positive and negative parts of an element in a
vector lattice.

Definition 2.4 Let V be a mixed lattice space and x € V. The elements “x = x vV 0
and 'x = (—x) v 0 are called the upper part and lower part of x, respectively.
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Similarly, the elements x“ = 0 v x and x! =0~y (—x) are called specific upper part
and specific lower part of x, respectively.

From the above definitions we observe that for the specific upper and lower parts
we have x* %= 0 and x’ 3= 0, and for the upper and lower parts “x > 0 and ' x > 0.
The upper and lower parts have several important basic properties, which were proved
in [4, Section 3]. Some of these properties are given in the next theorem.

Theorem 2.5 Let V be a mixed lattice space and x € V. Then we have

(@ “x='(=x) and x"=(—x).

(b) x =x¥—Ix=ux —x!

© “(x+y) <"x+"yand (x +y) <x'+yl.

d) x+»*<xt+y“and' (x+y) <'x+'y.

(e) x* Nlx=0=x! A"x

() x =0ifand only ifx ="x = x" and'x = x' = 0.
(g) x > 0ifand only ifx ="x and x" = 0.

3 The generalized mixed lattice structure

In a mixed lattice space V the existence of the mixed envelopes places rather strict
restrictions on the cones V), and Vj;, which limits the range of possible applications.
In this section we present a generalization of a mixed lattice space to overcome this
limitation. Our main motivation for the generalization is that when studying cone
projections in optimization problems, the upper and lower parts of elements do not
typically exist.

Let (V, <, <) be a partially ordered vector space with two partial orderings, as in
the preceding section. We introduce the following set notation.

[xvVyl={w:w>x=xandw >y} and [x ANy]={w:w < xandw < y}.

Let E C V. Anelement x € E is called a minimal element of Eif y € Eand y < x
implies y = x. A dual notion of a maximal element is defined similarly. The set of
minimal elements of the set [x ~v y] will be denoted by Min[x ~v y], and the set of
maximal elements of the set [x _\ y] will be denoted by Max[x A\ y].

We now define a generalization of the mixed lattice structure in which the ele-
ments x Y y and x _\ y are replaced by set-valued mappings (x, y) +— Min[x V y]
and (x, y) — .Max[x _\ y]. This provides a considerable increase in generality, at
the expense of losing some good properties of mixed lattice spaces and becoming
somewhat more difficult to work with.

Definition 3.1 Let V be a partially ordered vector space with respect to two partial
orders < and <, and let V,, and Vj;, be the corresponding positive cones, respec-
tively. Then V = (V, <, X) is called a generalized mixed lattice structure if the sets
Min[x -V y] and Max[x A y] are non-empty for all x, y € V.
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Mixed lattice structures and cone projections

Clearly, if the sets Min[x v y] and Max[x _\ y] contain only one element for
every x, y € V then these elements are equal to x vV y and x _\ y, respectively, and
the generalized mixed lattice structure then reduces to an ordinary mixed lattice space.

In the following we introduce selected fundamental properties of generalized mixed
lattice structures to facilitate the study of cone projections in Sect. 4. The next theorem
gives some of the basic properties of generalized mixed lattice structures corresponding
to the properties of the mixed envelopes listed in Theorem 2.3.

Theorem 3.2 Let V be a generalized mixed lattice structure. The following hold for
allx,y eV.

(a) Min[x v y] = —Max[(—x) A (—y)]

(b) Ifu € Min[x v y]thenthere exists an element w € Max[y \ x |suchthatx+y =
u—+w. Similarly, forany w € Max[y A x | there exists an elementu € Min[x Y y ]
such that x +y = u + w. Hence, we have x +y € Min[x v y] + Max[y A\ x].

(¢) Min[(z+x) v(z+y)]=z+Min[x vy] forallzeV.

(d) Max[(z+x) A\ (z+y)]=z+Max[x \y] forallzeV.

() x =y & xeMin[y vx] & Minly vx]={x} <
y € Max[x A y] <= Max[x A\ y]={y}

(f) For all a € R, a > 0 we have Max[ (ax) A\ (ay)] = aMax[x A\ y] and
Min[ (ax) ¥ (ay)] = aMin[x v y].

(g) For all a € R, a < 0 we have Max[ (ax) \ (ay)] = aMin[x v y] and
Min[ (ax) v (ay)] = aMax[x X\ y].

Proof (a) If u € Min[x vV y]thenu > xand u > y,so —u < —x and —u < —y,
and thus —u € [(—x) A (—y)]. If w € [(—x) A (—y)] and w > —u then by a similar
argument —w € [x Y y]. But —w < u and u is a minimal element of [x ~/ y], so
we must have —w = u. Hence, u € — Max[(—x) A\ (—¥)]. The reverse inclusion is
proved similarly, so Min[x vV y] = — Max[(—x) A (—y)].

(b) If u € Min[x v y]thenu > x and u > y. This implies that x +y < u +y
andx +y <x+u,andsox +y —u € [y A x]. We want to show that x + y — u
is a maximal element of the set [y A\ x]. For this, suppose that w € .[y A\ x] and
w>x+y—u. Then w < y and w < x, and it follows that u > x + y — w > x and
u>x+y—w >y Henceu > x+y—w € [x v y]. Butu is aminimal element of the
set[x V y],sowemusthaveu =x+y—wandthusw =x+y —u € Max[y A\ x]
and u + w = x + y. The dual statement is proved similarly.

(c) If v € Min[x ¥ y] then v = x and v > y. Consequently, v + z > x 4+ z and
v+z > y+zforallz € V,andsov+z € [(x+2) V (y+2)].Ifw € [(x+2) V (y+2)]
andw <v+4zthenv>w—z>x+z—z=xandv>w—z>y+z7—z=y.But
thenv > w—z € [x ¥ y], and since v is a minimal element, it follows thatv = w —z,
orw =v+z. Hence,z4+v e Min[(z + x) ¥V (z+ y)]forallz € V.

For the converse, if w € Min[(z +x) vV (z+y)|thenw = z+xand w > z + y.
Thusw —z >=xand w —z > y,sow — z € [x V y]. Again, if v € [x ¥ y] and
v<w-—zthenw >v+z>=x+zand w > v+ z > y + z, and it follows that
w > v+z € [(z+x) VY (z+)]. Since w is minimal, we have w = v+z,0rv = w—z.
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Hence, w — z € Min[x ~v y]. This shows that w = z 4+ (w — z) € z + Min[x Y y],
proving the equality of the two sets.

(d) is similar to (c).

(e) Let x > y. Since x > x we have x € [y vV x]. If u € [y V¥ x] is an element
such that ¥ < x then x < u < x, and hence x = u because V, N (=V),) = {0}
holds by assumption. This shows that x € Min[y v x]. Next, if x € Min[y v x] and
w € Min[y -V x] then w > x. But then w and x are both minimal elements, so they
are comparable only if w = x. Hence Min[y vV x] = {x}.

If Min[y v x] = {x} then it follows by part (b) that y € Max[x A y]. If there is
some other element w € Max[x A y] then y < w. But y and w are both maximal
elements of the set [x A\ y], and so w = y. This shows that Max[x A y] = {y}.
Finally, if Max[x A y] = {y} then of course y < x, finishing the proof.

(f) The case a = 0 is trivial. If a > 0 and z € Min[(ax) ¥ (ay)] then z < ax
and z < ay. Hence f—l < x and § < y,and so z = a% € aMin[x V¥ y]. The reverse
inclusion is straightforward, and the other equality is similar.

(g) follows from (a) and (f). O

The preceding theorem suggests a useful characterization for general mixed lattice
structures.

Theorem 3.3 Let V be a partially ordered vector space with two partial orders < and
<, and let V;, and Vi), be the corresponding positive cones, respectively. Then V =
(V, <, X) is a generalized mixed lattice structure if and only if the set Min[0 v x ] is
non-empty forall x € V.

Proof The given condition is obviously necessary. To prove that it is sufficient, let
X,y € V.By assumption, the set Min[0 - (y — x) ] is non-empty, and the same argu-
ments as in the proof of Theorem 3.2(c) show that Min[x ¥ y] = x +Min[0 v (y —
x)], and so the set Min[x v y] is also non-empty. Since x and y were arbitrary,
we can apply the arguments from the proof of Theorem 3.2(a) to see that the set
Max[x A y] = —Min[(—x) ¥ (—y)] is non-empty too. Hence V is a mixed lattice
structure. O

The next result shows that in a generalized mixed lattice structure every element can
be written as a difference of a positive part and a negative part, but the representation
is not unique. The following is thus a generalized version of [4, Theorem 3.6] and
parts (b) and (e) of Theorem 2.5.

Theorem 3.4 Let V be a generalized mixed lattice structure and x € V.

(a) For any u € Min[x ~v 0] there exist an element w € Min[0 v (—x)] such that
X = u — w. Moreover, ifu € Min[x v 0] and w € Min[0 ~y (—x)] are any such
elements that x = u — w then 0 € Max[w \ u] and u + w € Min[u v w]. On
the other hand, if x = u — w and 0 € Max[w A u] then u € Min[x v 0] and
w € Min[0 v (—x)].

(b) For any u € Min[0 ~v x ] there exist an element w € Min[(—x) v 0] such that
X = u — w. Moreover, ifu € Min[0 v x] and w € Min[ (—x) ~v 0] are any such
elements that x = u — w then 0 € Max[u N\ w]and u + w € Min[w Y u]. On
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the other hand, if x = u — w and 0 € Max[u \ w] then u € Min[0 Y x ] and
w € Min[ (—x) v 0].

Proof (a) The first part follows immediately from Theorem 3.2(b). Indeed, if x € V
and u € Min[x v 0] then there exists v € Max[0 _\ x] such that x = u + v. If
we put w = —v then w € Min[0 vV (—x)]and x = u — w.

Next, let u € Min[x v 0] and w € Min[0 vV (—x)] be such that x = u — w.
Since 0 < w and 0 < u, it follows that 0 € [w _\ u]. Suppose there exists some
y € [w A u]suchthaty > 0.Nowy € [w A u] =[w A (x+w)] = w+[0 A x]
(by Theorem 3.2(d)), so there exists z € [0 _\ x] suchthaty = w+z. Butthenz =
y—w > —w, and since —w is a maximal element of the set [0 _\ x], it follows that
7 = —w, and so y = 0. This shows that 0 € Max[w _\ u], and by Theorem 3.2(b)
there exists an element » € Min[u Y w] such that u + w = 0 +r = r. Therefore,
u+w e Min[u v wl.

On the other hand, if x = u — w and 0 € Max[w _\ u] then by Theo-
rem 3.2(c) and (b) we have u + w € Min[u vV w] = Min[(x + w) Y w] =
w~+Min[x v 0]. Hence, u € Min[x -V O]. Butthenu = x+w € Min[x v 0] =
x 4+ Min[0 ¥ (—x)] and this shows that w € Min[0 vV (—x)].

(b) This is similar to the proof of part of (a), but we will prove the second statement
just to indicate how to prove dual statements such as this. Let # € Min[0 V x ]
and w € Min[(—x) ¥ 0] be such that x = u — w. Since 0 < w and 0 <X u,
it follows that 0 € [u A\ w]. Assume that y € .[u A w] and y > 0. Then y €
[u N w] =[x+ w) N w]=w+ [x A 0], so there exists z € [x A 0] such that
y=w+z Butthenz = y — w > —w, and since —w is a maximal element
of the set [x A 0] (by Theorem 3.2(a)), it follows that 7 = —w, and so y = 0.
This shows that 0 € Max[u A\ w], and by Theorem 3.2(b) there exists an element
r € Min[w Y u] such that u + w = 04+~ = r. Therefore, u +w € Min[w Y u].
The last statement is again proved as in part (a). O

By the preceding theorem, the set Min[0 ~v x ] can be called the set of specific
upper parts of x, and Min[ (—x) ~v 0] the set of lower parts of x. For any x € V we
can choose an upper part u € Min[0 v x ], and there always exists a corresponding
lower part v € Min[(—x) v 0] such that x = u — v. Similar remarks apply to the
sets Min[x ¥ 0] and Min[0 v (—x) ], called the set of upper parts of x and the set of
specific lower parts of x, respectively.

Under an additional assumption we can add the following properties to the list of
Theorem 3.2.

Proposition 3.5 Let V be a generalized mixed lattice structure such that Vs, N —V,, =
{0}. Then the following equivalences hold:

x>y <= xeMin[x vy] < yeMax[y\x].
Proof Let x > y. Since x = x we have x € [x vV y].Letu € [x vV y]land u < x.
Thenx < uandu < x,0or0 < u —x and u — x < 0. By assumption this implies that

u—x = 0,oru = x. This shows that x € Min[x -V y]. Conversely, ifx € Min[x ¥ y]
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thenx > y.The equivalencex > y <= y € Max[y A x]canbe proved by a similar
argument. O

We introduce some additional terminology for the next section. The set
V;; ={yeV:V,NMax[x A y] #@forall x € V,}
is called the right dual of Vj,, and the set
Vp={xeV:V,NMax[x A\ y] #@forally e V,}

is called the left dual of V.

P*ropo:ition 3.6 VS’; C V, and *V, < V,. Moreover, Vy, C *(Vs’;) and V, C
V)t

Proof Lety € VJ),. Thenforany x € V), thereexistw € Max[x A\ y]and0 < w < y.
Thus y € V), proving that V5, € V). Next, if x €*V), then for any y € V), there
exist w € Max[x A y] such that w > 0. In particular, if y = O then there exist
v € Max[x A O] such that v > 0. Butthen 0 < v < 0,s0 v = 0 and v < x implies
that x € Vy,. This shows that *V, C V.

Since V;;, C V,and *V, C Vj,, it makes sense to consider the sets

(Vo) ={x € V:V,NMax[x A\ y]l# @ forally e Vy,}
and
(*Vp)* ={y eV :V,NMax[x A y]# @ forallx €*V,}.

If x € V;, then by the definition of Vi, we have V), N\Max[x A y] # @ forally € V7,
and so x e*(VS’;). Hence V), g*(V;;,), and by a similar argument, V,, € (*V,,)*. O

4 Mixed lattice structure in the problem of cone projection

The main application of the results of this paper are given in this section. The aim is to
show how the problem of cone projection can be stated in a purely order-theoretic form
in the framework of generalized mixed lattice structure, thus providing a new perspec-
tive on such problems. We assume the knowledge of basic notions and terminology
of convex optimization. For these we refer to [3, 8].

Let K be a closed and convex pointed cone in R” with the dual cone K* = {y :
(x,y) > 0forall x € K}. Let < be the partial ordering induced by the cone K and
let <, be the partial ordering given by the dual cone K*.

Let Px : R" — K be the projection mapping that gives the unique point Pxx on
K nearest to x. That is,

Pyx € K and ||x — Pgx|| =inf{||lx — y|| : y € K}.
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This nearest point Pxx has the characterization ([8, Theorem 3.1.1])
Pyx € K and (Pxx —x, Pgx —y) <Oforally € K. 4.1)
The projection mapping also has the translation property
Piixky=x+ Pc(y—x) forallx,yeR". 4.2)

The mapping Py is called K-isotone if x <x y implies Pxx g Pxy.
A fundamental tool in the study of cone projections is the following classical the-
orem of Moreau [11].

Theorem 4.1 (Moreau) Let K be a closed convex cone in R" and K* its dual cone.
Every x € R" can be written as x = Pxx — Pg+(—x) where (Pgxx, Pgx(—x)) = 0.
Moreover, Pxx = 0 holds if and only if x € —K™.

With the notation introduced above, the projection Py x clearly satifies Pxx =x 0
and Pxx >, x. Now we can show that V = (R", <,, <) is a generalized mixed
lattice structure in the sense of Definition 3.1, and the orthogonal projection P x is in
fact a minimal element satisfying the inequalities Pxx = 0 and Pxx >, x.

Theorem 4.2 Let K be a closed and convex cone in R" and K* its dual cone, and let
<k and <, be the partial orderings determined by the cones K and K*, respectively.
ThenV = (R"*, <,, <x) is a generalized mixed lattice structure and for every x € R"
the projection element Pyxx satisfies Pxx € Min[0 ~y x].

Proof Let x € R". By Theorem 4.1 we have (Pxx — x, Pxx) = 0, and from this we
get (Pxx, Pyx) = (x, Pgx). As noted above, the element Py x satifies Pxx =, 0 and
Pyx >, x. Suppose there is some other element w such that w >=x 0, w >, x and
w <4 Pxx.Then Pyx € K and Pxx —w >, 0,0or Pxyx —w € K*, so by the definition
of K* we have (Pygx — w, Pgx) > 0,50 (Pxx, Pxx) > (w, Pxx). On the other hand,
w—x € K*, and so (w — x, Pxx) > 0, which gives (w, Pxx) > (x, Pxx). Hence,
we have

(Pxx, Pyx) = (x, Pyx) < (w, Pxx) < (Pgx, Pgx).
Thus, (Pxx, Pxx) = (x, Pxx) = (w, Pxx), and it follows that
(Pxx, Prx) — (w, Pgex) = (Pgx — w, Pgx) =0.
Now, for every y € K we have
(Pgx —w, Pxx — y) = (Pgx — w, Pgx) — (Pxx —w, y),
where the first term on the right hand side is zero, as we have shown, and for the second

term we have (Pxx — w, y) > 0 by the definition of the dual cone. Hence, we have
(Pxx —w, Pyx —y) <O0forall y € K. By characterization (4.1) this means that Py x
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is the unique point on K nearest to w. Butw € K, so we musthave Pxx = Prw = w.
This shows that Pyx € Min[0 v x ], and since this holds for any x € V it follows by
Theorem 3.3 that V is a generalized mixed lattice structure. O

Now Theorem 4.2 allows us to translate the projection problem to the mixed lattice
setting. Let us choose an element x“ € Min[0 v x] by the criterion of shortest
distance, that is, x“ = Pyx. Then, if we denote by !'x the corresponding element in
Min[ (—x) v 0] (see Theorem 3.4), we have the unique representation x = x* — Ly
for every x € V, and this is the most natural representation in the present setting.

After fixing the “representatives” x* and ’x of each x in this way, we can now
simplify (or rather abuse) the notation and write x* = 0 v x and ‘x = (—x) v 0 =
—(x A 0) (we observe here that the element / x gives the projection of —x on K*). It
now follows from the results of Sect. 3 that, in essence, our generalized mixed lattice
structure behaves much like an ordinary mixed lattice space, and (with some care) we
can apply the rules (a) — (h) of Theorem 2.3. Hence, by Theorem 3.2(c) equation
(4.2) becomes

Poixy=x+Pc(y—x)=x+(Qy—-—x)"'=x+0vQ-x)=xvVy (43)

In other words, x v y is the point on the cone x + K that is nearest to the point y, or
equivalently, the point on the cone y 4+ K* that is nearest to the point x. In a similar
manner, the lower envelope x _\ y is associated with the projections on the cones
x—Kandy— K* ie.x A\ y= Pr_gy = Py_g+x.

Moreover, we observe that the duality between the cones K and K™ is a special
case of the order-theoretic notion of duality, which was discussed in Proposition 3.6.
We next show that orthogonality in the usual sense implies the order-theoretic version
of the orthogonality condition.

Proposition4.3 If x € K and y € K* are elements such that (x,y) = 0 then 0 €
Max[x A y].

Proof Letz € K. Thenby the definition of K* we have (z, y) > 0,andsince (x, y) =0
we obtain (x — z,y) = (x,y) — (z,y) = —(z,y) < 0. This holds for all z € K,
so if we define u = x — y then y = x — u and the above inequality becomes
(x —u,x —z) < 0 forall z € K. By the characterization (4.1) this means that
x = Pyu. Then by Theorem 4.2 we have x € Min[0 -V u], so by Theorem 3.2(c)
wegety =x —u € Min[OV u] — u = Min[(—u) v 0]. We have now shown that
u =x—ywherex € Min[0 v u]and y € Min[(—u) ¥ 0]. Hence,0 € Max[x \ y],
by Theorem 3.4. O

Using the notation introduced above, we get the following special case of Theo-
rem 3.4, which can be viewed as the order-theoretic version of Moreau’s theorem.

Theorem4.4 Let V = (R", <., <x) be the generalized mixed lattice structure on R",
where X is the partial order defined by a closed convex cone K and <, is the partial
order defined by the dual cone K*. Then every x € V can be written as x = x* —!x

where x* =¢ 0, x >, 0and x* A 'x = 0. Moreover, x" = 0 ifand only if x <, 0.
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Proof By Theorem 4.2, for any x € V we have Pxx € Min[0 v x], and as noted
above, if we put x* = Pxx then x* > 0 and by Theorem 3.4, if Iy is the corre-
sponding element in Min[(—x) ~v 0], then 'x = Pg«(—x) >, 0 and we have the
unique representation x = x“ — 'x. Since (x*,’x) = 0, it follows by Proposi-
tion 4.3 that 0 € Max[x“ \ !x]. Also, by Theorem 3.2 we have Max[x* A Iyl =
— Min[ (—x*) v (='x)1, so from Eq. (4.3) we get P_,uyx(—'x) = —(x* A 'x).On
the other hand, by (4.2) we obtain

Povugpx(='x) = —x" 4+ Pe(=lx +x") = —x" 4+ Pgx = —x" + x" =0,

and this gives justification for writing x* A ‘x = 0. (Again, this just amounts to
the fact that we have chosen the “representative” from the set Max[x* A !x] by
the criterion of shortest distance, which is consistent with our earlier choice of x ¥,
that is, if x* and ! x are chosen as above then the element in the set Max[x* \ x]
corresponding to this choice is 0.)

For the last statement, we first note that if z € (—K) N K™* then by the definition
of K* we have (z, z) = ||z]|*> < 0, which implies that z = 0, or (—K) N K* = {0}.
Thus, using Theorem 4.2 and Proposition 3.5, we have x <, Oifandonlyif0 = x* =
Pyxx € Min[0 v x]. O

It should be stressed again that the notation we use here is not entirely correct
because our structure is not a mixed lattice space in the sense of Definition 2.1, but
rather a generalized structure as described in the preceding section. Although the ele-
ment Pgx is the minimum in terms of distance to the cone K, it is not necessarily
the order-theoretic minimum in the sense of (2.1). Because of this, some properties of
mixed lattice space do not hold in the present situation, and some care should be taken
when manipulating expressions that contain the mixed envelopes. For instance, the
inequalities in Theorem 2.3(i) do not necessarily hold, which means that the projection
mapping is not isotone, in general. The conditions for the isotonicity of the cone pro-
jection have been extensively studied (see [12] and the references therein). However,
the following discussion gives further justification for the use of this notation.

The authors in [12] introduced what they called the lattice-like operations for study-
ing questions related to cone projections. These operations are a generalization of
similar operations that were introduced in [7] for the special case of self-dual cones
(i.e. K = K*). The lattice-like operations are defined by

xUy=Peigy, XMNy=PFPr gy, xUxy=Prpgxy, XMy = Prgxy.

There is an interesting connection between the lattice-like operations and the gen-
eralized mixed lattice operations. As we have shown, the projection element Py gy
is a minimal element of the set [x -V y], and in the notation of (4.3) we denote this
element by P,yxy = x vV y. We can now observe that in the case of the projection
elements, the generalized mixed lattice operations reduce to the lattice-like operations
as follows:

xUy=xVy, xlUyy=yVx, xfy=x Ay and xMyy=1y A\ X.
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In fact, most of the properties of the lattice-like operations ( [12, Lemma 2 and Lemma
3]) are identical to the properties of the mixed envelopes listed in Theorem 2.3 (a) — (k).
The above discussion places the lattice-like operations in the present order-theoretic
context.

5 Conclusions

In this paper we presented a new approach to the problem of cone projection based
on an ordered algebraic structure called a mixed lattice space. We first introduced
a generalization of the notion of mixed lattice space, and we showed that many of
the basic properties of mixed lattice spaces can be extended to the generalized mixed
lattice structure. The motivation for this generalization is that it can be applied in a
broader range of situations. As our main application, we showed how the mixed lattice
structure arises quite naturally in the study of cone projections. We demonstrated how
the problem of cone projection can be formulated in the mixed lattice setting, and we
also observed that the related notion of lattice-like operations can be interpreted as the
generalized mixed lattice operations.
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