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Foreword

This book is about quantales, lattice-ordered semigroups structured in such a way
that they generalize the locales of point-free topology and various multiplicative
lattices of ideals from the theories of rings and C*-algebras. The formal notion of a
quantale—a complete lattice equipped with a semigroup multiplication which
distributes over arbitrary joins—arose in the 1980s, and the subject has flourished
and diversified in content and range of mathematical connections since that
beginning, with developments appearing in a diversity of journals.

The most notable and distinctive feature of this monograph is a shift from
regarding quantales as the principal objects of study to a categorical emphasis that
encompasses the category Sup (morphisms preserve all suprema) of complete
lattices, the category of quantales with Sup-semigroup morphisms, other related
categories naturally connected with quantales, and a variety of categorical con-
structions that enhance quantale theory. Categorical properties of Sup such as
existence of tensor products and the fact it is symmetric and monoidal closed led the
authors to a whole new categorical perspective and approach of applying enriched
category to the study of quantales. The authors have pioneered work along these
lines in recent years, and now for the first time seek to bring it together in one
organized, comprehensive, and mostly self-contained source.

An attractive additional feature of the text is the effort to make some connections
and applications to other areas. One is the introduction and study of the spectrum of
a C*-algebra as a quotient of the tensor product of the quantales of closed left and
right ideals and the use of quantale modules of this quantale to study algebra
representations. Another rather vast direction of study arises by replacing standard
objects such as {0, 1} as the range for characteristic functions for subsets of a set or
the positive reals for metric spaces with quantales, so that one gets many-valued
versions of sets, or metric spaces, or other standard objects. Thus, the authors seek
to show how the foundations of a theory of many-valuedness can be based on
quantale theory. The authors are to be commended for collecting and putting
together in an attractive and accessible manner the necessary categorical back-
ground, the systematic, organized presentation from their perspective of quantale
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viii Foreword

theory, and for the interesting applications to C*-algebra theory and to many-valued
structures.

This book can serve a wide audience from being an introduction to quantale
theory to providing a valuable source of reference.

Baton Rouge, Louisiana Jimmie Lawson
September 2017



Preface

Since the mid-1980s, quantales have found an increasing interest in various areas
of mathematics. This development has its origin in ideas coming from
non-commutative geometry and is driven by the desire to create a non-commutative
and non-idempotent set theory known as the theory of quantale sets. Since that
time, an extensive literature has grown and is scattered over a diversity of journals.
Furthermore, and as algebra at the same time became connected with developments
using category theory, dedicated workshops and discussion fora emerged to focus
on enriched category theory in further support of studying quantales. The 33rd Linz
Seminar 2012 devoted to enriched category theory, and organized by U. Hohle and
E.P. Klement, was typical in that respect. In that particular workshop, the general
feeling emerged that there exists a necessity to have a new comprehensive and
coherent representation of the field. This insight became the starting point of the
cooperation between the authors leading to the present book.

The foundations of many-valuedness, as enabling non-commutativity for its
related operators, are another thematic and applicative aspect overlaying the formal
algebraic treatment in this book. Indeed, the book aims to provide a treatment of
semigroups in complete lattices with a special focus on quantales and modules and
offers a new way to approach many-valuedness in mathematics—in particular as it
is related to algebraic, logical, and topological methodology.

We give an introduction to the theory of quantales with applications to
C*-algebras and many-valued order theory from the perspective of the category of
complete lattices and join-preserving maps, which also includes a brief sketch on
automata in this context. The book aims to be self-contained. However, some basic
knowledge in category theory is desirable, and similarly knowledge in functional
analysis is helpful with respect to applications.

This book does not exclude the possibility of being used as a textbook.
Therefore, every section is accompanied by a subsection of exercises ranging in
difficulty from a trivial to a rather advanced level. The more advanced exercises are
supplied with various hints which can be considered as an extension of the previous
results. We hope that the book forms a useful basis for further research in enriched
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category theory, non-classical logic, many-valued and non-commutative topology,
and computer science.

During the preparation of the book, we received support from various people.
Explicitly we would like to mention the passionate commitment of T. Kubiak, who
collected a large variety of papers on quantales, was involved in the discussion on
how to organize such a book, and made most valuable suggestions during its
preparation. We also acknowledge the stimulating advice we received from M. Barr
and J. Lawson at advanced stages of its development. In addition, and in fact over
the past few years, from idea generation to finalizing the book, several colleagues
and collaborators have been supportive and provided encouragement on various
occasions.

This book would not have seen daylight without the support of our working
environments and people in our vicinity. Our working environments were diverse
but always supportive and flexible, enabling all of us to use required time for the
production of the book. Some directed financial support was enabled by the Spanish
Government provided by MTM2015-63608-P (MINECO/FEDER), and further
indirect financial support was available through various parallel projects. We also
express our gratitude to Springer-Verlag, especially to Dr. Remi Lodh for his
stimulating advice and efficient assistance during the preparation of the final
manuscript.

Last but certainly not least, we acknowledge the invaluable support we received
from our families and friends.

Umed, Sweden Patrik Eklund
Bilbao, Spain Javier Gutiérrez Garcia
Wuppertal, Germany Ulrich Hohle
Mikkeli, Finland Jari Kortelainen

December 2017
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Introduction

Quantales appear in various areas of mathematics—in quantaloid-enriched category
theory, in non-classical logics as completions of the Lindenbaum algebra, and in
different representations of the spectrum of C*-algebras as many-valued and
non-commutative topologies.

The theory of quantales has a long history, and its beginning dates back to the
1920s. Even though the terminology goes back to C. J. Mulvey when he proposed a
quantization of the theory of locales (cf. [58]) at the Oberwolfach Category
Meeting, 1983 (cf. [82]), it was W. Krull in 1924 and 1928 who formulated the
axioms of ideal lattices as those axioms of a two-sided quantale (cf. [68, 69]). In
this context, we have of course anticipated contemporary terminology. Moreover, it
is interesting to see that W. Krull also formulated the axioms of prime elements of
two-sided quantales and noticed the existence of left residuals and right residuals.
The first simple properties of residuals had already been collected in [69], whose
origin can even be traced back to some formulas derived by R. Dedekind for
modules in the commutative setting (cf. [22]).

The continuation of this development took place in the 1930s. In 1939, M. Ward
and R. P. Dilworth gave a detailed account of the residuation theory associated with
quantales (cf. [24, 109]). A first overview of this theory appeared in G. Birkhoff’s
famous book on lattice theory, which ran through three editions in 1940, 1948,
1967 (cf. [14]). Here, G. Birkhoff used the language of completely lattice-ordered
(groupoids) semigroups with zero for the description of (pre)quantales. For a
long time, this book was the standard reference in this area until 1990 when
K. I. Rosenthal’s book on quantales appeared (cf. [101]).

These developments are characterized by an object-based presentation—this
means that the question of which type of morphisms is appropriate for the theory of
quantales did not find a satisfactory solution. It is therefore not surprising that
colimit constructions of quantales are not treated in this type of literature, because
the standard approach in this context would first consist in the construction of free
objects and subsequently in a quotient construction in order to fulfil “certain
equations”. This problem can be brought to a solution, if we exhaust all possibilities
provided by the tensor product of complete lattices.

XiX



XX Introduction

The tensor product goes back to the Ph.D. thesis by D. G. Mowat (1968) and is
accessible to a larger audience in the papers by Z. Shmuely (1974) and
B. Banaschewski and E. Nelson (1976) (cf. [6, 106]). In this context, it is important
to see how elements of the tensor product appear as Galois connections between
complete lattices—a concept which had already been covered in the first edition of
Birkhoft’s book on lattice theory.

The existence of the tensor product together with the important fact that the
category of complete lattices and join-preserving maps is symmetric and monoidal
closed opens a completely different view on the theory of quantales than the pre-
vious perspective from the point of view of residuation. The category Sup of
complete lattices and join-preserving maps is star-autonomous (cf. [8]) and is the
Eilenberg—Moore category of the monad of downclosed sets on the category of
preordered sets. Secondly, (pre)quantales are (magmas) semigroups in Sup, and the
formation of right- (left-)residuals determines a right (left) action on the dual lattice
of the underlying quantale. Hence, module theory on unital quantales turned out to
be a natural field of applications for quantales.

This second approach to the theory of quantales was initiated by A. Joyal and
M. Tierney in their booklet An Extension of the Galois Theory of Grothendieck
1984 (cf. [59]). Here, they observed the interesting fact that frames (which occur as
complete dual Brouwerian lattices in [14]) are special commutative monoids in Sup
(cf. Proposition 1 on p. 21 in [59]).

Furthermore, the existence of free quantales is an immediate corollary of the
general theorem that in every cocomplete, symmetric, and monoidal closed cate-
gory free semigroups exist. Based on this observation, the cocompleteness of the
category of semigroups in Sup is inherited by Sup.

The aim of this book is to tie up these branches of different developments and to
harmonize and reshape the theory of quantales as a significant algebraic structure in
complete lattices. We describe a coherent theory which also includes the monadic
basis of quantales expressed by the composition of the term monad with the monad
of downclosed sets. Since we have tried to keep the book more or less
self-contained, we begin with basic, categorical properties of preordered sets. For
this purpose, we also recall some aspects of universal algebra in monoidal cate-
gories and the construction of composite monads. Further, this approach means that
in the theory of quantales we have to fill some gaps which, unfortunately, are still
present—e.g. a definition of prime elements satisfying an appropriate level of
generality. W. Krull only formulated these axioms in the case of two-sided
quantales.

In this context, we present a new concept of prime elements which permits a
non-commutative generalization of the well-known adjunction between locales and
topological spaces (cf. [58]) and leads to a satisfactory representation of semiunital
quantales by six-valued topological spaces. Moreover, prequantales occur as
algebras of the composite monad of the term monad with the monad of downclosed
sets on the category of preordered sets—a property which also explains the role
of the Minkowski multiplication in the theory of quantales. Finally, we introduce
the spectrum of a non-commutative C*-algebra as a quotient of the tensor product
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of the quantales of closed left and closed right ideals. It is interesting to see that this
construction collapses to the standard concept of the spectrum in the case of
commutative C*-algebras.

The last chapter, as already mentioned above, deals with applications of unital
quantales to module theory. In comparison with the traditional theory of modules
over rings, this approach means the replacement of the category of abelian groups
by the category of complete lattices and join-preserving maps. Here, involutive and
unital quantales play a special role at certain places. On the one hand, the existence
of an involution guarantees the self-duality of the category of left modules, but on
the other hand involutions on the underlying quantale are also necessary for the
concept of an involutive module. The latter concept plays an important role in the
representation theory of C*-algebras. As a fundamental result, we refer to the fact
that irreducible representations of a C*-algebra A and irreducible involutive left
modules on the unital quantale of all closed linear subspaces of A are equivalent
concepts (cf. [70]). In this sense, module theory on unital quantales has non-trivial
applications to the theory of operator algebras.

Another direction of applications is the well-known fact that the free right
module on a unital quantale Q generated by the power set of X is isomorphic to the
right Q-module of all “Q-fuzzy subsets” of X (cf. p. 10 in [59]). This observation
opens the door towards many-valuedness inside mathematics as well as to appli-
cations outside of mathematics, and it is not surprising that right modules on a
unital quantale Q and join-complete Q-valued lattices are equivalent concepts — an
observation which goes back to 1. Stubbe (2006) (cf. [107]) in a more general
context given by quantaloid-enriched categories. Since the chain 1= {0, 1} of two
elements is the unit object of Sup, we can summarize this situation from the point
of view of many-valued structures as follows: The category of right modules on a
unital quantale plays the same réle as Sup has done in the binary setting given
by 1= {0, 1}.

If we restrict our interest to commutative and unital quantales Q as A. Joyal and
M. Tierney did in their booklet 1984, then the category Mod(Q) of modules has a
tensor product which is a quotient of the tensor product in Sup. In this context,
Mod(RQ) turns into a star-autonomous category, and we can obviously repeat all
those algebraic constructions with Mod(Q) which we have previously done with
Sup. However, it is an open question whether such an approach is desirable.

The answer might depend on the perspective of possible applications. A typical
context of applications is computer science, where modules are sometimes related
to program transformation techniques for imperative languages (cf. [23]).



Chapter 1 ®)
Foundations Check for

Categorical aspects of preordered sets seem to be the natural point of departure for a
more fundamental understanding of quantales and their related topics. The following
basic properties of the category of preordered sets are explained:

completeness and cocompleteness,

cartesian closedness,

free preordered groupoids,

the term monad (of a single binary operator symbol),
— the monad of downclosed sets.

In this context we emphasize the important fact that the composition of the term
monad on preordered sets with the monad of downclosed sets exists in the sense
of some distributive law. This insight opens the door for a comprehensive study of
prequantales and quantales.

Evidently this approach requires some knowledge of universal algebra in certain
categorical settings. For this purpose we recall in Sect. 1.1 the construction of free
magmas and free monoids which is based on an application of the free algebra
algorithm due to J. Adamek 1974 (cf. [1, 3]). We also describe the tensor product of
semigroups in symmetric monoidal categories, which will later play a significant role
in the construction of coproducts of certain quantales. Further, in Sect. 1.2 we add
a detailed analysis of the concept of distributive laws and their applications which
goes back to J. Beck 1969 (cf. [10]). This concept might be understood as the way to
circumvent the symmetry axiom of symmetric monoidal categories. A reader who
is familiar with all these topics might skip both Sects. 1.1 and 1.2 and move directly
to Sect. 1.3 on categorical properties of preordered sets.

© Springer International Publishing AG, part of Springer Nature 2018 1
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2 1 Foundations

1.1 Some Properties of Universal Algebra in Monoidal
Categories

In this section it is assumed that the reader is familiar with the fundamental concepts
of category theory as they have been developed in [73]. We will follow the nota-
tion in [73]; only at those places where we deviate from [73] we will give special
explanations. First we recall the concept of monoidal categories.

Definition 1.1.1. A sextuple C = (Cy, ®, 1, a, £, r) is called a monoidal category
if Cy is a category, ®: Co x Co — Cp is a bifunctor, 1 is an object of Cy and
the transformations a: ® o(® X id¢)) = ® o (ide, X ®), £: 1 ® _ — idc, and
r: _ ®1 — idc, are natural isomorphisms with the components

XQY)®Z ML Xo(Y®Z), 1Y -5Y and X®1 25X

subjected to the following coherence axioms:

(1) The bifunctor ® is associative — i.e. the following pentagonal diagram is com-
mutative:

AXQY)ZU axy((zeu)

(X®Y)Q®Z)QU —— (XQ®Y)®(Z®U) —='X® (¥ ®(Z®U))

axyz®1ul T1X®ayzu

X®YRZ)®U Xrenu X® (Y ®2)eU)

(2) £1 = rq and the following triangle is commutative:

XY sy »y XQ (A ®Y)
XQY

If C is a monoidal category, then the bifunctor ® is called the tensor product of C
and 1 the unit object of C.
The next example goes back to J. Bénabou 1963 (cf. [12]).

Example 1.1.2. Inorderto avoid foundational problems we consider a small category
C. Then the category End(C) of endofunctors of C consists of the following data:

— objects of End(C) are all endofunctors C £ C,

— morphisms of End(C) are all natural transformations — i.e. with every pair (F, G)
of endofunctors of C we associate the set hom(F, G) of all natural transformations
:F—> G.

The composition of natural transformations is given by the (vertical) composition
and the identity of F is the identity transformation 1 of F.
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Since the Interchange Law is valid, we are in a position to introduce a monoidal
structure on End(C) in the following way. The tensor product — i.e. the bifunctor

End(C) x End(C) - End(C)

acts as follows:

(i) On each pair of objects (F, G) the bifunctor ® is given by the composition of
functors —i.e. F ® G = GF.

(i1) On each pair of morphisms (z, t’), where 7: F — G and t/: F/ — G/, the
bifunctor ® is given by the star composition of natural transformations — i.e.
@t =1tx1: FF > GG.

The unit object is the identity functor idc of C. Since the composition of functors and
the star composition of natural transformations are associative and the identity trans-
formation 14, of idc is the unit w.r.t. the star composition, the natural isomorphisms
a, ¢ and r coincide with the respective identity transformations Id — i.e.

HGF %5 HGF, id.F == F, Gidc =% G.

Hence the sextuple (End(C), ®, idc, Id, 1d, Id) is a monoidal category.

A pair (X, m) is called a magma in C if X € |Cy| and m is a binary operation on X
—i.e. amorphism X ® X & X of Cy.

A magma (X, m) is a semigroup if m is associative — this means the commutativity
of the following diagram:

axxx

X@X)X ——————— X®XQX)
m®1xl ll,@m (Associativity Axiom)

X®X 2y x = X®X

A magma (X, m) is called unital if there exists a morphism 1 - X such that the
diagram

10X 2% xox &% xo1

m (Unit Axiom)
Lx rx
X

commutes. A unit ¢ of a magma (X, m) is uniquely determined. Hence e is the unit.
In fact, if €’ is a further unit, then we obtain ¢’ o 1 = m o (e ® €’) = e o ry. Since
the isomorphisms £; and ry coincide, the relation ¢’ = e follows.

A monoid in C is a unital semigroup in C.
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Let (X, m) and (X', m") be magmas in C. A morphism X - X’ in Cy is called a
homomorphism if the following diagram is commutative:

XX —"" _ xox

ml l"’

X — X

If (X, m) and (X', m’) are unital and e and ¢’ are the respective units, then a
homomorphism 4 is unital if the following additional diagram is commutative:

/\

X —" 5 x

Finally, if we assume that C has finite coproducts and the tensor product dis-
tributes over finite coproducts, then the unitalization of magmas exists. For this
purpose we fix some further notation.

The coproduct of two objects X and Y is denoted by X U Y. If X - X UY and
Y 2% X U Y are the coproduct injections, then for every pair of morphisms X Lz
andYﬁZtheuniquemorphiszl_lYAZwithhojx =fandhojy =gis
denoted by h = f L g. R

If (X, m) is now any magma then on the coproduct X X u 1 we introduce the
following binary operation X ® X 2 X and the unit 1 -© X by:

—m= (jxyom)U (jx oly)U (jx orx) U (ji o€y),where jx and jq are the respec-
tive coproduct injections,
— ¢ = j1, where jp is the coproduct injection of 1.

Then (X, /i1, ©) is a unital magma and is called the unitalization of (X, m). It is not
difficult to verify that the unitalization preserves the associativity axiom — i.e. the
unitalization of a semigroup is a monoid.

The aim of the following considerations is to show that under certain sufficient
but rather general conditions, free magmas and free monoids exist. For this purpose
we recall some further terminology of monoidal categories.

Definition 1.1.3. (a) A monoidal category C = (Co, ®, 1, a, £, r) is symmetric if
C is provided with a symmetry ¢ — i.e. a natural isomorphism c: ® — ® whose
components

XY X yeX
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satisfy the subsequent coherence axioms expressed by the commutativity of the
following diagrams:

3)
XY X3 vy®X X1 519X
m lcyx xl&
X®Y X

4)

XQYV)®Z X4 X (Y®Z) 2% ye2)® X

cxy®lzl layzx

YRX)QZ 4 yo(X®7Z) Y2 vy 9 (Z® X)

(b) A monoidal category C is closed if for each object X € |Cp| the endofunctor
_ ® X: Co— Cphas aright adjoint [X, _]: Co — Co. The respective components
of the unit and counit (the latter is also called the evaluation arrow) of this adjoint sit-
uation _ ® X < [X, ]aredenotedby Z % [X, Z® X]and [X, Z] ® X —% Z.
(c) A monoidal category C is biclosed if for each object X € |Cy| the endofunctors
_®X:Cyp— Cpand X ® _: Co — Cp have right adjoint functors.

Evidently, every symmetric and monoidal closed category is biclosed, and the
right adjoint functor of X ® _ coincides with [ X, _], where the corresponding counit
&= (SY)YE\COI has the form &y = €Vy O Cx[x,Y]-

1.1.1 Free Magmas

The next theorem recalls the important fact that in monoidal biclosed categories the
tensor product always preserves direct limits.

Theorem 1.1.4. Let C = (Coy, ®, 1, a, £, r) be a monoidal biclosed category and
(I, <) be a directed preordered set. Further, let (X;, fji)ier and (Y;, gji)icr be
direct systems. If (Xo, (fi)ier) and (Yo, (gi)icr) are the respective direct limits of
(Xi, fii)ier and (Y;, gi)ier, then

(Xo ® Yo, (fi @ gi)ier)

is the direct limit of (X; ® Yi, fji ® &ji)ier-
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Proof. Sincefori < jtherelation f; ® g = (f; ® g;) o (fj; ® gj:) is obvious, we
only verify the universal property of direct limits. For this purpose we choose D € Cy

and consider a system (%;);<; of morphisms X; ® Y; 24y D with hjo(fii®gji)=
h; fori < j. Since the index set I is directed, for each pair (i, k) € I x I there exists
a morphism X; ® Y; %> D such that the diagram

X,’®YkM>Xm®Ym

\ lhm
Oik
D

is commutative for allm € I withi < m and k < m.

(a) We verify the existence of Xy ® Yy RNy satisfying hg o (fy ® gr) = hy, for all
k € I.Inafirststep we fix k € 1. Since C is closed, the endofunctor _ ® Y has aright
adjoint and hence preserves direct limits. Since o, =ojr o (fj; ® ly,) (@ < j),

there exists a unique morphism X¢ ® ¥; -2+ D suchthatoy o (f; ® ly,) = oy holds
forall i € 1. Now we apply o, = 0;; o (1x, ® g«) and observe:

or =010 (lx,®gk), k=L

Since C is biclosed, the endofunctor Xy ® _ also preserves direct limits. Hence there

exists a unique morphism Xy ® Yy Hoy p satisfying hg o (1x, ® gx) = oy for all
k € 1. Obviously, the construction of & implies:

hoo (fi ® gk) = 0r o (fi ® 1y,) = oxx = hy.

Thus the existence of A is verified.

(b) In order to prove the uniqueness of iy we fix some morphism Xy ® Yy 5 p
with the property / o (fi ® gx) = hy for all k € I. Then we observe:

hoo(fi ® &) =or o (fi ®1y,)
= 0ik
=hyw o (fimi ® &mk)
=ho(fu®gm)o(fni® &nk)
=ho (fi ® g-

Hence A coincides with /. O

If we now combine Theorem 1.1.4 with Theorem A.1.1 in Appendix A.1, then
we obtain the following important result.
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Corollary 1.1.5. Let C be a monoidal biclosed category with an underlying cocom-
plete category Cq. Then for each object X € |Cy| there exists a magma (X*, mx:)

and a morphism X -2+ X* such that for every magma (Y, my) and for every mor-

phism X 5 Y there exists a unique homomorphism X* sy making the following

diagram commutative:
\ %hﬁ
h ~
Y
Proof. Let us consider the composition of the diagonal functor A: Cy — Co x Co

with the bifunctor ®. Then the resulting endofunctor Fg of Cy has the following
explicit form:

FeX)=X®X, XY, Fgh)=h®h.

Obviously Fg-algebras (cf. Appendix A.1) and magmas are the same things.
Since Fg preserves direct limits (cf. Theorem 1.1.4), the assertion follows from
Theorem A.1.1. |

We can also reformulate the assertion of the previous corollary as the statement
that the forgetful functor from the category of magmas to the underlying category

Co has a left adjoint functor. Hence (X*, my:) with the morphism X —*+ X* is also
called the free magma generated by X.

Finally, we do not fail to mention that in the case of monoidal biclosed categories
with an underlying complete and cocomplete category the category of magmas is
always complete and cocomplete.

1.1.2 Free Monoids

In this subsection we assume that the monoidal category C = (Cy, ®, 1, a, £, r) is
biclosed and its underlying category Cq is cocomplete.

We fix an object X of Cy. In order to construct the free monoid generated by X
we deviate here from the standard approach (cf. [73]) and base our arguments on
the endofunctor Fy = _ ® X. It is interesting to see that Fx also plays a significant
role in the theory of automata (cf. Sect. 3.4). We will show that the free Fx-algebra
generated by the unit object of Cy is the free monoid generated by X.

For this purpose we first have to make some preparations. We maintain here the
notation from Theorem A.1.1 in Appendix A.l and add some further notation and
comments.
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Notation and Comment. Since C is biclosed, the tensor product is distributive over

coproducts. Hence, if B -8, BUC and C % B LI C are the coproduct injections
of BUC,then 1, ® jp and 14 ® jc are the coproduct injections of A ® (B U C).
Further, the coproduct By U B, ML TS C, U C,of By RN C, and B, Sy C, is given
by h1 @ hy = (jc, o h1) U (jc, o ).

In a first step we apply the natural isomorphism a occurring in the associativity
axiom of the tensor product. We fix the endofunctor Fx = ® X: Cy — Cp and
recall the following notation from the proof of Theorem A.1.1. For every A € |Cy|
we put

Zi(A)=AQX, Wi(A) =Z,(A)UA,
Zy(A) =W, (A)® X, W,(A)=Z,(A)UA, n=2.

Further, let A Sy Wi(A) = Z1(A) U A be the coproduct injection. We state the
following definitions of morphisms (see again the proof of Theorem A.1.1):

oA — ; A ;
Z,(A) 270, 7 4, Wy(A) 2= 0Bl gy 4y,

A _F. (oA X _ A
Zy(A) =ty 7 (A), W (A) =@l A), n> 2.

Then for every morphism A %5 B ® C we define recursively a sequence (‘pg)nEIN of
&
morphisms Z,(A) 4+ B ® Z,(C) by
(0%: =apcx o Fx(§) and ¢} =agw, (c)x o FX(@ifl ®E), n=>2,

§__ ¢
and we will use the notation W,,(A) W=0n®E, g ® W, (C) in the following consid-

erations. First we notice that (15 ® €5)) o gof = <p§ o e4',. Hence the relation

c A
(13®en+1n)o(p§ :(pj-‘r] ©Chyin nelN
follows by induction. Now we refer to the construction of direct limits and obtain a

£
unique morphism Zy,(A) 2 B ® Z..(C) satisfying the conditions

i oet =(1p®e$)o¢ps, nelN (1.1)

&
In this context we introduce a morphism A* Yy g ® C* by wf; = (pgo PDE.
Further, we refer to the formula (A.2) in the proof of Theorem A.1.1 and recall

the morphism A* ® X L4y Z(A). Then a repeated application of (1.1) leads to the
following relation:
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gl ovaoFx(e ®1a) =¢5oel, =(g®el, )0 §0§+1
= (1 ® ) o (15 ® Fx(e§ ® 1)) o agw,c)x © Fx(¥5)
= (13 ® ¥c) oagcix o Fx (15 ® (e @ 1¢)) o Fx(y))
= (g ® ¥¢) oapcix o Fx((15 ® (ef @ 1¢)) oY)
= (1p ® ¥c) o apcex o Fx(¥l) o Fx(ef @ 14).

Thus
(13 ® ¥c) o apcsx o Fx(Ps) = 5 094 (1.2)

follows from the universal property of direct limits.
After these preparations we consider the situation

-1 —1 —1
—1 A r r
AAs a1, AP Y2 A1, Agll 42 ag1hel, 1P 1fgl

and abbreviate these morphisms as follows:

N -1 -1
S: Oév 7T:rA®ILj’ 10=r111'
As an immediate corollary of the coherence axioms of monoidal categories the prop-
erty
AApqt OTT = 1A®,O (13)

is obviously valid (cf. Exercise 1.1.1). Consequently the following diagram is com-
mutative:

Z1(A%)
&
@
Fx(®) :
ZI(A® 1Y) fartx A® Z(1%)
W‘ W‘
(14®p)®1x Fx(A1H 1) L®Fx(p) A® (1% ® Z1(1))
Aﬂx %ﬂninx

Aaatenx

A®1*®1)®X AR (1°®1)® X)
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Now we insert the pentagonal diagram and obtain the relation

(14 ® ¢) 0 ¢ = anr:z,) 0 97 o Fx (). (1.4)

In a next step we apply the Fx-term functor T and prove the following technical, but
important property:

aaprz o YL o T(E) = (14 ® YL) o Y. (1.5)
Because of (1.1) and (1.4) we first notice:
(a®) ol oef =(1a®@l)o(la®el ) op]
=(1a® (¢ 0el)) oo
= (4@ ((r®@ehog)) oy
= (L@ (r®eh))o(la®¢)) oy
=12 ®(13: ® €¥)) odauniz,a © @7 o Fx(§)
=asz. 1) 0 ((1a ® 1) ®ef) 0 o o Fx(£)

AR1*
=aAﬂuZoo(]l)o<pgooel® OFx(“;:)

Now we are going to construct T (&) (see Appendix A.1) and put

E = eV o Fy(8).

Hence the previous relation can be rewritten as follows:

(1a®¢2) 0 o Efﬂ = Ap1:7,(1) © Qg o0& (1.6)

We assume that (1.6) holds for some n € IN, and not only for n = 1 as we have
explained. Since AAQt1 OTT = lA X p and AA1Z (1) Dasrn = AA1E(Zoo(1)ul)s WE
obtain: )

(1A @ VL) o ¥l o (e ® 140) = anpsys 0 Y7 o (6, ® ). (1.7)

If we apply the endofunctor Fy to (1.7) and use repeatedly (1.2), then we arrive at
the following commutative diagram'

I'To simplify the notation we have dropped the subscript X of Fy in this diagram.
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FeMol,.) 9
Zup1 (A%) —55 (AR —— 5 7,,(4)

3
L(v/ﬁa X

Apatytx

-~ 1A®19ﬂt
) F(A® (1%)%) ———— AQF((1HF) — A ® Zoo(1F)

J/F(1A®1//£c) llA@F(w&) lu@wéz

F((A®1%F) FA® (1 ®1%) 229 4 o F1f g 17) A®(1*® Zs(1))

F(u™ 1a®a
W) A@b‘ A 111L11Xj( 1A (1 5 ®01)

F(A® 1% ® 1%) A® (1* ® F(1%))

If we now intend to insert again the pentagonal diagram, then we first make use of
(1.2) and notice:

(14 ® (11: ® P1)) 0 dansFy 1% © Aaginzx © Fx (Y1)
= aar:z.,1) © (Lagr: ® P1) o aagrn1:x o Fx(¥l)

T
= AA1:7,(1) © P50 © Daglr-

Because of this observation the previous commutative diagram entails the following
relation (see also formula (A.2) in the proof of Theorem A.1.1):

(1a ® @) 0 95, o ef,‘il = aariz, (1) 0 97 0 Vapi: o Fx (&, © &)

oo~
= AA1:7,,(1) © Poo © Ent1-

Hence (1.6) also holds for n + 1.
Finally we pass to the direct limit of Z,(A¥) and conclude from the previous
results that the relation

(14 ® 92) 0 95 = aatzz..(1) © P © &xo

holds. Hence (1.5) follows.

Let T = (T, n, ) be the Fx-term monad (cf. Appendix A.1). In this context we
now turn to the monoidal structure on the free T-algebra 1 generated by the unit
object 1 of C. Therefore in the previous considerations we consider the special case
A = 1° and recall for the convenience of the reader the explicit construction of the
1-component (17)* % 1% of the multiplication u (see Appendix A.1):

pr=plUly, ploe =uy, nel,

pt =08 =jLloty, uh, =68poFx(uiuly), nelN
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Lemma 1.1.6. Ifp = rﬁl and & = Y&, then the following diagram is commutative:

((15)H) e (1%)¢
vil vt

15 @ (15 224 18 g 18

Proof. By the construction of direct limits it is sufficient to show that for alln € IN
the diagram

18
Z,((1HH —L s (1%
‘ , (1.8)
%l 1y @ut J'ww
1o z,1H — 1f e 1f

is commutative. We begin with the observation:

VP o8 = (11: @ jL) o 92 0 Vs
=(11: ® jL) ® (11: ® V1) o agzpex o Fx(Y2)
= (1 ® 8y2) 0 ¢
Hence (1.8) is commutative for n = 1. Now we assume that (1.8) holds for n. Since

£ = Y, the relation Y2, o (1 U 1¢gey) = (1n: ® (ul U 1g2)) 0 (¢h ® &) is obvi-
ous. Hence we obtain (where we apply again (1.2)):

YE o ey = Wl o 8caey o Fx(py U 1gey)
= (I1: ® j&) 0 92 0 P1s 0 F () U 1asy)
= (s ® 81) 0 arzgex 0 Fx (W) o Fx ()" U 1)
= (L1 ® 813) 0 anzesx o F(1es ® (1t U 14)) o Fx(¥;7)
= (i ® 81) o (1az ® Fx (s U 132)) © agsw,asyx © Fx(¥;7)
= (Iy: ®M3+1)°¢’5+1- o
If A %% B is any morphism, then it follows from the free algebra algorithm (see

Appendix A.1) in connection with (1.1) and (1.2) that it is not difficult to verify the
commutativity of the following diagram

At i} B?
s//;;'l o
h®1

A®1l! —5 B 1°
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Hence Yoo = (I/I;SI)CECU is a natural isomorphism from the Fy-term functor T to
_®1%

As a last step of the preparations we introduce a binary operation mq: on 17 by
the diagram

(]ltt)ﬁ Ky

T
‘/ffcl "‘mnt

1f ® 1°

where p = r.;". We will show that (1%, my:, np) is the free monoid generated by
X. Hence from an intuitive point of view the binary operation mq: plays the role of
“concatenation”.

Theorem 1.1.7. The triple (1%, mq:, n1) is a monoid in C.

Proof. Firstwerecall§ = wr andw =r, Since Yoo: T — _ ® 17is anatural

isomorphism, the relation

Ilt@w

w1 o T(u1) = myz o (my: @ 14:) o YZ o T(§)

follows. On the other hand, referring to Lemma 1.1.6 and formula (1.5) we obtain:

M1 O Uq: = Mq: O (1]1tt ® I’)’Z1:) [¢] (11:( X lﬁgo) o wgo
= mq: O (11n ® mn:) O dqrqrqe © '(ﬂgo ] T(g)

Hence the associativity of mq: follows from the associativity axiom of the free
T-algebra (1%, uq) —ie. iy o fhy: = pq o T(y,ﬂ) (cf. Appendlx A.1). In order to

verify the unit axiom for 1y we first observe lﬂoo = Ly, ! Then we obtain:
a0 T(n1) =myz 0 (n ® 112) 0 £

Since 1 1% = Z,(1) u 1 is the coproduct injection of 1 and p coincides with

w , the following relation holds:

1 0 Ny: = myz o Yk ong: =my: o (11: ® ny) 0"{;1

Hence the unit axiom for 1y follows from the property g o T(n1) = 11 = g o ny:
(cf. Appendix A.1) which is related to the unit axiom of the Fx-term monad (see
also Sect. 1.2). m|

In order to establish the universal property of the monoid (17, my:, n1) we intro-
duce a morphism X 2% 1% of C( by

S NS RS
Nx = jooe oly.
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Warning. In this subsection the morphism nx defined above is not the X-component
of the unit of the Fy-term monad.

Theorem 1.1.8. Let (Y, my, ey) be a monoid in C and X L5 Y bea morphism of Cy.

There exists a unique unital homomorphism (1°, mqz, n1) 18 (Y, my, ey) making the
following diagram commutative:

Proof. (a) (Uniqueness) Since 7 is unital and 17 is the coproduct of Z,, (1) and 1, h
is uniquely determined by /o, = h o jL. Obviously, /1, induces a sequence (h,),ecN

of morphisms Z, (1) 2+ Y by h, = hy o€, and hy = h o £x follows from the
commutativity of the previous diagram. If we can prove

hys1 =myo ((h,Uey) ®h), nel, (1.9)

then % is uniquely determined. By the coherence axiom (2) we first observe that
¢ = 11: ® £'. Then we obtain the following relation:

[/ :iz\ojglo oe,I}Jrl =ho ui oFx(el @ 1y) =Thoug ojollj Oe?u oFx(el @ 1y)
=Thomyoyl oY oel oFx(e! @ 1y)
=myo(h®@h)o(ly: ®jL)ogl oel’ oFx(e! & 1y)
=myo(h@h)o(ly: ® ji)o (Il ®ef) o 9] o ((ey & 11) ® Ix)
=my o ((hy Uey) ® (hy o £y"))

where we have used (1.1). Hence (1.9) follows.

(b) (Existence) Since ey is the unit of (¥, my), we first observe that for any morphism

A L5 ¥ the relations
mYO(€y®f)=fOEA and myo(f®€y)=fOI‘A (110)

hold. Now we put #; = h o £x and recursively define a sequence (4,),cn of mor-
phisms Z, (1) Loy y by (1.9). We apply (1.10) and obtain:

hyoe), =myo((hjUey) ®h)o (ji ® lx) =myo(ey ®h) =holx =hy.

Then A,y o0e = h, follows by induction. Hence there exists a unique mor-

r]11+1n
phism Z,,(1) h—"j} Y such that h 0 ey = hy, for all n € IN. We put h=heUey
and observe that h o ny = h; o 2;1 =hand hong = ey.
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Finally, we show that hisa homomorphism. For this purpose we first prove the
following relation for all k£ € IN:

Roul =myoh®hy)ogl. (1.11)
We choose k = 1 and notice that the relation

Toul oFx(el ®11) = hoo 09y 0 Fx(el @ 11) = hypy = my o ((h, Uey) ® h)
=my o (ﬁ@ hy) o (pf o Fx(e,]ll ®17)

holds for all n € IN. Hence the universal property of the direct limit of Fy (W, (1))
implies the validity of (1.11) when k = 1.

Let us now assume that (1.11) holds for some k € IN. Then the following diagram
is commutative:

Zin @ty B, gy Oy gy 0O Ly gy
lwak”) mY@b{T my®1yT
Fr(lf @ W(D) — 0 yoyygx 2% yor ey
Lo . l l
18 ® Zyr (1) Mewen®ly y gy g x) 20 Wy o (v @ v)

where we have used again (1.10). Further, we recall u}l = §q: and apply the associa-
tivity of my. Then we obtain:

ho u}{lﬂ =Tno M{I o FX(,LL,I,l U 1qs)
=myo(h®h)oFx(u!Lly)
= myo(my ® ly)oayly o (h® ((hx Uey) @ h)) o gl
=my o (ly ®my) o (h® (hy Uey) ® h)) o ¢f,
=my o (R ®hiy1) o Dpits

Thus (1.11) also holds for k& 4 1. Finally, we pass to the respective direct limits and
again make use of (1.10). Then the diagram

Zoo(IH 1y —X 2 1° h sy

‘/f&l ,u""':.o'zvnt Tmy

1 ® (Zo@ul) — 200y gy

is commutative, and consequently 4 is a homomorphism. O
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We record the following:

FACT. The triple (1%, mq:, n1) is the free monoid generated by X and the morphism
Nx = jo o el o E}l is the corresponding “embedding” X -2+ 1°.

1.1.3 Tensor Products of Semigroups

In contrast to Sect. 1.1.1, the biclosedness of the underlying monoidal category is now
replaced by the symmetry axiom. Hence in this subsection we assume a symmetry ¢
on C (see Definition 1.1.3 (a)).

Let (X, my) and (Y, my) be semigroups in C. In order to define a semigroup
structure on the tensor product X ® ¥ we need a construction interchanging the
second and third factor of (X ® ¥) ® (X ® Y). For this purpose we need some
notation and choose therefore four objects X, Y, U, V of Cy. First we introduce a
morphism

XU V) 2L (XY U) eV

by the diagram:

XY)eUQYV)

e Pxyuv
axeyuvv

.
(XU eV 2 XY U) @V

Then we define amorphism (X ® ¥) ® (U ® V) ~22% (X ® U) ® (Y ® V) inter-
changing the second and third factor as follows:

Oxyuy = (@xuyv) ™ o ((Ix ® cyy) ® 1y) o Dxyuy. (1.12)
Since a and c are natural transformations, the diagram

(fR8)®(h®k)
X, ® YD) ® (U ® Vi) L2220 (X, @ v2) @ (U ® Va))

@X1Y1U1V1l J/@XZYZUZVZ (1.13)

‘®h
(X, ® Up) ® (¥, @ Vi) L2550 (%) @ Un) @ (Y @ Va)

is commutative — i.e. ® is also a natural transformation.

Theorem 1.1.9. Let C be a symmetric monoidal category. If (X, myx) and (Y, my)
are semigroups in C, then (X ® Y, m) with m = (mx Q my) o Oxyxy is again a
semigroup in C.
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Proof. 1f (X, mx) and (Y, my) are semigroups in C, then we define a binary operation
monX ® Ybym = (mxy ® my) o Oxyxy. Inorder to verify the associativity axiom
for m we first observe the commutativity of the diagram

AXRY)(XRY)(XRQY)

(X@N®XARY)®XY) ™™ WXV (X®Y)®(X®Y))
(")XYXY®1X®YJ/ l1X®Y®@xyxy
(XXX ®Y)®X®Y) XN (X®X)® (Y QY))
(X@XX)e(rey)®y) S (X (X X) (Y @ (Y 8¥)
which is a direct consequence of the pentagonal diagram (1) and the coherence axiom

(4) (for more details see Proposition A.2.1 in Appendix A.2). Further, we derive the
following relations from (1.13)

((mx ® 1x) ® (my ® 1y)) 0 Oxgxyerxy = Oxrxy o ((mx ® my) ® lxgy),
(Ix ®@my) ® (Iy @ my)) o Oxyxexrey = Oxyxy o (Ixer ® (mx ® my)).

Then we obtain:

mo (m® lxgy)
= (my ® my) o Oxyxy o ((mx @ my) ® lxgy) o (Oxyxy ® lxay)
= (mx @my) o ((mx ® 1x) ® (my ® ly)) o Oxgxrarxy © (Oxyxy ® lxey)
= (mx ®@my)o ((1x ®my) ® (Iy @ my))o
o (axxx ® ayyy) o Oxexyagrxy © (Oxyxy ® lxgy)

=mo (lxgy ® m) o axgyxeyrxey- O

The semigroup (X ® Y, m) constructed in Theorem 1.1.9 is called the fensor
product of the semigroups (X, my) and (Y, my).If (X, mx, ex) and (Y, my, ey) are
monoidsinC,thene = (ex ® ey) o q‘ is obviously the unit of (X ® Y, m) (see also
Exercise 1.1.2). Hence the tensor product of monoids in C is again a monoid in C.

Exercises
1.1.1. Show that in any monoidal category the following diagrams are commutative:

axyi

1®X)QY — ™ s 1exey) XON®L — X®¥ 1)

ex®ly\ X /ex@' "m A@W

®Y X®Y
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1.1.2. LetC = (Cp, ®, 1, a, c, £, r) be a symmetric and monoidal category. Further,

lt(1®1)®X®Y) 2% (1®X)® (L ®Y) be the morphism introduced in
(1.12). Show that the following relation holds:

(x ® Ly) o Or1xy = Lxgy o (b1 ® lxgy).

1.1.3. LetC = (Cp, ®, 1, a, ¢, £, r) be a monoidal biclosed category with underly-
ing cocomplete category Cy. Further, let X € |Co| and (X?, my+) be the free magma
in C generated by X. Show that the unitalization of (X*, m x:) is the free unital magma
in C.

1.2 Monads and Distributive Laws

Even though we expect that the reader is familiar with the basic definitions and
properties of monads, we begin by recalling some of them. The reason for this
approach is to fix our notation for later purposes.

Let C be a category. A triple T = (T, n, u) is amonad on C if T is an endofunctor
of C(i.e. T:C— C)and n:idc — T and w: TT — T are natural transformations
such that for all X € |C| the following diagrams are commutative:

TX) 9% TTx) <22 T(x)

lm\ lﬂx /T(X ) (Unit Axiom)

T(X)
T(ux)
TTT(X) — TT(X)
/mx)l lMX (Associativity Axiom)

TT(X) 2 T(X)

Using the (vertical) composition and the star composition of natural transformations,
the previous axioms can be rewritten as follows:

pomxlr)=1r=po(lr*n) and po(uxly)=po(lr*pn).

Hence, if C is small, then monads on C are monoids in the monoidal category End(C)
(cf. Example 1.1.2). This observation justifies the previous notation as well as the
following terminology. If T is a monad, then 7 is called the unit of T, and u is called
the multiplication of T.

Every adjoint situation (7, C £ D8 ) —ie Fisaleft adjoint functor to G,
and 7 is the corresponding unit of F - G — induces a monad T = (T, n, ) on C as
follows:
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T=GF, npistheunitof F4G, wu=Wux)xec, #x=G(lrx"

where FGF(X) RELCIR F(X) is the unique morphism making the following diagram
commutative
GF(X) s GFGF(X)

IT(X)J, /
G("lrn ™M

GF(X)

Comment. If the right adjoint functor G of F is the forgetful functor, then the
X-component py of the multiplication of the induced monad “can be read as”
"17(xy - In this situation uy is the extension of the identity of T(X) (cf. e.g. the
construction of the multiplication of the F-term monad in Appendix A.1).

The aim of the following considerations is to show that every monad is induced
by an adjoint situation. For this purpose we can construct either the Kleisli category
or the Eilenberg—Moore category. Here we prefer the latter.

Definition 1.2.1. Let T = (T, n, 1) be a monad on a category C. A T-algebra is a

pair (X, &) where X € |C| and T(X) £ Xisa morphism (so-called structure map)
making the following diagrams commutative:

X 2 T(x) TTX) /% T(x)

I mlo
X TX) —— X
(Unit Axiom) (Associativity Axiom)

Let (X, &) and (Y, ¢) be T-algebras. A T-homomorphism is a morphism X L5y in
C such that the following diagram is commutative:

Tx) 2 T(v)

g s

X —" sy

Obviously, T-algebras and T-homomorphisms form a category denoted by CT —
the so-called Eilenberg—Moore category.

Theorem 1.2.2. Let T = (T, n, u) be a monad on C. Then the forgetful functor
U: cT — C sending each T-algebra to its underlying C-object has a left adjoint
F: ¢ — cT. Moreover, the monad induced by F 4 U coincides with T.

The assertion of the previous theorem follows from the universal property of free
T-algebras. Since we will frequently refer to this property, we include here its details
(see [74, p. 36]).



20 1 Foundations

Lemma 1.2.3. (Universal Property of Free T-Algebras) Let T be a monad on C and
X € |C|. Then (T(X), ux) is a T-algebra, and for every further T-algebra (Y, ¢) and

morphism X 5 Y in C there exists a unique T-homomorphism T(X) Ly making
the following diagram commutative:

X 5 T(X)
\;h”
Y

(1.14)
h

Proof. 1t follows immediately from the unit and associativity axiom of a monad that
(T(X), uyx) is a T-algebra.

(Uniqueness) Let (Y, ¢) be a T-algebra and T(X) By a T-homomorphism making
the diagram in Lemma 1.2.3 commutative. Then we obtain:

W =h"ouxoT(nx)=¢oTHh*) oT(nx) = ¢ oT(h).

(Existence) Motivated by the uniqueness proof we define T(X) L5y by:
h* = oT(h). (1.15)
Since n: idc — T is a natural transformation, we obtain:
hony=¢oT(h)onxy =Conyoh=h.

Hence h* makes the diagram (1.14) commutative. Therefore it remains to show that
h* is a T-homomorphism. In fact, since : TT — T is a natural transformation, we
conclude from the associativity axiom of ¢ that the following relation holds:

toTh)=¢oT(@)oTT(h) = ouyoTT(h)=¢oT(h)oux =h*oux. g

Referring to [73, 74] the following permanence property is well-known. If C is
a complete category, then the Eilenberg—Moore category of a monad T on C is also
complete.

Since monads are intuitively monoids, the question arises whether a “tensor prod-
uct of monads” exists in some sense. However in this context, we regret to find out
that in the case of small categories C the monoidal category of endofunctors of C
is not symmetric. Therefore with regard to Sect. 1.1.3 the previous question asks us
to find a substitute for the concept of symmetry in monoidal categories. This notion
leads to the idea of “swapper maps” or to distributive laws of endofunctors over
monads.

In the following we adopt the terminology introduced by E.G. Manes 1976 (see
[74, Definition 3.6 on p. 311]).
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Definition 1.2.4. Let C be a category. Further, let P: C — C be an endofunctor
and T = (T, n', ,uT) be a monad on C. A distributive law of P over T is a natural
transformation o : TP — PT such that the following diagrams are commutative for
each X € |C|

TP(X)
(A) n-Pr(X) GX
PmT) A
P(X) —2 PT(X)
TTP(X) 24 TPT(X) 2% PTT(X)
B | Peb
TP(X) o s PT(X)

Given a distributive law of an endofunctor P over a monad T, we first show that
for every T-algebra (X, £x) there exists an intrinsic T-algebra structure on P(X).

Lemma 1.2.5. Let o: TP — PT be a distributive law of an endofunctor P over a
monad T.

(@) If (X, &x) is a T-algebra, then the morphism TP(X) S P(X) defined by
¢x = P(éx) o ox (1.16)

is again a T-structure map — i.e. (P(X), ¢x) is a T-algebra.
(b) If (X, &x) 1 (¥, &) is a T-homomorphism, then (P(X), £x) =™ (P(Y), ¢y)
is again a T-homomorphism.

Proof. (a)Letus define {x by (1.16). Then the commutativity of (A) implies the unit
axiom. In fact, the relation

Ix © Npx) = P(Ex) 0 ox 0 by, = P(Ex) o P(}) = lp(x)

holds. Since o is a natural transformation, the commutativity of (B) guarantees the
commutativity of the diagram:

TTP(X) 2% TPT(X) 2% TP(x)
o] Lo

W PTTx) 2 pT(x)

P(u})l lP@X)

TP(X) —2 5 PT(X) —&2 P(x)

Hence the associativity axiom ¢y o ,u;(x) = Cx o T(¢y) is also verified.
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(b) Let (X, &x) Iy (y, &y) be a T-homomorphism. Referring to (1.16) and again to
the property that o is a natural transformation, it is easily seen that the diagram

TP(h)

TP(X) > TP(Y)
& y
PT(X) % PT(y)
¢x lPeo  Pen| &
P(X) —2 P(y)
is commutative. Hence P (%) is a T-homomorphism. |

By the previous lemma we introduce the following terminology and notation. If
o: TP — PT is a distributive law, then the T-algebra (P(X), ¢x) constructed from
a given T-algebra (X, &x) according to (1.16) is called the canonical T-algebra
induced by &x and is denoted by P(X, &x). Later we will see that the symbol P plays

the role of a special functor which can be regarded as a lifting of the given functor
P.

Corollary 1.2.6. Let o: TP — PT be a distributive law of an endofunctor P
over a monad T = (T, n', [,LT) on C. Then for every C-object X the C-morphism

TP(X) =% PT(X) is a T-homomorphism from (TP(X), ,ug(x)) to ﬁ(T(X), MI()-

Proof. Referring to (1.16) the T-structure map {1(x) of IS(T(X ), /[,r() is given by

T = P(uy) o o7x)-

Hence the commutativity of diagram (B) is equivalent to the statement that oy is a
T-homomorphism. O

In the next step we strengthen Lemma 1.2.5 and give a characterization of the
existence of distributive laws.

Theorem 1.2.7. Let C be a category. Further, let P: C — C be an endofunctor and
letT = (T, n', MT) be a monad on C. Then the following assertions are equivalent:

(1) There exists a distributive law o : TP — PT of P over T.

(ii) For every T-algebra (X, £x) there exists a morphism TP(X) =5 P(X) such
that (P(X), ay) is a T-algebra, and for every T-homomorphism X - Y the
diagram

TPX) =% TP(Y)

PX) —" P(y)

is commutative — i.e. P(X) RN P(Y) is again a T-homomorphism.
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Before we prove Theorem 1.2.7, we comment on the meaning of assertion (ii).
In fact, if CT is the Eilenberg—Moore category of T and U: T — C is the forgetful
functor, then assertion (ii) in Theorem 1.2.7 is equivalent to the statement that PU

factors through U — i.e. the existence of a lifting CT B T of P such that the
following diagram commutes:

ot Py er
u] Ju
c— ¢

Proof of Theorem 1.2.77. The necessity of assertion (ii) for assertion (i) follows imme-
diately from Lemma 1.2.5. In order to show that assertion (ii) is also sufficient for
assertion (i) we proceed as follows.

Let (T(X), M;) be the free T-algebra generated by the C-object X. Then we conclude

from assertion (ii) that there exists a T-structure map TPT(X) ST PT(X) such
that (PT(X), aT(x)) is a T-algebra. Motivated by Corollary 1.2.6, for every X € |C]|

:
we consider the unique extension of the C-morphism P(X) M PT(X) to a
T\%
T-homomorphism TP(X) M PT(X) (cf. Lemma 1.2.3), which we will denote
by ox. Explicitly oy is given by:
Oy =OlT(X)OTP(T];). (117)

We put ¢ = (0x)xe|c|- Since the assertion (ii) implies that for every morphism
X Ly the morphism PT(f) is also a T-homomorphism, the following diagram
is commutative:

TP(X) TPC)

> TP(Y)

\TP(’I)T() TP(’hT/)/

TPTX) Y% TPT(v)

o3
ox J,aTm aT(nl Y

PT(X) —L PT(Y)

Hence o : TP — PT is a natural transformation. By definition, oy fills in diagram
(A). In order to verify (B) we first use (1.17) and obtain:

P(/,L;I;) ooTxyo T(ox) o ’#PQ() = P(M}) 0 0T(x) © nl—r(m ooy
= P(1x) o P(n7(x)) 0 0x = 0x

T T
= 0Xx ° Kpx) © NTP(x)*
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Since ,u,} is a T-homomorphism (see the associativity axiom of u), we conclude
from assertion (ii) that P(,u}) is also a T-homomorphism. Hence the commutativity
of diagram (B) follows from the previous relation and the universal property of free
T-algebras. O

As a preparation for Beck’s Theorem we now characterize the commutativity of
two further diagrams. For this purpose we make the following

STANDING ASSUMPTION. Let P be an endofunctor of C and T = (T, n', MT) be a
monad on C. Then o : TP — PT is always a distributive law of P over T.

Lemma 1.2.8. Letn®: ide — P be a natural transformation. For every X € |C| the
following assertions are equivalent:

b
() The C-morphism T (X) BN PT(X) is a T-homomorphism from (T(X), ux) to
P(T(X), ux).

(ii) The following diagram is commutative:
TP(X)
C ox
© T

T x)

T(X) — PT(X)

Proof. Since oy is always a T-homomorphism (cf. Corollary 1.2.6) the implication
(ii) = (i) is obvious. On the other hand, since 1 and " are natural transformations
and the diagram (A) is commutative, we obtain:

p T T P T P Py T
Ny °Nx = P(ny) ony =ox o Npxy ©Mx =0x © Tny) o ny.

If we now assume (i) and use again the fact that oy is a T-homomorphism, then
the commutativity of diagram (C) follows from the universal property of free
T-algebras. O

Corollary 1.2.9. Let n°: idc — P be a natural transformation. If the diagram (C)

b
is commutative, then for every T-algebra (X, §x) the C-morphism X 15 P(X)isa
T-homomorphism from (X, £x) to P(X, &x).

Proof. Since the diagram (C) is commutative, the assertion follows from the commu-
tativity of the diagram:

X X T(x)

ﬂ;)

X M TP(X)

o
P(&x)

P(X) +— PT(X) O
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Lemma 1.2.10. Let 17 : PP — P be a natural transformation and X € |C|. Then

P ~ ~ ~
PPT(X) 2% PT(X) is a T-homomorphism from P(P(T(X), wiN toP(T(X), uh)
if and only if the following diagram is commutative:

TPP(X) =% PTP(X) 22 PPT(X)
(D) T(M;)J, l”'?()()
TP(X) o > PT(X)

Proof. By Corollary 1.2.6 and Theorem 1.2.7 the C-morphism P(oy) is a T-homo-
morphism. If u-lp-( x) is @ T-homomorphism, then it is easily seen that the composed
morphisms

PL'FF(X) oP(ox)oopx) and oxo T(HE’()

are again T-homomorphisms. Since u”: PP — P is a natural transformation, we
obtain the following relation from the commutativity of (A):

,U«'?(X) o P(ox) o opx) o U;P(x) = l/«',;(x) oP(ox) o P(’l;(x))
P T T P
= fTx) © PP(ny) = P(ny) o uy

T P P T
= 0x 0lp(x) Oy = Ox © T(,ux) ° Npp(x)-

Hence the necessity of the commutativity of (D) follows from the universal property
of free T-algebras.

In order to show that the commutativity of (D) is sufficient we proceed as follows.
Referring to Lemma 1.2.5 (a) we recall that the structure maps TPT(X) -* PT(X)
of ﬁ(T(X), u}) and TPPT(X) N PPT(X) of F’(ﬁ(T(X), /L})) have the following
form (cf. (1.16)):

a =Py oorx and B=PP(u})oPlorx) o oprx).

Now we use again the fact that " is a natural transformation and derive the com-
mutative diagram

T(+f0) .
TPPT(X) > TPT(X)

OPT(X)

PTPT(X)

OT(X)

=

P(“T(X))l a

.
PPTT(X) ™ PTT(X)

v %P(;J) /L$(X) P(m e

PPT(X) X > PT(X)

from the commutativity of diagram (D). Hence pL-FI—)( x) is @ T-homomorphism. O
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Corollary 1.2.11. Let u: PP — P be a natural transformation. If diagram (D) is

b
commutative, then for every T-algebra (X, &x) the C-morphism PP(X) L5 P(X)
is a T-homomorphism from P(P(X, Ex)) to P(X, &x).

Proof. The assertion follows immediately from the commutativity of the diagram:

TPP(X) 22 PTP(X) —2% PPT(X) T2 pp(x)

T(I’-)P()J ““?(X)J lﬂ-f{

TP(X) o s PT(X) —&24 p(x) 0

LetT = (T, 77T, /,LT) andP = (P, nP, ,uP) be monads on C. As a first step we recall
the construction of the star composition of the respective natural transformations:

n:=n"%n":ide > PT,ny = n%X) ) n; = F’(n;) ) n,P(. (1.18)

= puPxuT: PPTT - PT, ux = uf ) o PP(u}) = P(1}) o iy (1.19)

After these preparations we are ready to prove Beck’s Theorem.

Theorem 1.2.12. ([10]) Let T = (T, nT, MT) and P = (P, np, MP) be monads on
C, andlet o : TP — PT be a distributive law of P over T such that the diagrams (C)
and (D) are commutative. Then the triple PT = (PT, n, u) is a monad on C where
the unit n and the multiplication w are determined as follows:

nx =iy, oy = P(ng) on = (P xn"),  and
Hx = iRy, o PP(ug) o Plorn) (1.20)
=P(uy)o 'U’!?T(X) oP(otn) = (1" *uT) o (Ip w0 % D)y
The monad PT constructed in the previous theorem is called the composite monad

of T and P in the sense of the distributive law o .
For the proof of Theorem 1.2.12 the next lemma is useful.

Lemma 1.2.13. The commutativity of the diagrams (B) and (D) implies the follow-
ing equation:

(WP *11) o (Ipxo) o (Ip*u * 1p) o (o * l1p)

=(p*pNo(o*lIr)o(lr*u” *11) o (Ip % 0).
Proof. Since the commutativity of (B) and (D) means

oo x1p)=(lpxpu")o (o *17)o(lT o),

oo(lrxuf) =P x11)o(Ipxa)o (o * 1p),
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we obtain the following relation by a repeated application of the interchange law (cf.
[47, 73]):

(WP *11) o (Ip*a) o (lp* u *1p) o (o % l1p)
= 1D o (lpx ((pxu) o (@ x17) o (ITx0))) o (0 » L7p)
=W *puHo(lpxo*1l7)o (o *x0)
=(Ip*pN o *Irr)o(lpxo x17) o (0 * Ipr) o (ITp % 0)
=(pxpu")o(oxlt)o(r*uf x11)o (Itp*0). O
Proof of Theorem 1.2.12.

(a) (Unit axiom) Since the commutativity of the diagrams (A) and (C) can be rewritten
as follows:

oo(n' x1p)=1lpxn' and oo (lr*n°) =, xIr. (1.21)
we again obtain by a repeated application of the interchange law:

pom*lpr) =P *uN)o(lpxo*1r)o (" *n" »1px1I7)
= *pu") o (" * (o *11) o (" * 1p * I7)))
= *u") o (" x (0o *1p)) * 1)
= *pu") o P x 1pxn' * 17)
= (P o *1p)) x (kT o (n" x 17)) = lpr.

Analogously, o o (11 * n7) = 77 » 11 implies y o (1p7 * 1) = 1pr.
(b) (Associativity axiom) First we use the associativity of T and apply again repeat-
edly the interchange law:

o (Ipt * p)

—(,P, T P, T

=(u" *xpu)o(lpxox11)o(lpt* (" * ') o (Ip*o » 17)))

=P xp")o(pxoxlr)o(lpr+ ((Ipx ") o (uF » I17) o (Ip 0 % 17)))
=P xu")o(pxoxlr)o(lprp* ') o (Ipr * u” * 17) o (IpTp % 0 % 17)
=P xuNo(pxoxuT)o(lpr *uf * 11m) o (lprp x o * 17)

=P xpu") o (ppr*pu’) o (Ip x o % 177) o (Ipr % uF » 177) 0 (IpTp * 0 * I7)
=P xpu") o (IppxuT % 17) 0 (Ip x 0 % 177) o (Ipy * % I77) 0 (IpTp * 0 * I7).

By means of the star composition we now multiply the equation in Lemma 1.2.13
from the left by 1p and from the right by 17. Then we obtain:
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po (1pr * )

=" N o (lp* 1P % 111 o (Ipp * 0 % 17) 0 (Ipp % T * 1pr) 0 (Ip % 0 * L1pT).
Now we apply the associativity of 1P

po (1pr * )

=" * ") o (uF * 1prr) 0 (Ipp * 0 % 17) o (Ipp + " * 1p7) 0 (Ip % 0 * L1pT)

and reverse the previous “direction” of reasoning. Hence the relation

o (Ipr*pu) = po (u*lpr)

follows. O

After having established Beck’s Theorem the aim is now to characterize the
Eilenberg—Moore category of composite monads. Therefore we fix two monads
T= (T, n', MT) and P = (P, n°, MP) on C and assume that there is a distributive
law o : TP — PT of P over T such that the diagrams (C) and (D) are commutative.

Theorem 1.2.14. If (X, &) is a PT-algebra, then (X, &) with &, =& o 77-,'?()() isa

T-algebra, and (X, &) with&, = & o P(n}) is a P-algebra. Moreover, the following
relations hold:

(i) £§ =&0P),
(i) £Eocox =& 0oT(&).

Proof. The respective unit algebra axiom is evident. In order to verify the associati-
vity axiom we proceed as follows.

(a) Referring to the commutativity of (C) (cf. (1.21)) we first obtain:

po (lpr*n” w17) = (U * uT) o (Ip x o % 17) o (Ipr * 1° * 17)
= xpuDo(lpx(oo(rxy) x1r)
= (" > ") o (Ip %0 % 197)
= ("o dpxn™)) »u’
= 1P*ILT.
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Now we conclude from the associativity axiom of (X, &) that the diagram

T(éo PX)
TT(X) oo s T(X)
PTOE )
il PTT(X) — PTPT(X) —~¢% PT(X)

P >l /
P X bx &
7(x) &

TX) ——— PT(X) —— X

is commutative. Hence & o 1} = & o T(&) follows.
(b) First we use the commutativity of (A) (cf. (1.21)) and observe:

(@x1r)o(ltpxn) o' *1p) = (o *n")o(n' *1p*lig,)
=(com *1p)) * (1" o Lig,)
=lpxn *n'
_ T T
=1lp* (' *11) o (lig. xn"))
= 1p*((nT*lT)onT).

Now we use the unit axiom of x" and obtain:

o (lprpxn") o (Ip*n' »1p) = (u” % uT) o (Ipp * (1" * 1) 0 "))
=uP '
= (Ip*n")our.

Finally, we apply the associativity axiom of (X, &)

EoP(ny) oy =& oy o PTP(ny) o P(npy,)
=& o PT(§) o PTP(1}) o P(nf x))
=& o P(T(€ o P(n})) o nx))
=£0P(n} o (6 oP(})))
= (EoP(ny)) o P(E o P(1}))

and obtain & o %, = & o P(&,).
(c) In order to verify the validity of property (i) we refer again to (1.21)) and observe:
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pwo(lpxn *lpr) o (lp*xn" x 17) = (P x o (Ipx (0 0 (" % 1p) 0 7) * I7)
=W *u")o(lp*((Ipxn")on®)x1r)
=P xpu")o(lpxn®xnT x17)

= lpr.

Hence (i) follows from the following relation:

£0P@E) =£&0Pyo&onfiy)
=& o P(T(&) o nfr(x) 0 Mo x))
=& o PT(§) o P(nprx, © 1Rix))
=& o iy o P(prx) © N x))
= g:

Further, we conclude from the unit axioms of © and T that the relation

mwo (i * 11pr) o (Ip % 1')
=P *puNo(prox1r) o lpr) o (Itpxn")
= *pu") o xo*lr)o(Irpxn")
= (> 1) o (1P » 1prr) 0 (lig. * 0 % 11) o (Irp % ")
=(Ip*xuNo(oxn)
=(p*xpu")o(lpr*n")o (o * lig,)
=lptroo =0

holds. Now we obtain:

§10T(E) =& onyy 0 TE) o TP(n}) = & 0 PT() 0 nfprey, © TP(nx)
=&ouxo n"l:"PT(X) o TP(?}}) =& ooy.
Thus property (ii) is verified. O

Proposition 1.2.15. If (X, &) is a T-algebra and (X, &) is a P-algebra satisfying
the following compatibility condition:

§10T(&) =& oP(&) ooy, (1.22)

then (X, & o P(&))) is a PT-algebra.

Proof. The unitaxiom is always trivial. From (1.22) itis easily seen that the following
diagram is commutative:
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PTPT(X) & PTP(x) 1€ PT(X)

P(UTm)l P(ﬂx)l
PPTT(X) 24 pPT(x) P25 ppx) P& p(x)
#";T(X)J, #'PF(X)l M)P(

PTT(X) —% PT(x) 40 p(Xx)

PR P | Szl

PT(X) —& , p(x) — 2 x

P&

Hence the associativity axiom follows. O

Comment. We conclude from Lemma 1.2.5(a) that in the light of formula (1.16)

the compatibility condition (1.22) is equivalent to the requirement that P(X) oy x
is a T-homomorphism.

The previous results can be summarized as follows.

Theorem 1.2.16. Let T = (T, n', [,LT) and P = (P, n®, /LP) be monads on C pro-
vided with a distributive law o : TP — PT such that additionally the diagrams (C)
and (D) are commutative. Then the composite monad PT = (PT, n, u) exists, and
the Eilenberg—Moore category CYY is isomorphic to the subcategory of CF x cT
consisting of all

— pairs ((X, &), (X, 51)) of algebras satisfying the compatibility condition (1.22)
and

— C —morphisms X Y which are simultaneously T-homomorphisms and
P-homomorphisms.

In particular, each PT-algebra (X, &) has the form & = & o P(&) where (X, &) is
a P-algebra and (X, &) is a T-algebra.

Proof. Let ((X, &), (X, &)) and ((Y, &), (Y, &) be pairs of algebras satisfying
(1.22). We only have to show that a C-morphism is a PT-homomorphism if and only
if A is a T-homomorphism and a P-homomorphism. If % is a PT-homomorphism,
then the following diagrams are commutative:

T(h)

T(X) > T(Y)

P P
w) UV

‘ PTx) 2% PT(v) 0

. lP(gl) P(Cl)l .

X — 5 P(X) P(Y) «+2 v

x s o] /

X —" vy



32 1 Foundations

P(h)

P(X) > P(Y)

\P(n}) P(ﬂ})/

PTx) 2% PT(v)

TPuo lP@l) l"@ﬂ Tpm)

P(X) P()
J:?z l{z
X —" vy

Hence & is a T-homomorphism and a P-homomorphism. On the other hand, if # is
a T-homomorphism and a P-homomorphism, then # is obviously a PT-homomor-
phism. O

Example 1.2.17. Let T = (T, n", u") and P = (P, ", 1) be monads on C pro-
vided with a distributive law o : TP — PT such that additionally the diagrams (C)
and (D) are commutative. Hence the composite monad PT = (PT, n, u) exists. Fur-

ther, let (X, £x) be a T-algebra and PTP(X) % P(X) be a morphism determined
by the following commutative diagram:

PTP(X) -7 P(X)

P(f’x)l Tp(éx)
"%X)

PPT(X) — PT(X)

Then the pair (P(X), ©) is a PT-algebra. In order to verify this statement we will
apply Proposition 1.2.15. For this purpose we first notice that (P(X), ¢x) with

{x = P(§x) ooy
is a T-algebra (cf. Lemma 1.2.5(a)). As a second algebra structure on P(X) we

can consider the free P-algebra (P(X), M)P(). We verify the compatibility condition
(1.22). In fact, because of diagram (D) the following relation holds:

1% o P(Lx) o opixy = iy 0 PP(£x) o P(ox) 0 op(x)
= P(&x) o ufx, o P(ox) o opey)
=P(Ex) ooy o T(u§) = tx o T(UH).

Now we observe:

1 o P(tx) = uf o PP(£x) o P(oy) = P(£x) o ufy, o Ploy) = 0.

Hence we conclude from Proposition 1.2.15 that (P(X), ©) is a PT-algebra.
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As an additional remark we would like to point out that the structure map ¥ occurs
as the second column of the diagram appearing in the proof of Proposition 1.2.15.

Exercises

1.2.1. If F 4 G is an adjoint pair of functors, then show that the multiplication u of
the associated monad has the form ;= 1g * & x 1 where ¢ is the counit of F - G.

1.2.2. Let P and T be endofunctors of a category C. Further, let 7 : idc — P and
n': idec — T be natural transformations. Show that:

@ ("1 onT)xlpxn" =n"*n" xlpxn’ = (n"*n' x1pr) o (Ipx7T).
®) nPxlrx (ApxnNon®) =nP xlr x> T = (Ipr % n” * nT) o (n° * 17).
1.2.3. Let P = (P, n, 1) be a monad on a category C. Show that the natural trans-

formation o : PP — PP with oy = P(5x) o uy is a distributive law of the functor
P over the monad P (cf. Definition 1.2.4).

1.3 The Category of Preordered Sets

A preorder on a set X is a binary relation < on X satisfying the following well-known
axioms

—ifx € X, thenx < x, (Reflexivity)
—ifx <yandy <z thenx <z. (Transitivity)

A preordered set is a pair (X, <) where X is a set and < is a preorder on X. Two
elements x and y of a preordered set are called equivalent if x < y and y < x.
If (X, <) is a preordered set, then the dual preorder <°” on X is determined by

x <Py & y=<unx.

Obviously, (X, <°) is again a preordered set. In this context the principle of duality
can be described as follows:

If P is a property (notion) in (X, <), then the dual property (notion) P°7 in (X, <)
is the property (notion) P phrased in (X, <°).

Definition 1.3.1. Let (X, <) and (Y, <) be preordered sets. A map X N Y is iso-

tone, if x; < xp implies f(x;) < f(xp)forall x|, x, € X. Amap X L Y is antitone

if f is isotone from (X, <) to (¥, <°7). A pair X ':ék Y of isotone maps f and g is
called naturally equivalent if f(x) < g(x)and g(x) < f(x) forall x € X.
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If the context is clear, we may drop the notation for the preorder of a preordered
set and simply write X. In the case of dual preorders this approach leads to the rule
to write X instead of (X, <%).

Obviously preordered sets and isotone maps form a category denoted by Preord.
Since preorders on X are preserved under arbitrary intersections of binary relations
on X, it follows immediately that Preord is a topological category over Set (cf.
[2]). Hence Preord is a complete and cocomplete category (cf. [2, 21.16 Theo-
rem]). Moreover, the hom-sets of Preord can always be enriched by a preorder

—ie. if X i;? Y are isotone maps, then f < g < f(x) < g(x) forall x € X.
Therefore it is not difficult to prove that Preord is cartesian closed. Hence the
categorical product in Preord induces the structure of a symmetric and monoidal
closed category on Preord. In particular, magmas of Preord are preordered group-
oids —these are triples (X, <, my) such that (X, <) is a preordered set and the binary
operation my is isotone in each variable separately. Since Preord is cocomplete
and cartesian closed, it follows immediately from Corollary 1.1.5 that for every
preordered set there exists a free preordered groupoid. In detail, this results means
that for every preordered set (X, <) there exists a preordered groupoid (X 1 <P mys)

and an isotone map X —2% X* such that for any further preordered groupoid (Y, <, -)

and isotone map X L5 ¥ there exists a unique isotone groupoid homomorphism

#
(X%, <F mye:) L (Y, <, -) making the following diagram commutative:

X nx

f

e

T
Y
The corresponding monad on Preord is called the term monad T on Preord
(of a single binary operator symbol). In particular, the Eilenberg—Moore category
Preord! is isomorphic to the category of preordered groupoids.

The preorder on hom-sets of Preord also expresses a second feature of Preord

— namely the concept of adjoint pairs of isotone maps. In order to fix some notation
we recall here its definition in terms of Preord.

A pair X 2%2 Y of isotone maps is said to be adjoint (i.e. forms a covariant Galois
connection) if (f, g) satisfies the following condition

lx <gof and fog<ly. (AD)

In this context we use the notation f - g and call f a left adjoint map of g and g a
right adjoint map of f.

Obviously a pair X % Y of isotone maps is adjoint if and only if the relation

f <y = x=<gO®»
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holds forall x € X and y € Y. Itis easily seen that left adjointness and right adjoint-
ness are dual notions, because ¥ -+ X is right adjoint to X L5y if and only if

Yo £ X is left adjoint to X L yor, Moreover, adjoint pairs of isotone maps
are uniquely determined by each other up to a natural equivalence — this means

- If f 4gand f - g/, then g and g’ are naturally equivalent.
- If f 4gand f' - g, then f and f’ are naturally equivalent.

Hence this observation motivates the requirement that equivalent elements are equal
and leads to the following terminology. A preorder is antisymmetric if x <y and
y < x imply x = y. An antisymmetric preorder is also called a partial order, and
a preordered set with a partial order is said to be a partially ordered set (poset for
short).

As we will see later, large parts of the theory of complete preordered sets are
independent from the antisymmetry axiom. But for those readers who prefer to work
with partial orders we insert the following result.

Corollary 1.3.2. Let X é Y be a pair of isotone maps. If either f 4 gorg- f
holds, then the following properties hold:

(1) IfY is aposet, then f = fogo f.
(i1) If X is a poset, then g = go f o g.

The aim of the following considerations is to show how completeness of preor-
dered sets is based on adjointness. We begin with some terminology. A subset U of
a preordered set X is said to be downclosed if whenever y € X has the property that
there exists an x € U with y < x, then y is an element of U — i.e.

U={yeX|IxeU: y<ux}

The empty set is a special example of a downclosed subset. The set of all down-
closed subsets of X is denoted by Dwn(X) and is provided with the set-inclusion.
Then (Dwn(X), ) is a preordered set, C is a partial order on Dwn(X), and the map
X % Dwn(X) defined by nx(x) = |x ={y € X | y < x} for x € X is isotone.
Finally, the downclosed hull of an arbitrary subset A of X is given as follows:

JA={zeX|JaecA: z=<a}={ nx(a).
acA
Lemma 1.3.3. Let X be apreordered set and 1 be the identity map of X. An isotone

map Dwn(X) 5 Xis left adjoint to nx (i.e. § 4 nx) if and only if 1x and & o nx
are naturally equivalent.

Proof. It is sufficient to prove lpwnx)y € nx 0§ <= 1x < & o nx. The necessity
of 1x <& onx for lpwnx)y € nx o & follows from
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nx(x) S nx(E(Mx(x) <= x <&EMmx(x), xeX.

On the other hand, let us assume that 1x < & o nx holds. If A is a downclosed subset

of X, then A = J,c4 nx(@) € U,cs nxEMx(a))) < nX(E(A)) follows from the
isotonicity of £. Hence 1x < & o ny is also sufficient for 1pwnx) € nx 0 §. O

In order to give a further characterization under which condition ny has a left
adjoint map we need some more terminology. Let (X, <) be a preordered set and A
be a subset of X. An element x € X is called an upper bound of A if a < x for all
aeA—ie. A Cnx(x). An upper bound x of A is called a join of A if x < z for
all upper bounds of z of A. If a subset A has joins, then the joins of A are uniquely
determined by A up to equivalence — i.e. all joins of A are equivalent elements.

Theorem 1.3.4. Let (X, <) be a preordered set. Then X - DWn(X) has a left
adjoint map if and only if every subset of X has a join.

Proof. Let Dwn(X) 55 X be a left adjoint map of nx. If A is a subset of X and | A
its downclosed hull, then £(| A) is a join of A. On the other hand, let J(A) be the
set of all joins of a subset A. If every subset of X has a join, then J(A) is nonempty
forall A € Dwn(X). Using the axiom of choice we can select a choice function & of
{J(A) | A e DWn(X)} —i.e. E(A) € J(A) for each A € Dwn(X). If A C B, then
&(A) is a join of A and £(B) is an upper bound of A. Hence £(A) < £(B) follows
—1i.e. & is isotone. By definition x is equivalent to £(nx (x)) for each x € X. Hence
Lemma 1.3.3 implies that £ is left adjoint to ny. O

Motivated by the previous theorem we introduce the following terminology. A
preordered set X is join-complete if every subset of X has a join. A join of the
empty subset is called a universal lower bound of X, while a join of X is called
a universal upper bound of X. Based on this terminology we can reformulate
Theorem 1.3.4 as follows. A preordered set X is join-complete if and only if the

isotone map X —%» Dwn(X) has a left adjoint map. Since left adjoint maps of a
given isotone map are naturally equivalent, in the case of join-complete preordered
sets X a left adjoint map of nx will always be denoted by supy and will also be called
the formation of arbitrary joins in X.

The dual concept of downclosed subsets are upclosed subsets and the dual notions
of upper bound and join are lower bound and meet. For later applications we briefly
recall some notation. The partially ordered set of all upclosed subsets of a preordered
set X is denoted by Up(X) and is provided with the containment relation C°”. The

isotone map X iy Up(X) isdetermined by n} (x) = tx = {z € X | x < z}foreach
x € X. Then a preordered set X is meet-complete (i.e. all subsets have meets) if and
only if n% has aright adjoint map inf x which is also called the formation of arbitrary
meets in X.

The next proposition reveals that join-completeness and meet-completeness are
equivalent concepts.
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Proposition 1.3.5. A preordered set X is join-complete if and only X is meet-
complete.

Proof. Let us assume that X is join-complete. We fix a subset A of X and consider
the set B of all lower bounds of A. Let y be a join of B. Since every element of A
is an upper bound of B, y is a lower bound of A. In particular, b < y for all b € B.
Hence y is a meet of A. The converse direction follows by the principle of duality. O

Motivated by the previous proposition in general we will speak of complete pre-
ordered sets where we mean either join-completeness or meet-completeness. An
antisymmetric, complete preordered set is also called a complete lattice. In this con-
text supy is denoted by \/ and infy by A.

In the following considerations we are interested in the extension of isotone maps
to join-preserving maps, which will lead to a further monad on Preord. First we
make a simple observation.

Lemma 1.3.6. Let X and Y be complete preordered sets, and X L5 Y be an isotone
map. Then for every A € Dwn(X) the following relation holds:

supy (1 f(A)) = f(supx(A)).

Proof. Let A be a downclosed subset of X. Since A C nx(supy(A)), we infer from
the isotonicity of f that | f(A) € ny(f(supy(A))) holds. Hence

supy (J f(A)) = supy (ny (f (supyx(A)))) < f(supy(A)). O

Motivated by the previous lemma we introduce the following terminology. Let X

and Y be complete preordered sets. An isotone map X L yis Jjoin-preserving if for
every downclosed subset A of X the following inequality holds:

f (supy (A)) =< supy (} f(A)). (1.23)
A characterization of join-preserving maps is given in the next theorem.

Theorem 1.3.7. Let X and Y be complete preordered sets. An isotone X Ly is
Jjoin-preserving if and only if f has a right adjoint map.

Proof. Since X is complete, we introduce an isotone map ¥ - X by
g =supy(f iy (y)) =supxlx € X | f(x) =y} yeY. (124
Since f(nx(x)) < ny(f(x)), the relation

x < supy (nx (x)) < supy (£~ (ny (f (x)))) = g(f (x))
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follows for all x € X. If f is join-preserving, we conclude from (1.23) that

£ = f(supx (f iy ) < supy (LF(F v (1)) < supy(ny () <y

holds for all y € Y. Hence g is aright adjoint map to f.
On the other hand, let A be a downclosed subset of X. If g is a right adjoint map of
f, then we infer from the relation

fla) <supy (I f(A)), ae€A

that g(supy (J f(A))) is an upper bound of A. Hence supy (A) < g(supy({ f(A)))
and a fortiori f (supy(A)) < supy (| f(A))) follows —i.e. f is join-preserving. O

Corollary 1.3.8. Let X and Y be complete preordered sets. An isotone map X Ly
is meet-preserving if and only if f has a left adjoint map.

Proof. The assertion follows from Theorem 1.3.7 by the principle of duality. O

Since arbitrary unions of downclosed subsets of a preordered set X are again
downclosed, the partially ordered set (Dwn(X), ) is obviously a complete lattice.
If Y is now an arbitrary complete preordered set, we are interested in the extension of

isotone maps X -+ Y to join-preserving maps from Dwn(X) to Y. As a preparation
we first prove an interesting property.

Lemma 1.3.9. Let X and Y be preordered sets and X - Y be an isotone map.

Further, let Dwn(X) Z%Z Y be a pair of adjoint isotone maps such that f is left
adjoint to g. Then h and f o nx are naturally equivalent if and only if g has the form
gy)={xeX|h(x)<y}foreachy €Y.

Proof. First we observe that & and f o nx are natural equivalent if and only if the
equivalence h(x) <y <= (f onx)(x) < yholdsforallx € X andforall y € Y.
Hence the assertion follows from

(fonx)x) <y < nx(x) Cg(y) <= x gy

wherex € Xandy €Y. O

Theorem 1.3.10. Let X be a preordered set and Y be a complete preordered set. For

every isotone map X 1 Y there exists a join-preserving map Dwn(X) 5y such
that h and h* o nx are naturally equivalent. Moreover, h* is unique up to a natural
equivalence.

Proof. The uniqueness of 4% up to a natural equivalence follows immediately from

Theorem 1.3.7 and Lemma 1.3.9. On the other hand, since the map ¥ -+ Dwn(X)
defined by g(y) = {x € X | h(x) < y} is meet-preserving, Corollary 1.3.8 implies
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that g has a left adjoint map Dwn(X) sy, Finally, by Lemma 1.3.9 the maps
h" o nx and h are naturally equivalent. m|

If in the previous theorem we now assume that the preorder on Y is antisymmetric
— this means that Y is a complete lattice, then Theorem 1.3.10 can be reformulated
as follows.

Corollary 1.3.11. Let X be a preordered set and Y be a complete lattice. Then for

every isotone map X I Y there exists a unique join-preserving map Dwn(X) N 4
such that the following diagram is commutative:

X X5 Dwn(X)

pf

h ~

(1.25)

Obviously h* is determined by h*(A) = \/ h(A) for each A € Dwn(X).

1.3.1 The Monad of Downclosed Sets

Corollary 1.3.11 permits an equivalent categorical formulation. For this purpose we
introduce the category Sup of complete lattices and join-preserving maps. On this
background Corollary 1.3.11 means that the forgetful functor U: Sup — Preord
has a left adjoint functor F: Preord — Sup. In particular, F is determined by:

F(X) =Dwn(X), XY, Dwn(X) % Dwn(Y), F(h) = (ny o h)".

The monad on Preord corresponding to F = U (cf. Sect. 1.2) has the form Dwn =
(Dwn, n, u), where

— The endofunctor Dwn assigns Dwn(X) to a preordered set X and acts on isotone
maps X - Y as follows:

Dwn(h)(A) = (ny o *(A) = Uy o h)(A) = U Lh(a) = Lh(A), A € Dwn(X).
acA

— The unit has the form ny (x) = | x, and the X-component of the multiplication u
coincides with the arbitrary union of downclosed sets — i.e. ux(A) = | A for
all A € Dwn(Dwn(X)).

The monad Dwn is called the monad of downclosed sets on Preord. Obviously,
the endofunctor Dwn of Dwn preserves the order on hom-sets of Preord. Hence
Dwn has the interesting property that Dwn preserves adjoint pairs of isotone maps.
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If (X, <), &) isnow a Dwn-algebra, then the unit axiom implies (cf. Lemma 1.3.3
and Theorem 1.3.4) that (X, <) is complete and < is antisymmetric — i.e. the
underlying preordered set of a Dwn-algebra is always a complete lattice, and the
structure map coincides with the formation of arbitrary joins. On the other hand,

if X is a complete lattice, then Dwn(X) —2 X is left adjoint to X -2 Dwn(X)
(cf. Lemma 1.3.3) and consequently join-preserving (cf. Theorem 1.3.7). Hence the
associativity axiom of (X, supy) follows —i.e. every complete lattice is a Dwn-alge-
bra. Moreover Dwn-homomorphisms and join-preserving maps between complete
lattices are the same things. Hence the Eilenberg—Moore category of Dwn coincides
with Sup.

1.3.2 The Composite Monad DwnT

In this subsection we show that the composition of the term monad T on Preord
(of a single binary operator symbol) with the monad of downclosed sets exists in
the sense of some distributive law o : TDwn — DwnT. First we fix a preordered
groupoid (X, <, -) and define an isotone binary operation [ on Dwn(X) as follows:

AEBB={zeX|3acA, FbeB:z<a- b}, A BeDwnX). (1.26)

Then [ is called the Minkowski multiplication on Dwn(X) induced by the multipli-
cation of X. In particular, (Dwn(X), C, () is again a partially order groupoid. If &
is an isotone groupoid homomorphism, then it is easily seen that Dwn(h) is again
an isotone groupoid homomorphism with respect to the respective Minkowski mul-
tiplications. Hence we conclude from Theorem 1.2.7 that there exists a distributive
law

o: TDwn — DwnT

of the endofunctor Dwn of Preord over the term monad T (of a single binary
operator symbol) on Preoxrd. In particular, if X is a preordered set, then the con-
struction of the X-component TDwNn(X) -2+ DwnT(X) of the “swapper map” can
be reproduced as follows.

Let T(X) be the free preordered groupoid generated by X with the correspon-

ding “embedding” X LI T(X), and let TDwn(X) be the free preordered groupoid
generated by Dwn(X). Further, let Dwn(T (X)) be the partially order groupoid pro-
vided with the Minkowski multiplication induced by the multiplication of T(X).
Then TDwn(X) =% Dwn(T(X)) = DwnT(X) is given by the unique extension of

g
Dwn(X) Dwnln), Dwn(T (X)) to an isotone groupoid homomorphism.
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Moreover, if (X, <, -) is a preordered groupoid, then it is easily seen that the
following relations hold:

nx(x-2) = -2) = (x) 8 (2) = nx(x) B nx (),
uxA)BuxB)={zeX|I3AcA,IBecB,Jac A, IbeB: z<a-b}

= U AmB=ux(AmB).
A€A, BeB

Hence we conclude from Corollary 1.2.9 and Corollary 1.2.11 that we can apply
Beck’s Theorem (cf. Theorem 1.2.12) to our setting. So, the composition of the term
monad on Preord (of a single binary operator symbol) with the monad of down-
closed sets exists. As we have seen, here the Minkowski multiplication plays a rdle
of fundamental importance.

Exercises

1.3.1. A closure operator on a preordered set (X, <) is an isotone map X = X
satisfying the properties x < c(x) and c(c(x)) < c(x) for all x € X.

(a) LetX % Y be a pair of adjoint maps such that f - g holds. Show thatc = g o f
is a closure operator on X.
(b) Let ¢ be a closure operator on (X, <). On ¢(X) we consider the preorder <

inherited from (X, <). Now, let c(X) - X be the inclusion map and X L ¢(X)
be the isotone map determined by ¢ as map onto its range — i.e. g(x) = c(x)
for all x € X. Show that ¢ < ¢ holds.

Comment. If weidentify preordered sets with thin and small categories, then closure
operators and monads are equivalent concepts.

1.3.2. Let X and Y be posets and X % Y be a pair of isotone maps such that f - g
or g - f holds.

(a) Show that the following assertions are valid (cf. Corollary 1.3.2):

(i) fog=1y < fissurjective <= g is injective.
(i) go f =1x <= fisinjective <= g is surjective.
(iii) f is bijective <= (f Jgandg - f) <= g is bijective.

(b) Show that f is an order isomorphism if and only if f is bijective.

Warning. In the general case a bijective isotone map may not be an order isomor-
phism.

1.3.3. (Cf. [75]) Let Up(X) be the complete lattice of all upclosed subsets of a
preordered set X. Since the partial order on Up(X) is given by the containment
relation C°7, meets in Up(X) are given by unions of upclosed subsets. The upclosed
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hull of a subset A of X has the form 1A = {x € X | 3a € A : a < x}. Further, we
recall that n% (x) = fx forall x € X.In this context the upclosed set 1x is also called
the upsegment of x. After having fixed this notation we complete the object function
X +—— Up(X) to an endofunctor Up of Preord as follows:

x Ly, Upx) 2L Up(y), Up(f)(A) =1/(A), A eUpX).

Show that the following assertions are valid:
(a) The triple Up = (Up, n*, u*) is a monad on Preord where the X-component

Up(Up(X)) iy Up(X) of the multiplication pu* coincides with the formation
of arbitrary unions of upclosed subsets.

(b) The Eilenberg—Moore category of Up coincides with the category Inf of com-
plete lattices and meet-preserving maps.

(c) There exists a distributive law o : UpDwn — DwnUp of the endofunctor Dwn
over the monad Up. In particular, for some preordered set X compute explicitly
the X-component oy of o.
(Hint: Use the fact that Dwn preserves adjoint pairs of isotone maps and apply
Theorem 1.2.7).

(d) The composite monad DwnUp exists.
(Hint: Corollaries 1.2.9 and 1.2.11 and Beck’s Theorem.)

(e) The Eilenberg—Moore category of DwnUp is isomorphic to the category CD of
completely distributive complete lattices with join- and meet-preserving maps.
(Hint: Theorem 1.2.16.)

Notes

The history of preorders is not easily traceable, but preorders were already occurring
in the literature as far back as 1937 under the name “quasi-orderings” (cf. [13]). Since
then, preordered sets have played a remarkable rdle in various areas of mathematics
— especially in category theory (see e.g. [34, 36, 73]). How adjoint pairs of maps,
respectively pairs of adjoint functors, have emerged is a complex topic, and we will
not attempt to give a precise historical account here (cf. [36, 73]). We only mention
two important developments in the theory

— In 1944 O. Ore was the first to give a comprehensive study of adjoint pairs of
antitone maps (i.e. contravariant Galois connections) (cf. [87]).
— In 1958 D.M. Kan introduced the important concept of adjoint functors (cf. [62]).

If preordered sets are viewed as 2-enriched categories (cf. [63]), then the internal
characterization of complete preordered sets by the requirement that the covariant
(resp. contravariant) 2-enriched Yoneda embedding (cf. [15, 16]) has a left (resp.
right) adjoint map goes back to C.J. Mikkelsen 1976 (cf. [78], where an internal
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characterization of complete ordered object is given). The extension of isotone maps
to join-preserving (resp. meet-preserving) maps is a standard construction in order
theory which is evidently independent from the antisymmetry axiom.

The investigation of the interrelationship between adjoint situations and monads
goes back to P. Huber 1961, S. Eilenberg, J.C. Moore and H. Kleisli 1965 (cf. [26, 57,
66]). Huber showed that any adjoint situation gives rise to a standard construction,
which is a comonad in contemporary language, while Eilenberg and Moore, and
Kleisli give two different constructions showing that every monad is induced by an
adjoint pair of functors. In this book we have only focused on the Eilenberg—Moore
category and not on the Kleisli category.

The composition of monads in the sense of distributive laws (cf. [10]) depends
essentially on the star composition of natural transformations — a construction which
seems to go back to C. Ehresmann 1960 (cf. [25]), even though in 1958 various
pieces of this construction had already appeared in the appendix of [38] under the
title Cing regles de calcul fonctoriel. For this reason the star composition is some-
times also called the Godement product (cf. [15, p. 13]). A graphical explanation of
the Interchange Law (cf. [47, 73]) is given in Appendix A.3, where a graphical rep-
resentation of a mixed application of the (vertical) composition and star composition
is also developed. In this context, the equation in Lemma 1.2.13 and its application
in the proof of Beck’s Theorem (cf. Theorem 1.2.12), including the related graphical
representation, seem to appear explicitly for the first time in [27].

The introduction of monoidal categories goes back to J. Bénabou and S. Mac
Lane 1963 (cf. [12, 72]). This concept forms a perfect algebraic framework for
the definition of magmas, semigroups and monoids. The existence of free magmas
in the context of monoidal biclosed categories has recently been established by
P. Eklund, U. Hohle and J. Kortelainen (cf. [28]). This proof is based on the free
algebra algorithm formulated by J. Adamek 1974 (cf. [1, 3]).



Chapter 2 ®)
Fundamentals of Quantales Gouck ko

The aim of this chapter is to give a survey of the most important properties of
the theory of (pre)quantales from the perspective of the category Sup of complete
lattices and join-preserving maps. We therefore begin with a detailed account of the
categorical properties of Sup.

As a first important observation we point out that the category of prequantales
is the Eilenberg—Moore category of the composition of the term monad of a single
binary operator symbol on Preord with the monad of downclosed sets. This result
also explains the role of the Minkowski multiplication in the theory of (pre)quantales.
As a corollary of this fact we obtain that the category of prequantales is algebraic.

The second important observation is the fact that the Eilenberg—Moore category
of the composition of the monad of involutive lattices on Sup with the term monad
of a single binary operator symbol on Sup coincides with the category of involutive
prequantales.

Quantales are associative prequantales. In this context the concept of prime ele-
ments of quantales opens the door for the topological representation of quantales.
Left-sided idempotent quantales and balanced, bisymmetric quantales play a domi-
nant rle in these constructions. In both cases the non-commutativity forces the
absence of a unit. Moreover, the non-commutativity requires many-valued topolo-
gies (cf. [49]) for the topological representation. In particular, semi-unital, bisym-
metric and spatial quantales are represented by six-valued topological spaces where
the quantale of six elements coincides with quantization of the two-chain — i.e. the
tensor product of the left-sided, non-commutative, idempotent three-chain with the
right-sided, non-commutative, idempotent three-chain.

As an application of these constructions we treat the problem of defining the spec-
trum of a C*-algebra and constructing its topological representation. This approach
leads to the concept of the non-commutative Gelfand topology, which coincides with
the usual Gelfand topology in the commutative case.

Finally, we try to give a coherent account of the law of double negation in the
framework of quantales. Hence we describe the fundamental properties of Frobenius
© Springer International Publishing AG, part of Springer Nature 2018 45
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quantales, including a class of examples which arise from completely distributive
lattices. We also study complete M V -algebras as divisible and commutative Frobe-
nius quantales. Without mentioning the concept of semi-simplicity we pay special
attention to the MacNeille completion of M V -algebras. As a special result we prove
that every infinite, simple and complete M V-algebra is isomorphic to the real unit
interval provided with the Lukasiewicz arithmetic conjunction.

2.1 The Category Sup

In Sect. 1.3.1 we have already encountered the category Sup of complete lattices and
join-preserving maps. In this section we will give a detailed account of its categorical
properties and related topics.

First of all, since Sup is the Eilenberg—Moore category of the monad of down-
closed sets, the completeness of Sup is inherited by the completeness of Preord.
With regard to cocompleteness, Theorem 1.3.7 and Corollary 1.3.8 suggest that on
Sup there exists a self-duality expressed by the following contravariant endofunctor
S: Sup — Sup:

SX) = X7 =(X.<"). XLy S()=s vrLoxw

where f" is the right adjoint map of f and has the following explicit form (see
(1.24)):
ff=VixeX|f@) =yl yer.

Hence the cocompleteness of Sup follows from the completeness of Sup and the
existence of the self-duality S. Obviously Sup has a zero object given by the lattice
consisting of a single element. For the convenience of the reader we briefly describe
the construction of coproducts and coequalizers in Sup.

LetF = {X; | i € I} be a family of complete lattices and [ [,; X; be the product

iel
of I (in Sup). Since the projections [ [;; X; D¢ j (j € I) are meet-preserving, the
coproduct of IF is also given by [ [, ., X;, but the corresponding coproduct injections

X; 5 [1,., X; are determined by:

Xjs i = ja
qj(xj) = @idier, zi = L oit], xj € X,
where L denotes the universal lower bound in X;.
IfR :;:3 X is a pair of arrows in Sup, then we can explicitly construct the coequal-

izer of f and g as follows. Weput Z = {x € X | f7(x) = g"(x)} and define X = Z
by n(x) = A{z€ Z|x <z} for all x € X. Obviously 7 o f =7 o g holds. In
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order to verify the universal property, we consider a further arrow X & U with

hof=hoganddefine Z > Ubyh*(z) = N{u e U |z<h"(u)forallz € Z.
Since

hx) <u < x<h ) < 7x)<h" W) < Ekx) <u,

the relation h(x) = (h* o w)(x) holds for all x € X. The uniqueness of 2* follows
from the surjectivity of .

In the next step we investigate the rdle of epimorphisms in Sup. We begin with
a simple, but interesting property.

Lemma 2.1.1. Let X -5 Y be an epimorphism in Sup. Then f, viewed as a map,
is surjective.

Proof. LetC, = {0, 1} be the 2-chain with the usual order. Then every element y € Y

can be identified with a join-preserving map Y Loy C, defined by:

I, z £y,

z€Y.
0, z=<y,

)Vy(z) =

Since f(x) < yifandonlyif f(x) < f(f"(y)) we obtain the following relation for
ally e Y:
Ayo f=hpomof

Since f is an epimorphism, the relation y = f(f"(y)) follows for all y € Y. Hence
f is surjective. O

Theorem 2.1.2. Let X I Y be an epimorphism in Sup and R :S? X be the kernel

pair of h. Then the diagram

_a,

=

2.1)

h
Uy

Ok
N

is a pullback and a pushout square — i.e. a pulation square.

Proof. By definition, the diagram (2.1) is a pullback square. In order to show that
(2.1) is also a pushout square we proceed as follows.
Since pullback squares in Sup are computed at the level of Preord, we conclude

from i o h™ o h = h (cf. Corollary 1.3.2) that there exist isotone maps X :§? R such
that the relations po& =h" oh =qgo¢andgo& = lx = p o ¢ holdin Preord.

Now we consider a further complete lattice Z and a pair X :1;? Z of join-preserving
maps with k o p =1 o g. By Corollary 1.3.2 again, we have the relation
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kohm™ =koh"ohoh™ =kopokoh" =logo&oh” =loh"

and we can introduce an isotone map Y “= Z given by 7 = k o h" =10 h". Now
we observe:

k=kopo{=loqo{=lohkoh=ﬂoh=kohkoh=kopo§=loqo€=l.

Hence we have verified k = m o h = [. Since & is surjective (cf. Lemma 2.1.1), &
is uniquely determined by the previous relation. Further, we show that / o [" is the
right adjoint map of 7. Referring again to the surjectivity of 7 we obtain:

hol"om=hol " oloh” >hoh™ =1y.
On the other hand we observe that
mohol- =koh"ohol" =kopotol =logokol  =lol" <1,.

Hence 7 is join-preserving (Theorem 1.3.7), and so the universal property of a
pushout square is established. O

By the previous theorem every epimorphism in Sup is regular and can be under-
stood as a surjective join-preserving map. If we apply the self-duality of Sup to
Theorem 2.1.2, then we conclude from Theorem 2.1.2 that the amalgamation prop-
erty holds in Sup — this means that for any monomorphism ¥ - X in Sup the
pushout square

Y 2 X
AT
X225 p

is also a pullback square.

2.1.1 Closure Operators and Quotient Objects in Sup

Let X be a complete lattice and CL(X) be the set of all closure operators on X (cf.
Exercise 1.3.1). On CL(X) we introduce a partial order as follows

c1 < < ci1(x) <cy(x) forall x € X.

Then (CL(X ), 5) is again a complete lattice, and meets in CL(X) are computed
pointwisely.
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Let a closure operator ¢ on X be given. Then on the range c(X) of ¢ we consider
always the partial order inherited from X. Thus c¢(X) is again a complete lattice
and the join of a subset A of c(X) is the c-closure of the join of A in X — i.e.
\/ A = ¢(\/ A). Moreover, we conclude from Exercise 1.3.1(b) and Theorem 1.3.7
that the map ¢ viewed as map onto its range —i.e. X - ¢(X) with 7 (x) = c¢(x) for
all x € X — is join-preserving. Hence (c(X), ) can be understood as a quotient of
X in Sup.

Further, every join-preserving map X -& ¥ induces a closure operator ¢;, on X
by ¢, = h" o h. In this context ¢, is also called the closure operator associated with
h. We show that Sup has the (epi,mono)-factorization property (cf. [47]).

As a first step we prove a factorization lemma.

Lemma 2.1.3. Let X > Z be an epimorphism in Sup and X - Y be an arbitrary
Join-preserving map with the associated closure operators ¢, and c,, on X. Then h
factors through m — i.e. the commutativity of the following diagram holds:

X 52z

N
Y

if and only if the relation c; < ¢y, is valid.

Proof. Since adjoint situations compose, the necessity of ¢, < ¢, follows from
h = k o7 and the relation 77 or < 77 0 k" 0 k o 7 = h" o h. On the other hand,
letus assume ¢, < c;, and observethatc, < ¢, isequivalenttoc;, = c; o ¢;. Now we

define an isotone map Z %> Y by k = h o " and show that 77 o k"™ is the right adjoint
map of k. Since 7 is surjective (cf. Lemma 2.1.1), the relation 1, < (7 o ") o k is
obvious. Further, we obtain (cf. Corollary 1.3.2):

ko(moh)y=hochocyroh  =hocyoh™ =hoh™ <1y.
Hence £ is join-preserving and the following relation holds:
kom=hoc,ocy =hoc, =h.

So, h factors through 7. O

It follows immediately from Lemma 2.1.3 and the previous constructions that
quotient objects of a complete lattice X in the sense of Sup can be identified with
closure operators on X and vice versa. Hence the class of quotient objects of a
complete lattice X is a partially ordered set and order isomorphic to the complete
lattice (CL(X), <).

Finally, every join-preserving map X - ¥ has a decomposition
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into an epimorphism m;, determined by ¢, and followed by a monomorphism m,
defined on ¢, (X) by my, (x) = h(x) for all x € ¢, (X). Obviously, this decomposition
is unique up to isomorphism.

We finish this subsection with an example of a quotient construction given by the
MacNeille completion.
Example 2.1.4. (a) Let X be a preordered set, Dwn(X) be the complete lattice of all
downclosed subsets of X and Up(X) be the complete lattice of all upclosed subsets

of X. We introduce an adjoint pair Dwn(X) % Up(X) of isotone maps by

U(A) = {all upper bounds of A}

and
L(B) = {all lower bounds of B},

where A € Dwn(X) and B € Up(X). Obviously, U is left adjoint to L. Hence

C =L o U is a closure operator on Dwn(X) and the quotient Dwn(X) *% X of
Dwn(X) w.r.t. C is called the MacNeille completion of X. Since |x = nx(x) is
C-closed (i.e. C(}{x) = |x) for all x € X, the MacNeille completion X satisfies the
following well-known property:

N nx(®) =C(A) = V nx(a), A e Dwn(X). 2.2)

beU(A) x€A

We show now in what sense the MacNeille completion is uniquely determined up
to order isomorphism. For this purpose we choose a further complete lattice ¥ and

an isotone map X - ¥ such that the following properties hold for all x;, x, € X
andy e Y:

—jx) £ j(x2) = x1 < x,
-AU@ xeX, y<j@}=y=V{ikx) |xeX, jix) <y}

In a first step we consider the extension of the isotone map j to a join-preserving

map Dwn(X) i Y (cf. Corollary 1.3.11). Obviously j* is surjective, and the closure
operator c: associated with j* has the following form:

cip(A)={xreX|jx) =V}  AeDwnX).
By the previous properties the relations

{x e X|j*A) <j(x)}=UA) and LU(A)) = cj:(A), A € Dwn(X)
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hold. Hence the closure operators C and c¢;: coincide — this means that X and Y are
order isomorphic.

(b) If Y is a further preordered set and X é Y is a pair of adjoint isotone maps with

f 1 g,then f has a unique extension to a join-preserving map X -1 ¥ such that the
following diagram is commutative:

f

—~

nx ny

D<) 4 <

 —
RN

=)

The uniqueness of ffollows immediately from (2.2). In order to verify the existence
of f we proceed as follows. Since the functor Dwn preserves the order on the
respective hom-sets of Preord, Dwn(f) is left adjoint to Dwn(g). Further, we

consider the join-preserving map Dwn(X) - Y determined by the diagram:

Dwn(X) 2™ Dwn(y)

.

7
Since 1x < g o f, we obtain the following relation for every A € Dwn(X):
A C lg(f(A) € 1g(LU(f(A)))) = Dwn(g)(mc(DWN(f)(A))) = ci(A).

Hence we conclude from Lemma 2.1.3 that & factors through the MacNeille com-
pletion of X — i.e. the commutativity of the following diagram:

Dwn(X) 2™ Dwn(y)

Evidently, f(nx(x)) = mic(DWn(f)(nx (x))) = ny (f(x)) holds for all x € X.

2.1.2 The Tensor Product in Sup

From the algebraic point of view one of the most important properties of Sup is
the existence of a tensor product turning Sup into a symmetric monoidal closed
category.
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First we begin with some terminology and an important example related to
contravariant Galois connections. Let X, ¥ and Z be complete lattices. A map

X xY -2 Z is called a bimorphism in Sup (cf. [6]) if b is join-preserving in
each variable separately — i.e. for all y € Y and x € X the maps X LYy 7 and
Y 2% 7 are join-preserving. In the next example we construct an important bimor-
phism which already appeared in [106].

Example 2.1.5. Let X and Y be arbitrary complete lattices. We start by recalling that

a pair (f, fT) of maps X Lyandy L5 Xisa contravariant Galois connection
between X and Y if forall x € X and y € Y the equivalence

y< f(x) < x < fHy)

holds (cf. [14, 35]) —ie. X f# Y°P is an adjoint pair of isotone maps such that
f = fT holds. Since X and Y are complete lattices, it follows from Theorem 1.3.7

that an antitone map X L5 ¥ is the left part of a contravariant Galois connection if
and only if f is join-reversing. —i.e. f(\/ A) = A f(A) forall A C X.In this case
the right part £ is given by (cf. (1.24))

ffm=VixeXlysf), vyer. (2.3)

After this preparation we introduce the set ¥ (X, Y) of all join-reversing maps

x Ly provided with the following partial order:
fi < fo &= filkx) < folx) forallx e X. 2.4)

Obviously, (4(X,Y), <) is a complete lattice in which meets (but in general not
joins) are computed pointwisely. In particular, the universal upper bound T and the
universal lower bound _L in ¢ (X, Y) have the following form:

T, =1,
T(x)=T and L(x)= x € X.
1, x#1,

In this context (2.3) determines an order isomorphism 4 (X, Y) SO 4(Y, X). Now

we introduce amap X x Y £, “(X,7Y) as follows:

T, ifx' =1,
[BCx, NIx) =1y, if L#x" <x, x,x eX, yeY. (2.5)
1, ifx" £x,
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Obviously, B(x, y) € 4(X, Y), and the relation 8(x, 1) = B(L, y) = _L holds for
allx € X and y € Y. We show that f is a bimorphism. If we fix the left argument of
B, then B(x, -) is evidently join-preserving. Hence we fix the right argument y € Y
and observe B(L, y) = L. Therefore it is sufficient to consider a nonempty subset
ACX.If fe¥(X,Y)and x € X, then

Bx,y) = f & y = fl). (2.6)

Hence an element f € ¢ (X, Y) is an upper bound of {#(x, y) | x € A} if and only
if y < Area f(x) = f(V A), and so B(\/ A, y) < [ follows — this means that
\/xeA ﬁ(x7 y) = ﬁ(\/ A, y) holds.

Moreover, 8 satisfies the following important properties:

B(T, T)=T (2.7)
/\Iﬂ(xia)’i) =/3(/\Ixi, AYi) (2.8)
f= \/Xﬁ(x, f(x)) forany f € 9(X,Y). (2.9)

The properties (2.7) and (2.8) mean that 8 is meet-preserving, while the property
(2.9) expresses the fact that {8(x, y) | x € X, y € Y} forms ajoin-basis of (X, Y).

Remark 2.1.6. Let X, Y and Z be complete lattices. If X x Y -2 Z is a bimorphism,

then for all z € Z the maps X Ly yandy b—;> X given by
b.(x)=\{y €Y |bx,y) <z} and b](y)=\/{x € X |b(x,y) <z} (2.10)
satisfy the chain of equivalences
y<b.(x) < b(x,y) <z < x <bI(y).
Hence (b,, bj) is a contravariant Galois connection between X and Y. In particular,
b, €9 (X,Y)and b} € 9(Y, X).

Now we give a definition which will play a fundamental rdle in this book.

Definition 2.1.7. Let X and Y be complete lattices. A pair (¢, T) is called a tensor
product of X and Y if T is a complete lattice and X x Y = T is a bimorphism such
that the following universal property holds:

For every bimorphism X x ¥ -2 Z there exists a unique join-preserving map T twy 7

making the following diagram commutative:

x J‘" 2.11)
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In this context ¢ is also called the universal bimorphism.

It follows immediately from the universal property in Definition 2.1.7 that a tensor
product of two complete lattices is always unique up to isomorphism in the sense of
Sup. Thus we speak of the tensor product. In what follows we will show that the
tensor product always exists.

The next theorem is a special case of a general construction in [6] (cf. Corollary
of Proposition 5 in [6]) where we maintain the notation from Example 2.1.5 and
Remark 2.1.6

Theorem 2.1.8. If X and Y are complete lattices, then (B, 9 (X,Y)) is the tensor
product of X and Y in Sup.

Proof. Let Z be a complete lattice and X x ¥ - Z be a bimorphism. We have

to show that there exists a unique join-preserving map ¢ (X, Y) Y/ making the
diagram (2.11) commutative. The uniqueness of /, follows immediately from (2.9),
the commutativity of (2.11) and the fact that &, is join-preserving. In order to verify

the existence of &, we define a map 4(X, Y) oy 7 as follows:

hy(f) =\ b(xi, yi), (2.12)

iel

where \/,, B(xi, y;) = f is a representation of f € ¥(X,Y) as a join of some
elements of the join-basis {8(x, y) | x € X, y € Y}. If we can show that A, is well
defined by (2.12) — this means that the value &, ( f) is independent from the chosen
representation — then it is easily seen that A, is join-preserving and makes the
diagram (2.11) commutative. Hence it is sufficient to show that &, is well defined. For
this purpose we choose a further representation \/ jes Bxj, yj) = f of f.Because
of the law of antisymmetry it is sufficient to establish the following relation

V b(xj,yj) <V b(xi, yi). (2.13)
jelJ iel

First we put z = \/iE ; b(x;, y;). Since b is a bimorphism, we define an element
b, € 9(X,Y) by (cf. Remark 2.1.6):

b(x)=V{yeY|bx,y) =z}, xeX.
Since y; < b,(x;), it follows from the definition of g (cf. Example 2.1.5) that the

relation B(x;, y;) < b, holds foralli € I —i.e. f =\/,.; B(xi, yi) < b,. Now we
make use of the relation

iel

jeJ

and obtain y; < b,(x;) forall j € J. Thenb(x;, y;) < z follows from Remark 2.1.6
for all j € J. Hence (2.13) is verified. |
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Addition and Comment. If we use the representation of f € ¥(X,Y) given in
(2.9), then the unique extension of a bimorphism X x ¥ & Z to a join-preserving

map 4(X,Y) oy 7 (cf. Theorem 2.1.8) can be expressed, among other ways, as
follows:

hp(f) =V b(x, f(x)), fedX.Y). (2.14)

xeX
This formulation will play a special rdle in the proofs of Lemmas 2.1.13 and 2.1.14.

Motivated by the previous theorem we introduce the following:

Notation. The tensor product of two complete lattices X and Y isdenotedby X ® Y.

By abuse of notation the universal bimorphism X x Y £, X ® Y is also denoted by
®. Instead of B(x, y) we write x ® y. In this context every elementof f € X ® Y is
called a tensor, and tensors of the special type x ® y are called elementary tensors.

Before we proceed we briefly sketch some simple properties of the tensor calcu-
lus. Obviously, x ® L = L ® y and T ® T are the bottom and the top of X ® Y,
respectively (cf. Example 2.1.5).If f € X ® Y, thenforallx e Xandy € Y

¥y <f &< y=fx). (2.15)
In particular, if x # L and y # 1, thenforallx’ € X and y' € Y
I®Yy<x¥®Y < x<x'andy <)y (2.16)

holds. Moreover, it follows immediately from (2.7) — (2.9) that the universal bimor-
phism @ is meet-preserving and every tensor is a join of an appropriate family of
elementary tensors — e.g.

f=Vx®fx), [feX®Y=%X.7Y). (2.17)

xeX

Further, the maps X > X ® ¥ and ¥ 2> X ® Y determined by
Jx@)=x®T, jy(N=T®y, xeX yeY, (2.18)

are meet-preserving and join-preserving embeddings provided X and Y have at least
two different elements.
We continue with two examples which will play a special role in a later context.

Example 2.1.9. Let X be an arbitrary set and &?(X) be the power set of X with the
usual partial order. Then £?(X) is a complete lattice. Further, let M be an arbitrary

complete lattice. Then the set M of all maps X L5 mis again a complete lattice
w.r.t. the partial order:
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f<g & f(x)<glk) forallx e X.

We will refer to MX as the M-valued power set of X.
If we now restrict a join-reversing map & (X) —E5 M to the atoms of 2 (X), then

we obtain an order isomorphism Z(X) ® M %> MX. In particular, & and @' are
given by:
(@(F)(x) = F(lx}) and (@7'(N)(A) = A f),

XeA

where F € Z(X)Q M, f € MX,x € X and A € Z(X). Since the tensor product
is unique up to isomorphism, M¥ is also the tensor product of the power set Z(X)
with M. In this context it is interesting to see what the corresponding universal
bimorphism looks like. Referring to the definition of 8 in Example 2.1.5 it is easily
seen that the following relation holds for all A € £?(X) and allm € M:

m, x €A
(m.lA)(x) = {J_, Y ¢ A

} = <D(,8(A, m))(x), x e X. (2.19)
We emphasize that the dot in m - 14 does not stand for any binary operation (it is
simply part of the symbol). Hence, in this context, the universal bimorphism has
the form (A, m) —> m - 1. It is interesting to note that maps of the type m - 14
play a significant rdle in the study of many-valued structures, where their meaning
remains obscure. However, from the perspective of the category Sup these maps are
simply elementary tensors of the tensor product of the power set with some complete
lattice M.

The next example is related to probability theory and nonnegative probability
distribution functions.

Example 2.1.10. Let [0, +00]°? be the nonnegative extended real line provided
with the dual order, and let [0, 1] be the real unit interval. Then the tensor prod-
uct [0, +00]? ® [0, 1] is the complete lattice of all meet-preserving maps

[0, +00] -5 [0, 1]

— these are all nonnegative, isotone, right-continuous probability distribution func-
tions. Obviously, for x € [0, +00] and « € [0, 1] the elementary tensor x ® « has
the following form (cf. Example 2.1.5):

1, r=+o0,
xQa)(r)=1a, x <r # 400, r € [0+ o0].
0, 0<r <ux,

If at every point of discontinuity we now move the right-limit point to the left-limit
point, then this procedure leads to an order isomorphism
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[0, +00]” ® [0, 1] > AT

where A™ is the complete lattice of all nonnegative, isotone, left-continuous probabi-
lity distribution functions — these are all join-preserving maps [0, +-00] < [0, 1].
Explicitly ¥ is given by:

(lI/(G))(r) =sup{G(x) |x <r}, re€l[0,4+00], G € [0, +00]” ® [0, 1].
(2.20)
Hence AT is also the tensor product of [0, +00]°” with [0, 1] in Sup. Since

0, r<ux,

(oc . Hx)(r) = (lI/(x ®ot))(r) = { r € [0, +00],

o, x<r,

the corresponding universal bimorphism has the form (x, «) — « - H,, where H,
denotes the left-continuous unit step function at x. From a probabilistic point of
view, the elementary tensor o - H, describes a random variable taking the value x
with probability « and the value 4-oco with probability 1 — «. In this sense the tensor
product A™ plays an important role in the theory of probabilistic metric spaces (cf.
[104]). In Examples 2.3.5 and 2.3.36 we will describe certain monoidal structures
on AT,

The next example can be regarded as a refinement of Example 2.1.9.

Example 2.1.11. We maintain the notation from Example 2.1.9 and consider a topo-
logical space (X, t) — this means that X is a set and 7 is a subset of the power set
Z(X) which is closed under finite intersections and arbitrary unions. Hence t is a
complete lattice with respect to the partial order inherited from £ (X). In particular,

the embedding &S P (X) is join-preserving.

Let x be an element of X. An open neighborhood of x is a set U € t such that
x € U. The set of all open neighborhoods of x is denoted by ./5.

Further, let M be an arbitrary complete lattice. A map X L5 M is called lower
semicontinuous if the following condition holds for all x € X (cf. [54]):

f =V (A fm).

UeV, yeU

It is not difficult to verify that a map X L5 M is lower semicontinuous if and
only if there exists an index set I and subsets of the form {U; |i € I} C t and
{m; | i € I} € M such that the relation

f=Vm-ly,

iel

holds.
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Now we consider the join-preserving embedding t & P (X) and the bimor-
phism 7 x M & 2(X) ® M determined by b(U, m) = U @ m for all U € t and
m € M. Then we conclude from the universal property of the tensor product that
there exists a unique join-preserving map from t ® M to Z(X) ® M, denoted by
tr ® 1y, such that b(U, m) = (1 ® 13)(U @ m) holds forall U € T andm € M.!

Further, we compose ¢; ® 1), with the order isomorphism Z(X) ® M -2 M*
given in Example 2.1.9 and denote it by @, —i.e. @, = @ o (¢; ® 1yy). Then it is
easily seen that @, acts on elementary tensors U ® m € T @ M as follows:

Q. U®m)=m-1y.
Consequently, if F € T @ M, then by (2.17), @, (F) is explicitly given by:

@ (F) = U\/ FU) -1y

and the range of @, coincides with the set LSC(X, M) of all lower semicontinuous
maps, which is a complete sublattice of M*.

Since @, is join-preserving, @; has a right adjoint map LSC(X, M) RAn QM.
Because of the following chain of equivalences

D (F)<f & (Wer, FU) -1y < f) & (Wer, FU) < A\ f),

xeU

the right adjoint map of @, can be expressed by the formula:

(@E(NH)U)= A f(x), feLSCX,M), Uer.

xeU

Obviously, the relation @, o <1>'{ = lysc(x,m) follows from the surjectivity of @, (cf.
Exercise 1.3.2(a)). Hence @; is injective (i.e. bijective in this context) if and only
if 45'; is left adjoint to @, (see again Exercise 1.3.2 (a)). This observation motivates
the question: under which condition does the relation @& 4 @, hold? We show that
the continuity of the complete lattice M (cf. [36, 37]) is a sufficient condition.

ASSERTION. If M is a continuous lattice, then d): — @, holds.
In fact, let us choose F € T ® M and f € LSC(X, M). Since @, is surjective, the

implication <1§TF (f) < F = f < ®.(F)isevident. On the other hand, in order to
verify the converse implication, we assume f < @.(F) and so

IFor the general definition of the tensor product of two join-preserving maps, see p. 59.



2.1 The Category Sup 59

(@7 (H)U) = /\U fe) < A\ o.(Fx)= A(V F(V))

xeU xeU Vet

for each U € 1. Since {F(V) | V € A;} is directed for each x € U, we conclude
from the continuity of M (cf. [36, 37]) that the following relation holds for each
Uer:

@MW =\ (AFEan) = \/ F(Usw)<Fw).

cc[] N xeU A xeU

xeU xeU

where we have used the property U C |, o, &(x).
To sum up we have established the following important

FACT 1. If M is continuous, then the complete lattice of all lower semicontinuous
M -valued maps is the tensor product of T with M — i.e. LSC(X, M) =1t Q@ M.
For more details on the tensor product t ® M, we refer to Sect. 3.2 in [43].

Now we return to our general train of thought and construct a monoidal structure
on Sup which transforms Sup into a monoidal closed category. We begin with the
definition of a bifunctor Sup x Sup — Sup, which we also denote by ®. The action
of ® on

— anobject (X, Y) is given by X ® Y (the complete lattice of all join-reversing maps
x Ly
— a morphism (X1, ¥;) MURIN (X,, Y») is given by the tensor product of h and k,

which is the unique join-preserving map & ® k making the following diagram
commutative:

X] X Yl L) X] ® Yl
hxkl §h®k
Xo x Y L} X907
Before we show the associativity of the bifunctor ®, we prove that for each

complete lattice X the endofunctor X ® _ has a right adjoint functor. Therefore for
each pair (X, Y) of complete lattices we first introduce the complete lattice [X, Y]

of all join-preserving maps X L5 ¥ ordered pointwisely — i.e.
fi<fh & filkx) < folx) forall x € X.
On this basis we define an endofunctor homy of Sup as follows:

homy(Y) = [X,Y], Y1 Y,, [X, Y] 22y (% y,), homy(h)(f)=ho f.
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In this context itis interesting to note that [ X, Y °7]°7 coincides with the tensor product
X®Y.

Theorem 2.1.12. For every complete lattice X the functor homy is right adjoint to
XQ®_.

Proof. Let X be a fixed complete lattice. Then for every further complete lattice ¥

there exists a join-preserving map ¥ 2 [X, X ® Y] defined by ny (y)(x) = x ® y
forallx e Xandy € Y.

Evidently n = (ny)y is a natural transformation from idg,;, to homy o (X ® _).
We show that 7 is the unit of the adjoint situation (X ® _) 4 homyx — i.e. for every

complete lattice Z and every join-preserving map ¥ %> [X, Z] there exists a unique

join-preserving map X ® Y £ 7 making the following diagram commutative:

Y —"— [X,X®Y]

X, Z]

First we notice that ¥ 5 [X, Z] can be identified with a bimorphism X x ¥ —% Z
according to the formula

be(x,y) =gMkx), xeX, yeVl.

Then the previous diagram is equivalent to the following relation:

homy (g ™) (ny (1)) (x) = "g7(x ® y) = (M) (x) = by (x, y). 2.21)

Hence " g coincides with the unique extension of b, to a join-preserving map from
X ®Y to Z, whose existence is ensured by the universal property of the tensor
product in Sup. O

Comment. Let ¢ = (ey)y be the counit of the adjoint situation X ® _ - homy.
Then X ® [X, Y] > Y attains the following form at elementary tensors:

ey(x® f) = fx), xeX, felX, Y]

Therefore ey is also called the evaluation arrow of [ X, Y.

The aim of the following considerations is to show that the bifunctor ® induces
the structure of a symmetric, monoidal category on Sup.

Lemma 2.1.13. (Associativity) Let X, Y and Z be complete lattices. There exists a

unique order isomorphism (X @ Y) ® Z 4 X ® (Y ® Z) satisfying the follow-
ing condition:

axyz(k®Y)®2)=x@(Y®z), xe€X, yeY zeZ (2.22)
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Proof. For every z € Z we define a bimorphism X x Y Iy x® (Y ® Z) by
b,(x,y) =xQ (y®2), (x,y) € X x Y.

By the universal property of the tensor product there exists a unique join-preserving

mapXQ®Y 2 x ® (Y ® Z) making the following diagram commutative:

XxY —2 v x®vY

X®Y®2Z)

Now we defineamap (X ® Y) x Z Sx QY ® Z) by &(f, z) = h,(f) and show
that £ is again a bimorphism. Since /. is join-preserving, it is sufficient to prove that
& is join-preserving in its second variable. For this purpose we choose a subset C of
Z,put zo = \/ C and derive the following relation from (2.14):

E(f.20) =hy () =V byy(x, f) =V x@(f0)®z200= V x@(f(x)®2)

xeX xeX xeX, zeC

= \/ by (x, f(x)) = \/ hz(f) = \/ &(f2).

zeC,xeX zeC zeC

Hence & is a bimorphism. Referring again to the universal property of the tensor
product, we obtain a unique join-preserving map (X ® ¥) ® Z 4 X @ (Y ® Z)
withaxyz(f ® z2) = &(f, z) = h,(f)forall f € X ® Y andall z € Z. In particular,
axyz(x®y)®2) =h,(x®y)=xR®(y®z)forallx € X,y e Yandz € Z,and
SO ayyz satisfies (2.22).

By analogy with the previous argumentation there exists a unique join-preserving
map

X®Y®Z) ML (XeY)®Z
such that byy;(x ® (Y ®2) = (x Q@ y)®zforallx € X,y € Y and z € Z. Since

every tensor is the join of an appropriate family of elementary tensors, we conclude
from

bxyz(axyz(x®y)®2))=x®y)®z and axyz(bxrzG® (Y ®2))=x® (y®2)

that 1(X®Y)®Z = bXYZ odxyz and 1X®(Y®Z) = daxyz © bXYZ holds. Hence axyz is
an order isomorphism. O

It is easily seen that a = (axyz)xyz is a natural transformation

a: ® O(® X idSup) —> ® o (idSup X ®)'
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Since every tensor is a join of elementary tensors, it follows immediately from Lem-
ma 2.1.13 that the natural isomorphism a satisfies the pentagonal diagram (cf. (1) in
Sect. 1.1). Hence the bifunctor ® is associative.

Lemma 2.1.14. (Unit object) Let X and Y be complete lattices and 1 = {0, 1} be

the chain with two elements. Then there exist order isomorphisms 1 ® Y L5y and
X ® 1 % X such that the diagram

XY By »y XQ (1 ®Y)
(2.23)
rxm At’y
X®Y

is commutative. If X =Y =1, then rq and £1 coincide —i.e. r1 = £1.

Proof. By (2.17) the tensors f € X ® 1 and g € 1 ® Y have the form:

Ff=x®1 wherexo=\{xeX]| f(x)=1},
g=1Qy where yy = g(1).

Hence the order isomorphisms ry and ¢y are defined by rx(x ® 1) = x and
Ly(1® y) = y. It is easily seen that the diagram (2.23) is commutative and the
relation 4 = £ holds. 0O

Obviously, the maps £x and rx are components of two natural isomorphisms
£:1Q® _ — idgypandr: _ ® 1 — idgyp. In this context Lemma 2.1.14 assures the
validity of coherence axiom (2) in Sect. 1.1.

The commutativity of the tensor product follows immediately from its universal
property by interchanging the variables.

Lemma 2.1.15. (Commutativity) Let X and Y be complete lattices. Then there exists
a unique order isomorphism X ® Y % Y ® X satisfying the condition:

xyX®y)=y®x (2.24)

forall x € X and y € Y. Moreover, the following diagram is commutative:

Xl — s 1eX

N ) / (2.25)

Proof. Let mx and my be the respective projections of the product X x Y in Sup.
By the universal property of the tensor product there exists a unique join-preserving

map X ® ¥ % Y ® X making the following diagram commutative:
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XxY 253XV

<7Ty,7rx)l %CXY
YxX 2357

Obviously cyy satisfies the desired properties. O

Addition. In order to have a concrete perception of cxy we point out that cxy
coincides with the order isomorphism

XY =9X,7) S99y, X) =YX

mentioned in Example 2.1.5 (cf. (2.3)).

Let F: Sup x Sup — Sup x Sup be the endofunctor of Sup x Sup inter-
changing the “components” of Sup x Sup. Then ¢ = (cxy)xy is a natural transfor-
mation ¢: ® — ® o F. It follows immediately from Lemma 2.1.15 that ¢ satisfies
the coherence axioms (3) and (4) in Sect. 1.1.

Moreover, since ¢ is a natural isomorphism, the functors _ ® X and homy also
form an adjoint situation _ ® X - homy for each complete lattice X. If ¢ = (ey)y
is the counit of (X ® _) - homy, then the counit (evy)y of _ ® X - homy obvi-
ously has the form evy = ¢y o c[x yjx —1i.e.evy(f ® x) = f(x). In this context we
introduce the following terminology.

fZ®X 5 Yisa join-preserving map, then the join-preserving map Z LY [X, Y] sat-
isfying the property & = evy o ("§7® 1x) is called the monoidal adjoint map of &.

We summarize the previous results as follows.

FACT II. The septuple (Sup, ®, 1, a, c, £, r) is a symmetric and monoidal closed
category. If the self-duality of Sup determined by the construction of right adjoint
maps is added, then the octuple (Sup, ®, 1, a, c, £, r, °?) is even a star-autonomous
category (for a full discussion of star-autonomous categories, we refer to [8, 9]).

As an immediate corollary of Theorem 1.1.4 and the previous Fact II we obtain
the following result.

Corollary 2.1.16. The tensor product in Sup preserves direct limits.

We finish this subsection with a discussion of some important lattice-theoretical
properties of the tensor product. In particular, we show that the tensor product pre-
serves continuity, complete distributivity, compactness of continuous lattices and
the property of being algebraic. The fact that the tensor product also preserves the
structure of frames will be postponed to Sect. 2.4, where we will study idempotent
quantales in more detail.

Recall that, given a complete lattice X and x;, x, € X, we say that x| is way below
X2, and we write x| < xp, if for any directed set D C X with x, < \/ D there is a
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d € D such that x; < d. An element x € X is said to be compact if x < x. Hence
a complete lattice X is continuous (cf. [36, 37]) if and only if < is approximating,
ie.x =\/{x' € X |x' «x}forall x € X. A complete lattice is algebraic if every
element of X is a join of a family of compact elements of X. Every algebraic lattice
is continuous. A complete lattice is compact if its universal upper bound is compact.

Following Raney (see [96, Definition 3 and Theorem 1]), we say that x; € X
is fotally below x, € X, and we write x; < x,, if for any subset A C X with
Xy < \/ A there is an a € A such that x; < a. Hence a complete lattice X is com-
pletely distributive if and only if < is approximating, i.e. x = \/{x' € X | x" < x}
forallx € X.

Theorem 2.1.17. Let X and Y be complete lattices with at least two different ele-
ments and X ® Y be its tensor product. Then the following equivalences hold:

(1) X ® Y is continuous if and only if X and Y are continuous.
(1) X ® Y is completely distributive if and only if X and Y are completely distri-
butive.
(i) X ® Y is continuous and compact if and only if X and Y are continuous and
compact.

The proof of Theorem 2.1.17 is based on a sequence of lemmas. Since, in general,
joins in the tensor product are not computed pointwisely, we first give an explicit
description of directed joins. For this purpose we recall that a complete lattice X is
meet-continuous if for every x € X and for every directed subset D of X the relation

AV D) =V @ Ad)

deD

holds. Obviously, continuous lattices are meet-continuous.

Lemma 2.1.18. Let X be a continuous lattice and Y be a meet-continuous lattice.
If {gi | i € I} is a directed subset of X ® Y, then the join of {g; | i € 1} has the

following form:
(Vea)o= A (Ve&akx)h), xeX

iel x'<x i€l

Proof. For every directed subset {g; | i € I} of X ® Y we define an antitone map
X % Y by
gx)=Vegw, xeX
iel

Since Y is meet-continuous, gy is finite join-reversing. In fact, the following holds:

go(x) A go(x2) = V gilx) Agi(xa) =V gi(x1) Agi(x2) = go(x1 V x2).

i,jel iel

Now we smooth gy and define a map X o, Y by go(x) = A\, <x go(x") for each
x € X. We show that g is join-reversing. Since {x’ € X | x’ « L} = {L}, the value
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g0(L) coincides with T. Hence it is sufficient to consider a nonempty subset A of
X. Since X is continuous and therefore the way below relation is approximating, for
every x < \/ A there exist finitely many

xeUxeX|x<kal, k=1,...,n

acA

such that the relation x < \/;_, x; holds. Now we apply the property that g is finite
join-reversing and obtain:

A Bola) < Z\l g00) = g0(V/ x1) < o).

acA k=1

Hence the relation

A&@= A g =zg(VA)

acA <\ A

follows — i.e. go is join-reversing. Referring again to the continuity of X it follows
immediately from the construction that g is the join of {g; | i € I}. O

Lemma 2.1.19. Let X and Y be complete lattices, and let X be completely distribu-
tive. If {g; | i € I}isasubsetof X ® Y, then the join of {g; | i € I} has the following

form:
(Ve)= A(Veak)), xeX.

iel x'<x iel
Proof. For every subset {g; | i € I} of X ® Y we define a map X Ly by

f@=A(Vs&x)), xeX.

x'<x iel

Since {x’ € X | x’ <« 1L} = @, therelation f(L) = T is obvious. Further, since the
totally below relation <1 is approximating, for every nonempty subset A of X the
property

U eX|xX<al=&eX|x' aV A}

acA

holds. Hence
VA=A A (V&)= A f@
acAx'a iel acA
follows — i.e. f is join-reversing. Finally, if we apply again the property that < is
approximating in X, then we conclude immediately from the construction of f that
f is the join of {g; | i € I}. Hence the assertion is verified. O

Lemma 2.1.20. Let X be a continuous lattice with x,a € X and Y be a meet-
continuous lattice with y, b € Y.

(@ Ifa# Landb # L, thena K xandb KL yifandonlyifa @b < x ® y.
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d) Ifx # Landy # L, then x and y are compact if and only if x Q@ y is compact.

Proof. Since (b) is a special case of (a), we only prove (a). We therefore assume
1 #a <« xand L # b < y and consider a directed subset {g; |[i € [} of X ® Y
withx ® y < \/,, gi- Since y < (\/ie[ gi)(x), the relation y < \/,, gi(a) follows
from Lemma 2.1.18. Since {g; (a) | i € I}isadirected subsetof Y and b is way below
v, there exists ani € I withb < g;(a) —ie.a®b < g;.Hencea ®b <K x ® y.

On the other hand, we assume a # L,b # 1l anda ® b < x ® y. Then we consider
adirected subset U of X withx < \/ U.Hence {u ® T | u € U} is adirected subset
of X ® Y and the relation x ® y < \/{u ® T | u € U} holds. Since a ® b is way
below x ® y, there existsau € U witha ® b < u ® T. In particular, a < u follows
from (2.16). Hence a is way below x. Analogously we show b < y. O

Lemma 2.1.21. Let X be a completely distributive lattice and Y be an arbitrary
complete lattice. Further, let x,a € X and y,be Y. If a# L and b # L, then
a<lxandb < yifandonlyifa®@b 1x ® y.

Proof. If we replace Lemma 2.1.18 by Lemma 2.1.19 and < by <, then the proof
of Lemma 2.1.20 (a) can be repeated verbatim. m]

Proof of Theorem 2.1.17. In order to verify (i) we proceed as follows. Since the

embeddings X > X ® Y and Y 5 X ® Y preserve arbitrary meets and joins (cf.
(2.18)), we infer from the definition of continuity given supra that the continuity of
X and the continuity of Y are necessary for the continuity of X ® Y. On the other
hand, if X and Y are continuous, then the continuity of X ® Y follows from Lem-
ma 2.1.20(a) and the fact that every tensor is the join of an appropriate family of
elementary tensors.

If in the previous argumentation we replace continuity by complete distributivity
and Lemma 2.1.20 (a) by Lemma 2.1.21, then we obtain a proof for (ii).

Finally, the equivalence in (iii) follows from (i) and Lemma 2.1.20 (b). O

Proposition 2.1.22. [fX andY are algebraic lattices, then the tensor product X @ Y
is again algebraic.

Proof. The assertion follows from Lemma 2.1.20(b) and the fact that every tensor
is a join of an appropriate family of elementary tensors. O

As an immediate corollary of Theorem 2.1.17 and Example 2.1.11 we obtain the
following result.

Corollary 2.1.23. Let (X, 7) be a topological space and M be a continuous lattice.
Then the following equivalences hold:

(i) LSC(X, M) is continuous if and only if T is continuous.
(i) LSC(X, M) is completely distributive if and only if T and M are completely
distributive.
@iii) LSC(X, M) is continuous and compact if and only if T and M are continuous
and compact.
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2.1.3 The Tensor Product on Completely Distributive Lattices

Let CD be the category of completely distributive lattices with join- and meet-
preserving maps (see also Exercise 1.3.3(e)). Hence CD is a subcategory of Sup.
Motivated by Theorem 2.1.17 (ii) we investigate the restriction of the tensor product
of Sup to CD.

By (2.7) and (2.8) it follows immediately from Theorem 2.1.8 that the univer-
sal bimorphism (x, y) — x ® y is meet-preserving. Hence every join- and meet-

preserving map X ® ¥ & Z induces a meet-preserving bimorphism X x ¥ -2 Z
by
b(x,y)=h(x®y), x€X,ycY.

This observation motivates the following:

Question 2.1.24. Does every meet-preserving bimorphism X x ¥ 2 Z have a

unique extension to a meet- and join-preserving map X ® ¥ % Z such that the
diagram

XxY 23XV

\h
b ~

V4

is commutative?

The next example shows that the previous question does not always have a positive
answer.
Counterexample Let B be a complete and atomless Boolean algebra. Then the
binary meet operation B x B -+ B is a meet-preserving bimorphism. We show that
the unique join-preserving map B ® B *» B making the diagram

BxB—235B®B

fw
A ~

B

commutative is not meet-preserving.
In the following we denote the complement of x € B by x’ and introduce a subset /
of BB as follows:

I={xeB|x# Landx" # 1}.

For every x € I we define a join-reversing map B < IB by
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1, z#£xandz £ x/,

x, z<xandz# L,
a@=1" andz# ceB
x', z=<x'andz # L,

T, z=1.

It is not difficult to confirm the relation g, = (x ® x) V (x’ ® x’) (cf. Exercise 2.1.6).
Now we refer to the definition of w and observe:

wg) =wxx)Vwx @x)=@xAx) v ' Ax)=T, xel.

Hence /\,.; w(gx) = T follows. On the other hand, the meet of {g, | x € I} (which
is computed pointwisely) coincides with the universal lower bound in B ® B. In fact,
if z is an element of B with z # L, then we apply the property that IB is atomless
and choose elements u, v € B satisfying the following conditions:

uxl, v#1l, uAnv=1l uvv=z.

Now we define xo = u Vv z’ and observe that x;, = v. Since z £ x¢ and z £ x|, the
relation g,,(z) = L follows.
Since w is join-preserving, we have w ( A gx) = . Thus w is not meet-preserving.

The next theorem shows that under the complete distributivity of all three complete
lattices X, Y and Z the previous question has a positive answer. For this purpose we
recall that complete distributivity is preserved under the tensor product in Sup (cf.
Theorem 2.1.17 (ii) in Sect. 2.1.2).

Theorem 2.1.25. Let X, Y and Z be three completely distributive lattices, and
let X x Y 2 Z be a bimorphism in Sup which also preserves arbitrary meets.

Then there exists a unique join- and meet-preserving map X @ Y Ny 4 making the
following diagram commutative:

XxY 233Xx®Y

x i D)

V4

Proof. By Theorem 2.1.8 we know that there exists a unique join-preserving map

XYz making the diagram (D) commutative. In particular, %, is determined
by (cf. (2.12))

h(f)=Vb(xi,y), [f=Vx®yeX®Y.

iel iel

We have to show that &, preserves meets. Since b is meet-preserving, the relation
b(T, T) = T holds. Hence h; preserves the respective universal upper bounds —
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i.e. hp(T ® T) = T. Now we choose a nonempty subset {f; | i € I} of X ® Y and
use the fact that every tensor f; is a join of an appropriate family of elementary
tensors —i.e. fi = \/ ;. (xi,j) ® yq,j))- Since b is meet-preserving, we derive the
following relation from the complete distributivity of X ® Y and Z:

A ho(f) = ANV ho(xi ) ® yij)

iel iel jeJ;
= V(A& yii))

Gidier€]lies Ji i€l

=V b((Axain) (Avii))
Uiier€lies Ji iel iel

= hb( V (/\ x(i,ji)) ® (/\ y(i,ji)))
Giier€llies Ji i€l iel

=h( V(NG ®yaiin)))
Gidier €] lie Ji i€l

=hy(A(V iy ® i) =ho(A f)-
iel jeJ; iel

Hence the assertion is verified. m]

As an immediate corollary of Theorems 2.1.17 (ii) and 2.1.25 we obtain that the
tensor product ® in Sup induces a symmetric monoidal structure on CD. In fact, since

every pair of morphisms X Ay Y, and X, Loy Y, in CD induces a meet-preserving
bimorphism X; x X, Ly, e by:

b(x1,x2) = hi(x1) ® ha(x2), x1 € X1, x2 € X»

(where we have used the fact that the universal bimorphism (x, y) —> x ® y is
meet-preserving), there exists a bifunctor CD x CD — CD which assigns a meet and
join-preserving map X; ® X, 8l y | ® Y, to each pair of morphisms X Ay Y)

and X, o, Y, such that the following diagram is commutative:

X x Xo —25 X, ® X,
h1><h2l §/11®hz

Y1XY2L>Y1®Y2

Obviously, the validity of the pentagonal diagram, the unit object 1 = {0, 1} and the
coherence axioms of a symmetry c is inherited by Sup. Hence (CD, ®, 1, ¢, r, ¢)
is a symmetric and monoidal category. In contrast to Sup we conjecture that
(CD, ®, 1, ¢, r, c) is not a (monoidal) closed category.
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Exercises

2.1.1. Let X be a complete lattice. Show that every idempotent and join-preserving
map X - X splits — i.e. there exists a complete lattice ¥ and join-preserving maps
X5 YandY - Xsuchthatros =1yande =sor.

(Hint: Consider the quotient w.r.t. the closure operator associated with e.)

2.1.2. LetX L Zbea join-preserving map. Show that the pullback of an epimor-
phism along f is again an epimorphism.

2.1.3. Let X, Y and Z be complete lattices. For x € X, y € Y and z € Z let us
view (x ® y) ® z as a join-preserving map from X ® Y to Z°. Show that the join-
preserving map x ® (y ® z) from X to [Y, Z°P] is the monoidal adjoint map of
xRy Qz.

2.1.4. Let X and Y be complete lattices. Further, for each x, y € X let us consider
a tensor fyy of X ® Y having the form f;, = (x ® T) V (T ® y). Show:

(a)

T, ifx’ <
foh=1 "= vex

y, ifx’ £x,
(b) u®v =< fyyifandonlyifu < xorv <y.
©) fay A Sy = foinminy Y (1 @ y2) V (X2 @ y1).
(D NAier fry = \/Ag((/\ieA x,-) ® (/\ing yi))-
© (Aver frn) A @@v) =V e ((u A (Niea %)) © (VA (Aiga 3i))-
(Hint to (c) — (d): Use (b) and the fact that every tensor is a join of an appropriate

family of elementary tensors. Further, apply the meet preservation of the universal
bimorphism.)

2.1.5. Let X be acomplete lattice and C3 = {_L, a, T} be the three-chain. Show that
the tensor product X ® Cj3 is order isomorphic to the complete lattice

Z={x,y)eXxX|x <y}

provided with the partial order (x;, y;) < (x2, y2) <= x; <xzand y; < y,.
(Hint: Consider the following bimorphism X x C3 - Z determined by:

b(x, T)=(x,x), bx,a)=(L,x), bx,L)=(L,1), xelX,

and use Exercise 2.1.6.)
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2.1.6. Let X and Y be complete lattices. If x;, x, € X and y;, y» € Y, then show
that the tensor f = (x; ® y;) V (x2 ® y2) has the following explicit form:

yiVy, Z=Xx1AXp,

Vi, Z = x1, 2 £ X,

f(@) = {», z£x1, 2 <X, ze X\ {1}
YIAY2, ZZEX1, ZZX2, 25XV X,
4, z £ x1 VX,

2.1.7. Let (X, ) be a topological space, M be a complete lattice, and LSC(X, M)
be the complete lattice of all M-valued lower semicontinuous maps from X to M. If
T and M are algebraic, show that LSC(X, M) is also algebraic.

2.1.8. Let X be a complete lattice and f € X ® X. Show that the pair (f, f) is a
contravariant Galois connection if and only if the relation x < f(f(x)) holds for all
x € X.

2.1.9. Let X; % X, and ¥; % Y, be join-preserving maps. Show that the right
adjoint map (2 ® b of X, ® Y, bk, X> ® Y, has the following form:

hRK(f)=k"ofoh, feXo®Y,
where k" is the right adjoint map of k.

2.1.10. Let X, Y and Z be complete lattices, and let X x Y Ly 7bea bimorphism.
With every z € Z we associate a tensor b, € X ® Y defined by (cf. Remark 2.1.6):

b.(x)=V{y €Y |b(x,y) <z}

If XY - Z is the unique join-preserving map extending b (i.e. b(x,y) =
h(x ® y), x € X,y € Y), then show that the following relation holds:

h(f)y=NzeZ|f=<b} [feXQ®Y.

2.1.11. Let X, Y and Z be complete lattices. Show that the following chain of
isomorphisms hold:

(X®Y,Z] = [Z°P,[X,YP]] = [X, [Z°P, Y°P]] = [X, [Y, Z]] = Bimorph(X x Y, Z).

Comment. The previous exercise was inspired by a personal communication to the
authors by M. Barr.
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2.2 Prequantales: The Basis of Quantales

A pair (X, %) is a prequantale if X is a complete lattice and X x X > X is a
bimorphism of Sup —i.e. X x X < X is a map in Set and is join-preserving in
each variable separately. Instead of *(x, y) we also write x x y forx, y € X.If (X, %)
is a prequantale, then * is called the multiplication of X.

By the universal property of the tensor product in Sup the multiplication * of a
prequantale X can be identified with a binary operation in the sense of Sup —i.e. a

join-preserving map X ® X -2, X. In this context, the commutative diagram (2.11)
attains the following form

XxX -25sx0X
S L

*
X

where ® denotes the universal bimorphism. Hence prequantales and magmas in Sup
are equivalent concepts, and we will not distinguish between them.

Since in the case of x # 1 and y # L every pair (x, y) can be identified with its
corresponding elementary tensor x ® y (cf. (2.16)), the previous diagram suggests
the following simplification of notation.

Notation. Let (X, %) be a prequantale with its corresponding binary operation .
Then we will also write x ® y for ®(x ® y) where x, y € X. Since now x * y and
x ® y coincide, it will depend on the context which kind of notation we will prefer.

Since the category Sup shares various properties with the category of abelian
groups — e.g. zero object, biproducts, (epi-mono)-factorization property and a tensor
product producing a symmetric and monoidal closed structure (see Sect. 2.1), a
prequantale can therefore be viewed as a “non-associative ring-like object” — the
formation of joins plays the role of addition, while x is the ring multiplication.

Before we proceed, we first present an interesting class of examples of prequanta-
les induced by non-associative algebras.

Example 2.2.1. Let g = (V,[, ]) be a finite-dimensional real or complex Lie
algebra (cf. [45, Definition 2.36 on p. 53]). Then V is a finite-dimensional real

or complex vector space, and V x V L v is a bilinear map which is alternating
(i.e. [a, a] = 0 for each a € V) and satisfies the Jacobi identity:

la, b, c]]l + b, [c,al]l +[c, [a,b]] =0, a,b,ceV.

The map [_, ] is also called Lie bracket.

Now let X (V') be the lattice of all linear subspaces U of V ordered by set-inclusion.
Obviously, meets in X (V') are intersections of subspaces, and joins in X (V') are given
by the linear hull of unions of subspaces.
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The Lie bracket induces a binary operation on X (V) as follows:
U % W = linear hull of {[a, b] |a € U, b € W}, U, W e X(V).

Since the Lie bracket is bilinear, the operation = is join-preserving in each variable
separately. Hence (X(V), *) is a prequantale.

As a first simple property we mention the unitalization of prequantales. In this
context we recall that a prequantale (X, *) is unital if (X, %) has a unit e — i.e.
xxe =x = exx forall x € X. Referring to Sect. 1.1 the unitalization of prequan-
tales always exists (for details, see Exercise 2.2.2).

A homomorphism between prequantales’ (X, %) and (Y, %) is a homomorphism

between magmas in Sup; this means that X <% Y is join-preserving and also
preserves the respective multiplications — i.e. h(x; * x2) = h(xy) * h(xy) for all
X1, X2 € X. A homomorphism £ is unital if h preserves the respective units ex and
ey —1ie. h(e‘x) = éy.

In order to give a characterization of homomorphisms we need some more termi-
nology. Let (X, %) and (Y, %) be prequantales. An isotone map (X, <) Ay (Y, <) is
said to be closed if the relation h(x1) * h(x;) < h(x; * x») holds for all xq, x, € X.

Proposition 2.2.2. Let (X, %) and (Y, ) be prequantales. Further, let X 5 Y be a

Join-preserving map and 'Y I Xt right adjoint map. Then the following assertions
are equivalent:

@) h and h" are closed maps.
(i1) h is a homomorphism.

Proof. If h" is closed, then x| % x, < AT (h(x))) * h™(h(x2)) < A" (h(x1) * h(x2))
for all xy, x, € X. Hence h(xq * x2) < h(xy) % h(xp) follows. If & is also closed,
then A is a homomorphism. On the other hand, if /4 is a homomorphism, then
weobtain h(h"(y1) * h™(y2)) = h(h" (y)) * h(h"(y2)) < y1 * y2forally;, y, € Y.
Hence the closedness of A" follows. m|

Prequantales and homomorphisms form a category denoted by Pg. In the follow-
ing considerations we will focus on the categorical properties of prequantales.

As a first important property we show that Pq is isomorphic to the Eilenberg—
Moore category of the composite monad DwnT, where Dwn is the monad of down-
closed sets and T is the term monad of a single binary operator symbol on Preord
(cf. Sect. 1.3.2). In this sense prequantales have deep roots in the category of pre-
ordered sets.

Since a prequantale (X, ) has two structures — on one hand a preordered
groupoid (X, <, %) and on the other hand a complete lattice (X, <), we identify

2In order to avoid a cumbersome notation the multiplication of prequantales is denoted by * on
both sides.
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(X, <, %) with a structure map T(X, <) T (X, <) in the sense of T and the for-

mation Supy of arbitrary joins with a structure map (Dwn(X), ©) £ (X, <) in
the sense of Dwn. If we now consider the Minkowski multiplication = on Dwn(X)
induced by %, which is intrinsically related to the distributive law of Dwn over T (see
Sect. 1.3.2), then it is easily seen that the distributive law between the multiplication
and the formation of arbitrary joins in a prequantale means the commutativity of the
diagram

Supy X supy

Dwn(X) x Dwn(X) — X x X

ml l (2.26)

supy

Dwn(X) ————— X

—i.e. & is a T-homomorphism. Hence we conclude from Proposition 1.2.15 and
the subsequent comment that & o Dwn (&) is a structure map of a DwnT-algebra on
X, ).

On the other hand, given a DwnT-algebra ((X, <), &), & can be decomposed into
a T-algebra ((X, <), El) and a Dwn-algebra ((X, <), 52) such that the following
relations hold (cf. Theorem 1.2.14):

§=&oDwn() and §oox =& 0T(&). (2.27)

Hence (X, <) is a complete lattice, and ((X , ), El) can be identified with a preor-
dered groupoid (X, <, x). Moreover, the second property in (2.27) means that supy
is a groupoid homomorphism (cf. (2.26)). Hence * satisfies the required distributive
law — this means that * is a bimorphism in Sup.

Since DwnT-homomorphisms are join-preserving maps which are simultane-
ously groupoid homomorphisms (cf. Theorem 1.2.16), we can summarize the pre-
vious results as follows.

FACT 1. The category Pq of prequantales is isomorphic to the Eilenberg—Moore
category of the composite monad DwnT on Preord.

Because of the previous fact, completeness of Pq is inherited from Preord. In
particular, limits in Pg are computed at the level of Preord.

Since it appears that Pq does not have a self-duality, the investigation of colimits is
more complicated than what we have encountered in Sup. For example, we leave the
characterization of epimorphisms in Pg as an open problem to the reader. Therefore
we turn directly to regular epimorphisms. For this purpose we need an adaptation of
closure operators to the situation given by prequantales.

Definition 2.2.3. Let (X, *) be a prequantale. A closure operator ¢ on X is called a
nucleus on (X, ) if ¢ is compatible with the multiplication * in the following sense:

c(x1) *c(x2) <c(xy xx2),  x1,x € X.
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Example 2.2.4. Let X > Y be a homomorphism between prequantales (X, %) and
(Y, %).If ¢, = h" o h is the closure operator on X associated with &, then we infer
from Proposition 2.2.2 that ¢, is always a nucleus on (X, ).

By analogy with closure operators, the set N(X, x) of all nuclei on (X, %) is a
complete lattice with respect to the partial order defined by

c1 < <= c1(x) <c(x)forall x € X.

In particular, meets in N(X, %) are again computed pointwisely.

The first important observation is that the range of every nucleus ¢ on a prequan-
tale (X, ) gives rise to a prequantale (c(X), x). In fact, the multiplication « is given
by

c(xy) xc(x2) = c(c(xy) * c(xz)) = c(xy * x2), X1, X2 € X. (2.28)

Obviously, (¢(X), ) is a prequantale and the quotient map X < ¢(X) is a surjec-
tive homomorphism in Pg. We call (c(X), %) the regular quotient of (X, %) w.r.t. ¢
and will justify this terminology in the following. We begin with the construction
of coequalizers in Pg. As a first step we present an analogue of the factorization
Lemma 2.1.3.

Lemma 2.2.5. Let X > Z be a surjective homomorphism and X - Y be an arbi-
trary homomorphism between prequantales with the associated nuclei ¢, and c,
on X. Then h factors through m — i.e. the commutativity of the following diagram
holds:

X 257

N
Y

if and only if the relation c; < ¢y, is valid.

Proof. The necessity of ¢, < ¢, is evident. On the other hand, if ¢, < ¢;, then we
conclude from the proof of Lemma 2.1.3 that & o 7" is left adjoint to 7 o h™. By
Proposition 2.2.2 both isotone maps 4 o 7"~ and 7 o A" are closed. Hence by The-
orem 1.3.7 and again by Proposition 2.2.2 the map k = & o 7" is a homomorphism
between prequantales. Obviously & = k o 7w holds — i.e. & factors through w. O

Theorem 2.2.6. The coequalizer of every pair of parallel homomorphism in Pgq
exists.

Proof. Let R %& X be a pair of parallel homomorphisms between prequantales and

IF be the set of all nuclei ¢ on (X, *) satisfying the following condition:

c(hi(r)) =c(hy(r)), reR.
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Since the meet of nuclei is computed pointwisely, the meet ¢y of I belongs to IF.
Further, let (co(X), x) be the regular quotient of (X, %) w.r.t. ¢y and X Sy co(X)

be the corresponding quotient map. Then ., o hy = 7., o h; follows. If X - 7 is

a further homomorphism with k o h; = k o h;, then the associated nucleus ¢y is an

element of IF. Then we infer from Lemma 2.2.5 that k factors through . Since

7, 1s surjective, the factorizing homomorphism is unique. Hence (m.o, (co(X), *))

h

is the coequalizer of R %? X. O
The proof of the previous theorem implies that every coequalizer in Pg can be

viewed as a surjective homomorphism. The next theorem reveals that every surjective

homomorphism in Pq is the coequalizer of its kernel pair.

Theorem 2.2.7. Let X 1Y be a surjective homomorphism between prequantales

and R :Z$ X be the kernel pair of h. Then the diagram

R 14 x

o] b (2.29)

X Ly
is a pullback and a pushout square — i.e. a pulation square in PqQ.

Proof. By definition the diagram (2.29) is a pullback square. Further, we choose

homomorphisms X :];? Z with k o p =1 o q. Then we conclude from the proof of
Theorem 2.1.2 that the following properties hold:

k=1 and koh" dhok".

Since k o h"™ and h o k" are closed maps, Y AT homomorphism from (¥, *)
to (Z, *). In particular, (k o i™) o h = k holds (cf. Proof of Theorem 2.1.2). Hence
the universal property of pushouts in Pq follows. O

We can summarize the previous results as follows.

FACT II. Regular epimorphisms of Pq and surjective homomorphisms between pre-
quantales are equivalent concepts.

Since the forgetful functor from Preord to the category Set (of sets and maps)
has a left adjoint functor, we derive the following important result from the previous
Facts I, II and Theorem 2.2.6.

Corollary 2.2.8. The category Pq of prequantales is algebraic.

It follows from the general theory of algebraic categories that Pq has the (regular
epi, mono)-factorization property and coproducts (cf. [47, Corollary 32.13 and The-
orem 32.14]). For the convenience of the reader we will give here direct proofs of
these properties.
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Since the associated closure operator of every homomorphism between prequan-
tales is a nucleus (cf. Example 2.2.4), it follows immediately from Lemma 2.2.5 that

every homomorphism (X, %) & (Y, %) has a unique decomposition (up to isomor-
phism)

X s cn(X)

into an regular epimorphism ., determined by the nucleus ¢, and followed by a
monomorphism my, defined by mj(x) = h(x) for all x € ¢;,(X). In particular, the
partially ordered set of all regular quotient objects of a given prequantale (X, %) is
order isomorphic to the complete lattice N(X, *) of all nuclei on (X, *).

As a preparation of the construction of coproducts in Pg, we conclude from
Fact II in Sect. 2.1 and Corollary 1.1.5 that for every complete lattice X the free
magma (X¥, my:) exists. We record this result as follows.

Theorem 2.2.9. (Free prequantales) Let X be a complete lattice. Then there exists
a prequantale (X*, *;) and a join-preserving map X 2% X* such that for every
further prequantale (Y, %) and for every further join-preserving map X 'Y there

exists a unique homomorphism (X*, ;) 25 (Y, %) such that the following diagram
is commutative:

X X xt

\ %h:
h e
Y

Let {(X;,*;) | i € I} be a family of prequantales. As a first step we form the
coproduct C = Ll;¢; X; of the family {X; | i € I} in Sup with the corresponding co-
product injections X; <%+ C. Subsequently we consider the free prequantale (C*, ;)
generated by the complete lattice C. Now we introduce the set I of all nuclei ¢ on
(C?, #y) satisfying the following condition:

c((c 0 q)(xi) *5 (nc 0 1) (3i)) = c((ne 0 gi)(xi *; yi))

for all x;, y; € X; and for all i € I. Finally, let ¢y be the meet of I in N(CF¥, *34).
Then ¢y is again an element of IF.

Now we construct the regular quotient (X, %) of (C¥, *4) and the corresponding
join-preserving quotient map C* 05 X, Finally, for every i € I we introduce a
join-preserving map X; > X, by p; = e, © NC © g

It follows from the construction of Xy = co(C?) that X; 2% X, is a homomor-
phism for all i € 1. We show that (X, *) is the coproduct of I with the coproduct
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injections p; where i is varying in /. For this purpose we consider a further prequan-
tale (Y, %) and homomorphisms X; i,y for all i € I. We have to show that there

exists a unique homomorphism X 40,y such that hg o p; = h; holds for alli € I.
(Uniqueness) Since hg o 7w, 0 ¢ © i = hj = (Uierh;) o qi, we conclude from
the universal property of coproducts in Sup that the relation s o 7., 0 ¢ = Uierhi
holds. Hence hg o 7o, = (Uie 1h,~)Ij follows from Theorem 2.2.9. Since 7., is surjec-
tive, the uniqueness of i follows.
(Existence) With regard to the existence of &, the previous argumentation sug-
gests to verify the factorization of (I_I,-E 1h i)ﬁ through 7, . If ¢'is the nucleus associated

with (e ,hi)ﬁ, then we infer from Lemma 2.2.5 that it is sufficient to show ¢y < €.
For this purpose we fix j € I and choose x;, y; € X;. Now we observe:

(Wicrhi)F(ne(q; () %5 ne(q; (v))
= (Wierhi) e (q; ) * ((Licrhs) e ()N))
=h;(x;)*h;(y;)
=hj(xj*; yj)
= (Uielhi)n(nC(Qj(xj *; 7))

Hence ¢ is an element of IF, and ¢y < ¢ follows.

As the reader might have noticed, the construction of coproducts of prequantales is
not simple, but rather complicated in Pg. Therefore it would be most desirable to have
a method at our disposal which simplifies the situation under certain restrictions. In
Sect. 2.5 we will see that the tensor product will play such a réle (cf. Theorem 2.5.9).

2.2.1 Left- and Right-Implication

In this subsection we prefer to understand prequantales as magmas (X, ®) in Sup
and make repeated use of the self-duality in Sup. First we are interested in the right
adjoint map of binary operations in Sup.

Theorem 2.2.10. Let (X, ®) be a magma in Sup. Then the right adjoint map
xor Loy (X ® X)°? = [X, X°P] of the binary operation ® has the following form:

To@Ix) =xNz:=V{yeX|x*xy=<z}, z,xeX (R)

Proof. Letusrecall that the tensor product X ® X in Sup is the complete lattice of all

join-reversing maps X %+ X. Since every tensor is an appropriate join of elementary
tensors, for every z € X we have to compute the join of the following subset of
X®X:

A, ={xQ@ye XX |x®y <z}
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Further, werecallx ® y = x * y and theequivalencex  y < g <= y < g(x) (cf.
(2.15)). Thus we have to determine the meet of the following subset B, of X ® X:

B.={geX®X|xxy=<z = y=<gk)}

Obviously, every g € B, satisfies the property \/{y € X | x *x y < z} < g(x) for all
x € X. Hence the correspondence x —> \/{y € X | x x y < z} is the smallest join-
reversing map contained in B,. Thus (R) is verified. O

Since Sup is a symmetric and monoidal closed category, every binary operation
X ® X - X induces a join-preserving map X ® X 2 xor by

@ = Exor O (1X X F@), (2.30)

where X ® [X, X°P] 2% X is the evaluation arrow of X ® _ - homy. If we
evaluate & at elementary tensors of X ® X°P, then we conclude from (2.30) and
Theorem 2.2.10 that the relation

&(x®z)=x\z, xz€X (2.31)

holds. Therefore & is also called the right-implication of ® (respectively of ).

In order to define the left-implication of ® we proceed as follows. Since Sup has
a symmetry c (cf. Lemma 2.1.15), we first recall that the transposed multiplication
of ® is determined by:

®t=®OCXX —1i.e. X *rX2 = X7 * X1, X1, x € X.

Then the left-implication X" @ X - X7 of @ is defined as the composition of
cxorx With the right-implication of the transposed multiplication ®*. Hence @ is
explicitly given by

@=evxw o (I'gr ® lx). (2.32)

In this context, the evaluation of & at elementary tensors now attains the following
form:

@@y =z,/y:=VxeX|xxy=<z}, zyeX (2.33)

As we will see later, the right- and left-implication will play a basic rdle in the theory
of modules in Sup (cf. Sect. 3.1). In particular, the right- (Ieft-)implication coincides
with the formation of right- (left-)residuals (cf. [14, p. 325]).

A left unit of a prequantale (X, *) (resp. magma (X, ®) in Sup) is a join-
preserving map 1 -4 X such that the diagram
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1ox 2% xox

W

is commutative. If we identify the join-preserving map e with its value at 1, then this
means e x x = x for all x € X. The concept of a right unit is defined analogously,
via the commutativity of the diagram:

X1 2% xox

S

In fact, e is the unit of a magma (X, ®) in Sup (cf. Sect. 1.1) if and only if e is a left
unit and a right unit.

After these preliminaries we will show that a left (resp. right) unit can be charac-
terized by the right-implication (resp. left-implication) of the corresponding multi-
plication.

Theorem 2.2.11. Let (X, ®) be a magma in Sup and & be the right-implication of
®. A join-preserving map 1 -4 X is a left unit of (X, ®) if and only if the following
diagram is commutative:

1® X7 2% x @ xor

e
Lyop

Xxer

Proof. By the definition of the natural isomorphism £ (see the proof of Lemma 2.1.14)
the diagram

1®X°°

¢
11®£;l N

Exop

1®[1L, XP] — X

is commutative. Further, the right adjoint map of 1 ® X ~<@ley ¥ @ X is the evalu-
ation at e — i.e. m —> m(e) for all m € [X, X°P] (see Exercise 2.1.9). Hence the
diagram
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e®]1x xor)

1®[X, X7 —3 X ® [X, X°]

Iy ®(€®1x)kl lfw

exop

1®[L, XP] — 22 5 xor

is also commutative. Since ®" coincides with Iy, we now put the previous diagrams
together and observe

[X, X°P]

11e®" e®lyx xor)
11 ®(e®1x)"
11 @8

1 X? —5 1Q[1, X X®[X, XP]

Lxop
XOP &0
Exop

Xop

Hence the assertion follows. O

Corollary 2.2.12. Let (X, ®) be a magma in Sup and @ be the left-implication of
®. A join-preserving map 1 -4 X is a right unit of (X, ®) if and only if the following
diagram is commutative:

xor ® 1 1 yor ®e xor ® X

\ l@
ryop

xor

Proof. Since e is aright unit of (X, ®) if and only if e is a left unit of the transposed
magma (X, ®"), the assertion follows immediately from the construction of & and
Theorem 2.2.11. O

We finish this subsection with an example describing the MacNeille completion
of residuated preordered groupoids.

Example 2.2.13. Anpreordered groupoid (X, -, <) is called residuated if there exists
two further binary operations \, and /" on X (in the sense of Set) satisfying the
following condition for all x, y, z € X:

y<x\\z <<= x:y<z << x=Zz,/y. (RR)

By (R), (2.31) and (2.33), the underlying groupoid of any prequantale is residuated.
On the other hand, we will show that the MacNeille completion of any residuated
preordered groupoid is a prequantale such that the corresponding “embedding” pre-
serves the respective multiplications and formations of residuals. For this purpose
we maintain the notation from Example 2.1.4 (a).
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Let (X, <, %, N\, °) be a residuated groupoid. In order to prove that the Mac-
Neille completion X of the underlying preordered set (X, <) is a prequantale it is
sufficient to show that the closure operator C = L o U is a nucleus with respect to
the Minkowski multiplication & on Dwn(X) induced by *. If A and B are down-
closed subsets of X, then we choose u € C(A), v € C(B) and z € U(A @ B). Since
axb < zholds foralla € A and b € B, we infer from (RR) that a | z is an upper
bound of B for all @ € A. Hence v < a \ z follows for all a € A. Applying (RR)
again we obtain that z ,/ v is an upper bound of A. In particular, we haveu <z / v.
So, u xv < z follows —i.e. C(A) @ C(B) € C(A @ B).

Obviously, ny preserves the respective multiplications. Further, we conclude from
(RR) that the following equivalences hold:

JxBAC |y < AC|(x\Y),
AR lx Cly & AC |/ x).

Hence ny also preserves the respective formation of residuals.

As a trivial corollary of the previous example we obtain that every prequantale
(X, =) is aregular quotient of the complete lattice Dwn(X) of all downclosed subsets
of X provided with the Minkowski multiplication induced by .

2.2.2 Involutive Prequantales

In this subsection we enrich prequantales with an involution which is also an anti-
homomorphism. For this purpose we first briefly review the category of involutive
lattices.

Let X be a complete lattice. An isotone map X %+ X is called an involution on
X iftx o tx = lx. Since involutions are always automorphisms, every involution on
a complete lattice is join- and meet-preserving. A pair (X, ty) is called an involu-
tive lattice if X is a complete lattice and ¢y is an involution on X. Let (X, tx) and

(Y, ty) be involutive lattices. A join-preserving map X & Y is said to be involutive
if the relation & oty = ty o h holds. Obviously, involutive lattices and involutive
join-preserving maps form a category, which we denote by ISup.

Lemma 2.2.14. Let (X, 1x) and (Y, tx) be involutive lattices and X 1> Y be a join-
preserving map. Then (X, 1x) 1 (Y, ty) is a morphism in ISup if and only if its

right adjoint (Y°P, ty) Ay (X7 1x) is a morphism in ISup.

Proof. Let X - Y be an involutive and join-preserving map. Since the following
chain of equivalences holds forallx € X and y € Y:

x <ix(h" () &= h(x) = (h(x(x) <y <= x <h"(y),
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the right adjoint map A" of % is involutive. The converse implication follows by an
application of the principle of duality. O

Obviously, the self-duality of ISup follows immediately from Lemma 2.2.14.
A further property is the simple fact that every complete lattice gives rise to an
involutive lattice X x X provided with the involution tx« x defined by

txxx (X1, X2) = (X2, x1),  (x1,x) € X x X.

We will show that (X x X, txxx) is the free involutive lattice generated by X where
the corresponding embedding X -2+ X x X is given as follows:

nx(x) = (x, 1), x € X.

Proposition 2.2.15. Let X be a complete lattice, (Y, y) be an involutive lattice
and X 15'Y be a join-preserving map. Then there exists a unique involutive and
join-preserving map X x X — Y making the following diagram commutative:

X Xy XxxX

x ; . @

Proof. (a) (Uniqueness). Since "h ' is involutive, the commutativity of diagram (I)
means:

y(h(x)) =y o"™h)(x, L) ="h'(L,x), xeX.
Subsequently, we use the property that "4 is join-preserving. Hence we obtain:
h(x1) V iy (h(x2)) = Th'(x1, x2),  (x1,x2) € X x X. (2.34)

(b) (Existence) We define " 7 'by (2.34). Then" & 'is join-preserving and the diagram
(D) is commutative. Further, the following relation holds for all (x, x;) € X x X:

ty (Th'(x1, x2)) = 1y (h(x1)) V h(x2) = "h'(x2, x1) = "h "(txxx (x1, X2)).
O

As an immediate corollary of Proposition 2.2.15 we obtain that the forgetful
functor U: IISup — Sup has a left adjoint functor F: Sup — ISup. The monad I
induced by this adjoint situation F = U is called the monad of involutive lattices (for
details, see Exercise 2.2.5).

Definition 2.2.16. (a) Let (X, %) and (Y, *) be prequantales. A join-preserving map
X 5 Y is called an anti-homomorphism if h(x| * x) = h(xy) * h(x1) holds for all
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X1, Xy € X. Hence an anti-homomorphism means a homomorphism from X to Y
where Y is provided with the transposed multiplication of Y.

(b) A triple (X, *, tx) is an involutive prequantale if (X, tx) is an involutive lattice,
(X, %) is a prequantale and the involution ¢y is an anti-homomorphism.

(c) Let (X, *,tx) and (Y, %, ty) be involutive prequantales. A join-preserving map
X -5 Y is an involutive homomorphism if h is a homomorphism between prequan-
tales and an involutive, join-preserving map between involutive lattices.

Since prequantales are magmas in Sup, involutive prequantales are involutive
magmas in Sup. Further, free magmas in Sup generated by complete lattices X
are always denoted by (X*, ®.). In this context we also refer to the Fg-term monad
T = (T, n, p) (of a single binary operator symbol) on Sup and recall the construction
of the Fg-term functor T (see Sect. 1.1.1 and Appendix A.l in the special case
Co = Sup):

TX) =X, Xy TX) T, Tk = Oyoh).

The next theorem and the subsequent corollaries can be understood as a confir-
mation that there exists a distributive law of the endofunctor T over the monad I of
involutive lattices.

Theorem 2.2.17. Let (X, 1x) be aninvolutive lattice and (X*, ®.) be the free magma
in Pg generated by the complete lattice X with the corresponding join-preserving

embedding X 2 X*. On X* there exists a unique isotone involution X* .t
satisfying the following conditions:

(Al) tx: onx =nx oty.
(A2) (X4, ®4, txr) s an involutive magma.

Proof. Let (X, tx) be an involutive lattice, and (®4)® be the transposed multipli-
cation of X*. Then we conclude from Theorem 2.2.9 that there exists a unique
homomorphism

(X%, ®;) —5 (XF, (®,)")

satisfying (A1). Obviously tx: is an anti-homomorphism from (X*, ®;) to (X*, ®;).
Since tx: is also a homomorphism from (X 1 (@g)f) to (X*, ®;), it follows from
the uniqueness of the extension of join-preserving maps to homomorphisms on free
prequantales (see again Theorem 2.2.9) that tx: o tx: = 1x: holds — i.e. tx: is an
involution on X*?. Hence condition (A2) is verified. |

The next corollary reveals that the involutive magma (X*, ®;, tx:) constructed in
Theorem 2.2.17 (i.e. tx: satisfies (A1)) is the free involutive magma generated by
the involutive lattice (X, tx).

Corollary 2.2.18. Let (X, tx) be an involutive lattice, (X*, ®y4) be the free magma
generated by X, and let ty: be the involution on (X*, ®;) satisfying the conditions
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(A1) and (A2) in Theorem 2.2.17. Further, let (Y, *, ty) be an involutive prequantale
and X 'Y be an involutive and join-preserving map. Then there exists a unique

involutive homomorphism X* sy making the following diagram commutative

X X xt

h v
Y

Proof. Let h* be the unique extension of 4 to a homomorphism from (X*, ®;) to
(Y, %). We have to show that 4 is involutive. Obviously, 4 is also a homomorphism
hfolz
from (Xj, (@ﬁ)r) to (Y, #7). Hence (X*, ®;) L:thxug (Y, ") is a pair of homomor-
yo.

phisms. Now we invoke (A1) and obtain:
hnolx:onxZhnonxotx=h0[x=[y0h=[y0hu0nx.

Since the extension to homomorphisms is unique, 4 o ty: and ty o h* coincide —
i.e. h” is involutive. |

Corollary 2.2.19. Let (X, tx) and (Y, ty) be involutive lattices, and let
X' =T(X) 25 T(X) = X and Y¥ = T(Y) 5 T(Y) = ¥*

be the involutions satisfying conditions (A1) and (A2) in Theorem 2.2.17. If X 15 Y

is a morphism in ISup, then T(X) T, T(Y) is not only a homomorphism between
prequantales, but also a morphism of ISup.

Proof. By (Al) the map ny is involutive and a fortiori join-preserving. Hence in the
case of ny o h the hypothesis of Corollary 2.2.18 is satisfied. Since T (%) coincides
with (y o h)F, the assertion follows from Corollary 2.2.18. m]

If we now combine Corollary 2.2.19 with Theorem 1.2.7, then it is evident that
there exists a distributive law o : IT — Tl of the Fg-term functor T over the monad
I of involutive lattices.

In the next step we verify that the composite monad TI exists in the sense of o.
For this purpose we have to confirm the assumptions of Beck’s Theorem (cf. Theo-
rem 1.2.12). Obviously, the assertion (i) of Lemma 1.2.8 follows immediately from
condition (A1) (cf. Theorem 2.2.17). In fact, if (X, tx) is an involutive lattice, then
(A1) means that the X-component of the unit of the Fg-term monad T is involutive.
The assertion (i) of Lemma 1.2.10 in the setting of the monads I and T is the subject
of the next proposition.

Proposition 2.2.20. Let (X, tx) be an involutive lattice, and let (X*, ®;, tx:) and
((Xn):, (®1)1, L(X:):) be the involutive magmas constructed in Theorem 2.2.17.
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Then the X -component (X*)* = TT(X) 4% T(X) = X* of the multiplication of the
Fe-term monad T is involutive.

Proof. First we recall that the X-component T(T (X)) %+ T(X) of the multiplica-
tion of T is also a homomorphism w.r.t. the transposed multiplications ((@tt)n)f and
(®4)°. Hence

Mx Ol ytye

(X, (@9)s) T (XF, (89)7)

are homomorphisms. Since py o n1(x) = 1xz, we infer from (A1) that the following
relation holds:

Lxt O lx ONT(X) = MX ONT(X) Olxt = X O l(xt) O NT(X)-

Since the extension of a join-preserving map to a homomorphism is unique, the
homomorphisms Lij oy and py o t(x:y: necessarily coincide. Thus wy is involu-
tive. O

The previous results show that we have verified the assumptions of Beck’s Theo-
rem. Thus the composite monad TI of the monad of involutive lattices on Sup with
the Fg-term monad (of a single binary operator symbol) on Sup exists.

Moreover, it is not difficult to verify that TI-algebras (X, &) and involutive pre-
quantales can be identified with each other (cf. Exercise 2.2.6). Hence the Eilenberg—
Moore category Sup ™! is isomorphic to the category IPq of involutive prequantales
with involutive homomorphisms. Since Sup is complete, IPq is also complete. In
order to verify the existence of colimits in IPg we need some more terminology.

Definition 2.2.21. Let (X, *, ty) be an involutive prequantale. A closure operator
c on X is called an involutive nucleus if ¢ is a nucleus on (X, %) and satisfies the
additional condition:

tix(cx)) <clix(x)), xeX. (IN)

It is easily seen that every involutive nucleus ¢ on an involutive prequantale
(X, *, ty) satisfies the property tx (c(x)) = c(tx(x)) forall x € X. Hence the regular
quotient of an involutive prequantale with respect to an involutive nucleus is again an
involutive prequantale. By Lemma 2.2.14 the closure operator associated with an in-
volutive homomorphism is always an involutive nucleus. Since right adjoint maps of
involutive homomorphisms are obviously involutive, the results from Lemma 2.2.5,
Theorems 2.2.6 and 2.2.7 can be transferred to IPg — this means that

— the category IPq has coequalizers,

— the regular epimorphisms in IPq are precisely the surjective and involutive homo-
morphisms,

— the category IPqg has the (regular epi, mono)-factorization property.

Morover, if we combine Proposition 2.2.15 with Corollary 2.2.18, then we obtain
that every complete lattice X generates a free involutive prequantale
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((X X X)ﬁ, ®n, L(XxX)j)‘

In fact, for every involutive prequantale (Y, *, ty) and for every join-preserving map

X -5 Y there exists a unique involutive homomorphism (X x X)* % ¥ such that
h¥*(nxxx(x, L)) = h(x) holds for all x € X.If we put

"h7(x1, x2) = h(x) Viy(h(x2)),  (x1,x2) € X x X,

then A* coincides with the extension ("2 ™)* of "h™ to a homomorphism on the free
prequantale (X x X)*%, @®4) generated by X x X (cf. Corollary 2.2.18).

Thus the construction of coproducts also transfers from Pg to IPqg. So, [Pqg is a
cocomplete category.

Since the forgetful functor from Sup to Set has a left adjoint functor, we derive
the following important property from the previous results.

FAcT HI. The category of involutive prequantales is algebraic.

We finish this subsection with the observation that in involutive prequantales
(X, *, tx) the right-implication and left-implication are mutually determined by each
other. Referring to (R), (2.31) and (2.33), the relations

tx(er \(x2) = ix(x2)  tx(x) and x(xo  x1) = 1x(x1) \(ix(x2) (2.35)

hold for all x;, x, € X. Hence these properties can be expressed by the following
commutative diagrams:

XP@X — 9", xgxr XT®X ——— X @ X7

LX®le J/@ @l J/1X®LX

XP@X -2 X X xor xor Xy xor ¢& x @ xoP
Exercises

2.2.1. Confirm that there exist precisely 20 prequantale structures on the three-chain
C; = {1, a, T} given by the following multiplication tables:

(D @) 3

FIE[E
FE[F=
R
FE[E
==
IEEE
FE[E
FE[E[=
YRR

—|Q || *
BRI ES
—|Q || *
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x| Lla|T x| Llal|T x| Lla|T
IRERERNE IR ERERNE IRERERNE
@ al|l|L|L ) all|l|a ©) al|l|L|L
TlL|al|a TlL|al|a TIL|LIT
| Lia|T | Llal|T x| Lia|T
IR ERERNE IR ERERNE IR ERERNE
@ all|lla ®) all|Ll|L ©) all|lla
TIL| LT TlL|a|T TlL|a|T
¥|Llal|T | Lla|T | Lla|T
IRERERNE IRERERNE IRERERNE
(10) al|L|L|T (an al|l|L|L (12) all|lla
TIL| LT TIL|T|T TIL|T|T
x| Lia|T | Lia|T | Llal|T
1Ll L) L{L IR ERERNE
(13) al|L|L|T (14) al|Ll|L|T (5) alllala
TlL|a|T TIL|IT|T TlL|al|a
| Llal|T | Llal|T | Llal|T
IREREREE L)Ll IR ERERNE
(16) alllala a7 allla|T (18) alllala
TlL|a|T TlLla|T TIL|T|T
x| Lla|T x| Lla|T
IRERERNE IRERERNE
(19) alllal|T (20) al|lL|T|T
TIL|T|T TIL|T|T

2.2.2. If (X, #) is a prequantale and 1 is the two-chain {0, 1}, then define a binary
operation ¥ on X = X x 1 as follows:

(x, 0% (y,0) = (x *y,0), L DF@, D= ((xxy) vV vy,
L DFQ,0=((x*xy)Vy 0, 0%, 1=(y*x)VyO0).

(a) Show that (g , %) is a unital prequantale with unit (L, 1).
(b) Show that (X, %) is the unitalization of (X, ).
(c) Let *° be the transposed multiplication of *. Show that ¥* = %7 holds.



2.2 Prequantales: The Basis of Quantales 89

2.2.3. Let (X, *) be a prequantale and c be a closure operator on X. Show that c is a
nucleus if and only if ¢ satisfies the following additional properties for all x, y € X:

xxc(y) <c(xxy) and c(x)*xy <c(x *xy).

2.2.4. Let (X, %) be a prequantale. An isotone map X - X is called a prenucleus
if p satisfies the following conditions for all x, y € X (cf. [94]):

x = p(), xxp(y)=plxy) and x*p(y) < p(x*y).
If now p is a prenucleus on X, then show that the map X - X defined by
pox)=/ANzeX|x<z, pl@) =<z}, xeX

is a nucleus on (X, %).
(Hint: For x, u € X with p(u) < u first verify the relations p(x \y ) < x \  © and
p(u v x) <u  x,and then use Exercise 2.2.3.)

2.2.5. LetI = (l, n', ,u') be the monad of involutive lattices on Sup.

(a) Show that the data |, n' and ' of T are explicitly given as follows:
100 =X x X, ny) =0, L), wy (0.0, (5,00)) = (@1 Vxg, 22V x3)

for all x, x1, x2, x3, x4 € X.

(b) Let XX and I(X) =X x X £ X be join-preserving maps such that
E(x,Ll)=xand &(L, x) = «(x) for all x € X. Show that (X, &) is an I-algebra
if and only if ¢ is involutive.

(Hint: Prove that 11(X) 1), [(X) is defined for all ((x1, x7), (x3, x4)) € [I(X) by

[&)((x1, x2), (x3, x4)) = (§(x1, x2), §(x3, x4))

2.2.6. LetIbe the monad of involutive lattices, T = (T, n, 1) be the monad of a sin-
gle binary operator symbol on Sup, and let X be a complete lattice provided with two
algebra structures: (X, &) is an I-algebra and (X, &;) is a T-algebra such that &, is
an involutive homomorphism — i.e. (TI(X), & o T(&)) is a TI-algebra and the rela-
tion & o T(&)) o ox = & o (&) holds (cf. Theorem 1.2.14 and Proposition 1.2.15).

Further, let X - X and X ® X -2 X be determined by (cf. Exercise 2.2.5 (b)):
So@®ox®nx)=®, and &(L,x)=1tx), xeX
Show that (X, ®, ¢) is an involutive magma in Sup — i.e. an involutive prequantale.

On the other hand, show that every involutive prequantale (X, *, () gives rise to a
TI-algebra.
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(Hint: Conclude from Corollary 2.2.18 that the extension of 1y to a homomorphism

T(X) £ x s involutive.)

2.3 Quantales: The Axiom of Associativity

A prequantale (X, %) is a quantale if the multiplication * is associative — i.e.
(xxy)kz=xx(y*z), x,y,z€X. (Associativity)

With regard to Lemma 2.1.13 the associativity axiom of quantales means that quan-
tales are semigroups in Sup. Hence, because of similarities between Sup and the
category of abelian groups, quantales can be understood as ring-like objects (see also
the Introduction in [59]).

Quantales obviously form a full subcategory of the category of prequantales which
we will denote by Quant. We show now that Quant is even a reflective subcategory
of Pq.

Theorem 2.3.1. Let (X, %) be a prequantale. Then there exists a quantale (X°, %”)

b
and a homomorphism X 2% X* such that for every quantale (Y, %) and for every

homomorphism X Y there exists a unique homomorphism X° 1 Y making the
following diagram commutative:

Proof. Let IF be the set of all nuclei ¢ on a given prequantale (X, *) satisfying the
following condition:

c((x*xy)xz)=c(xx(y*2), x,y,z€X.

Now we compute the meet ¢ of I in the sense of the complete lattice N(X, *) of all
nuclei on (X, *). Then ¢y stays inside ' —i.e. ¢y € ' — and the regular quotient of

b
(X, %) W.I.L. ¢y is a quantale, which we denote by (X", %”). In this context X —%+ X"
is the corresponding quotient map — i.e. n;(x) = co(x), x € X.If (¥, %) is a further

quantale and X & ¥ is a homomorphism, then the associativity of the multiplication
in Y implies that the nucleus c; associated with 4 is an element of IF'. Hence ¢y < ¢,
follows — i.e. i factors through 1’ (cf. Lemma 2.2.5). O

The quantale (X°, #”) constructed in Theorem 2.3.1 is called the associative
reflection of the prequantale (X, ). Obviously, the associative reflection of the free
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prequantale generated by a complete lattice X (cf. Theorem 2.2.9) is the free quantale
generated by X.

It follows immediately from Theorem 2.3.1 that the cocompleteness of Pq is
transmitted to Quant. The completeness of Quant is evident. In particular, limits
in Quant are computed at the level of Sup. Finally, regular epimorphisms in Quant
are surjective homomorphisms and coincide with the coequalizer of their kernel pair.
Since the forgetful functor from Sup to Set has a right adjoint functor, the category
of quantales is obviously algebraic.

A quantale is unital if it has a unit. Hence unital quantales are monoids in Sup.
A typical example of a unital quantale can be given as follows.

Example 2.3.2. Let X be a complete lattice and [X, X] be the set of all join-
preserving self-maps X L x provided with the partial order defined by

fi<fo & filx) < fo(x) forall x € X.

Then ([X, X], <) is a complete lattice. On [X, X] we consider the composition of
maps as multiplication —i.e. f; x f> = f; o f>. Then ([X, X], o) is a unital quantale
with the unit given by the identity 1y of X.

As a further important class of unital quantales we point out (cf. Sect. 1.1.2) that
for every complete lattice X the free unital quantale generated by X exists.

A subset of a quantale (X, %) is a subquantale of (X, x) if the inclusion map
is a homomorphism. A unital quantale is called integral if the unit coincides with
the universal upper bound T. If e is the unit of a unital quantale (X, ), then the
subquantale {x € X | x < e} is always an integral quantale.

Since in the case of symmetric and monoidal closed categories with underlying
cocomplete category the unitalization of semigroups always exists (cf. Sect. 1.1), we
mainly focus here on non-unital quantales.

Let X be a complete lattice with the trivial multiplication * — i.e. x x y = L
for all x, y € X. Then the pair (X, %) is a quantale — the so-called frivial quantale.
Hence a quantale (X, *) is said to be non-trivial if T % T # L holds. Every non-
trivial quantale contains at least two different elements. A trivial quantale (X, %) is
non-unital provided that X has at least two different elements. In order to understand
the role of the universal upper bound, especially in non-unital quantales, we introduce
the following terminology.

An element x of a quantale (X, *) is left-sided (resp. right-sided) if T xx <x
(resp. x * T < x). An element x of a quantale (X, %) is two-sided if it is left-sided
and right-sided. A quantale (X, ) is left-sided (resp. right-sided) if every element
of X is left-sided (resp. right-sided). A quantale (X, x) is two-sided if every element
of X is two-sided.

Obviously, left-sidedness and right-sidedness are transposed notions. In fact, a
quantale (X, %) is right-sided if and only if the transposed quantale (X, *7) (i.e. X
provided with the transposed multiplication) is left-sided. Hence at various places it
is sufficient to restrict our interest, for example, to left-sided quantales (cf. Sect. 2.4).



92 2 Fundamentals of Quantales

Every integral quantale is two-sided, but not vice versa. If a complete lattice X has
at least two different elements, then a counterexample is given by the trivial quantale
(X, %), which is two-sided, but not unital as we have seen above.

As a first important result we note that the tensor product of quantales (X, *) and
(Y, %) is again a quantale (cf. Sect. 1.1.3). Referring to Lemmas 2.1.13, 2.1.15 and
Theorem 1.1.9, it is easily seen that the multiplication » of the tensor product X ® Y
is determined on elementary tensors as follows:

xRy *(2®y2) = (X1 *xx2) @ (y1*x¥2), x1,x2€X, y,meY. (2.36)

If ex and ey are the respective units of (X, x) and (Y, %), then the elementary tensor
ex ® ey is obviously the unit of (X ® Y, x). The tensor product of quantales is non-
trivial if and only if its factors are non-trivial. Since T ® T is the universal upper
bound in X ® Y, left-sidedness (resp. right-sidedness) of tensor products can be
characterized as follows.

Proposition 2.3.3. Let (X, %) and (Y, %) be non-trivial quantales. Then the tensor
product (X ® Y, x) is left-sided (right-sided) if and only if (X, *x) and (Y, *) are
left-sided (right-sided).

Proof. If (X ® Y, x) is left-sided, then T x x < x follows from T % T # L and the
relation
(T*x0)R(T+«xTH=(TRIMrxxRT)<xRT.

Hence (X, %) is left-sided. Analogously we treat the quantale (Y, %). On the other
hand, if (X, %) and (Y, %) are left-sided, then we observe

(TOM*x@y)=(T*xx)@(T*y) <xQy.

Since every tensor is a join of an appropriate family of elementary tensors, (X ® Y, %)
is left-sided. O

We continue with some interesting examples of quantales occurring in system
theory and probability theory (cf. the probabilistic metric spaces in [104]).

Example 2.3.4. Let (X, -) be a semigroup (in Set) and £ (X) be the power set of
X. On Z(X) we consider the set-inclusion as the partial order and the Minkowski
multiplication

A B={a-blaecA, be B} A, B e Z(X).
Then (£ (X), @) is a quantale. Let (£, *) be a further arbitrary quantale. By (2.36)
the multiplication x of the tensor product & (X) ® £ is determined on elementary

tensors by

A®a)*(BR®B) =(ABB)®(@*p), A BePX), apc.
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Referring to Example 2.1.9 we know that &7(X) ® 1 is order isomorphic to QX,
and the respective order isomorphism 2 (X) ® 9 & QX has the following form:

(@(F))(x) =F({x})), xeX, FEeZX)®Q.

Obviously, for every x € X and o € £ the relation @ ({x} ® o) = « - 1} holds,
where the map « - 1, is given by (Example 2.1.9):

a, z=2x,
a-1 7)) =

(@ 1)@ 1 x

Since ® is a bimorphism, it follows from (2.17) that {{x} ® o | x € X, @ € Q} is
also a join-basis of Z(X) ® Q. Hence for every tensor F € Z(X) ® £ there exists

a unique map X —— A%%) satisfying the condition

F=V{x}® f. (2.37)

xeX

Now we apply @ and infer from (2.37) that the relation

O(F) =V fx) - ly=f (2.38)

xeX

holds. Hence the unique map f in (2.38) coincides with the value of the order
isomorphism @ at the tensor F — i.e. @(F) = f. In order to fix terminology we
call the map f the reduced representation of the tensor F € &(X) ® Q.

Now we multiply two tensors F and G of Z(X) ® 2 in the sense of the ten-
sor product of (£ (X), [@) with (£, *) and obtain the following situation for their
respective reduced representations f, g € Q%:

(VI ® f@))*(Viyiog) = V (x}® f(x) *{y} ®g(»)

xeX yeX x,yeX

= V {x- ¥} (f(x) xg(»)

x,yeX

\/ {z} ®( v F(x) *g(y)).

Further, let © be the binary operation on Q¥ determined by the semigroup operation
- according to Zadeh’s extension principle’ — i.e.

(foe@=VIif*glx-y=z}, zeX, f,geQ”

3In his original papers [113] L.A. Zadeh only used a frame as an underlying quantale, which means
that * coincides with the binary meet operation A.
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Then we conclude from (2.37) and (2.38) that the reduced representation of the
tensor product F' * G coincides with f © g. Hence the tensor product of the quan-
tale (Z(X), @) with the quantale (9, ) is isomorphic to the quantale given by the
Q-valued power set Q¥ provided with the multiplication ® defined according to
Zadeh’s extension principle.

Example 2.3.5. On the complete lattice [0, +00]°” we consider the usual addition of
the nonnegative extended real line. Then ([0, +00]°?, +) is a unital quantale. Further,
let * be a binary operation on the real unit interval [0, 1] such that ([0, 1], %) is also
a quantale. Now we consider the tensor product of [0, 4-00]°” with [0, 1] given by
the complete lattice A™ of all nonnegative left-continuous probability distribution
functions. Since (x, o) —> « - H, is the corresponding universal bimorphism (cf.
Example 2.1.10), the product f % g of f, g € AT according to the multiplication of
the tensor product of ([0, +00]°?, 4+) with ([0, 1], %) has the following form:

frg=( V [f&)-H)«( V gO-H)

x€[0,400] v€[0,+00]

= \/ (f(x)'Hx)*(g(y)'Hy)

x,y€[0,+00]

Vo (f) % g() - Heyy.

x,y€[0,+00]

Thus f * g is explicitly given by:

(f*xe)@= V f(0)=*xg(, z€[0,+o0]. (2.39)

x+y=z

We will return to this situation in Sect. 2.3.3 when we consider the special case in
which * is given by a left-continuous ¢-norm (cf. Example 2.3.36).

In the next theorem we give a characterization of the law of associativity.

Theorem 2.3.6. Let (X, ) be a prequantale viewed as magma (X, ®) in Sup.
Further, let @ and © be the corresponding left- and right-implication. Then the
following assertions are equivalent:

(1) (X, %) is a quantale — i.e. (X, ®) is a semigroup in Sup.
(i1) The following diagram is commutative:

X@(X®XP) ¢+ (X®X)®X?
lcxx@lxop
1x®e X®X)® X
l@@lxw*
XQXP —2 s x7» +©  xgxo
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where c is the symmetry and a is the natural isomorphism expressing the asso-
ciativity of the tensor product in Sup.
(iii) The following diagram is commutative:

axopxx

XPR@X)®X +— 27 ¥ @ (X®X)

l] xor ®Cxx

exlx X?P®(X®X)
lb{fw@@
XPRX —2 s xr « ©  xorgx

@iv) The following diagram is commutative:

axxopx

XXX ————5 XQ(XP®X)

@@UJ/ llx@)@

XP@X —— X7 +—>— X®X”

Proof. Let N\ and  be the restrictions of the right- and left-implication to elemen-
tary tensors. Then for all x, y, z € X the following chain of equivalences holds (cf.
(R), (2.31) and (2.33)):

YV<x N\ Z = x*xy<z7 <<= x=<z7,/Yy.

In order to verify the statement of the theorem it is sufficient to show that the asso-
ciativity of the multiplication * is equivalent to each of the following properties for
allx,y,z € X:

YN N2 =(xxy) Nz,
@ x)/y=z/ (y*x), (BE)
N z=x N0 D).

In a first step we verify the equivalence of the following assertions:

@ (xxy)xz<xx*x(yx*xgz)forallx,y,zeX.

G yN N =<(xxy) \yzforallx,y, zeX.
© 2/ (*x) </ x)/ yforallx,y,z€X.
(@ Ny z=x\(yoforalx,y zeX.

The implication (a) = (b) follows from the relation:

ey *(YNEND) <xx(y*x(y N \2)) <xx(xN\2) <z

The verification of (b) = (c) is based on the observation:
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xS yNOFED) < yN (@ xx) N\ 2) < (@ (xx)*y) \ 2.

Further, the implication (c) = (d) follows from the relation

x <y /N =y (N D) < 0L\ L 2).

Finally, the verification of (d) = (a) makes use of the observation:

YSO*D) 2 (N @x*2)) Sz < N\ ((x (3 *2) S 7).

Ifin (a) — (d) we replace the multiplication * of X by its transposed multiplication **,
then in a second step we notice that the equivalences between (a) — (d) remain valid
with respect to the dual order <°” of <. Hence the equivalence of the associativity
of * to each of the properties in (E) follows from the antisymmetry axiom. O

Since the Minkowski multiplication induced by an associative binary operation
is again associative, we have the following associative version of Example 2.2.13.

Example 2.3.7. Let (X, <, %, \, /) be a residuated preordered semigroup — i.e.
a residuated preordered groupoid with an associative multiplication *. Then the
MacNeille completion of (X, <, *, \, ) is a quantale.

Finally, we restrict our interest to completely distributive lattices. In this situation
quantales whose multiplication is in addition meet-preserving can be understood as
semigroups in CD (cf. Theorem 2.1.25).

The next theorem shows that semigroups in CD have an intrinsic “diagonal map”.
For this purpose we add the following terminology.

A pair (X, n) is a cosemigroup in Sup if X is a complete latticeand X "> X ® X
is a join-preserving map such that the following diagram is commutative:

axxx

XRX)X —MMM = X (X ®X)

n@le Tl,{@n (©S)

X®X = X T s X®X

Theorem 2.3.8. Let (X, m) be a semigroup in CD and X - X ® X be the left
adjoint map of m. Then (X, m™) is a cosemigroup in Sup.

Proof. Letm™ be the left adjoint map of m. Since m ® 1x and 1x ® m are morphisms
in CD, their respective left adjoint maps (m ® 1x)~ and (1x ® m)™ exist. Now we
firstobserve: (m @ 1x) "=m ' ® Ilyand (1y @ m)" = 1y ® m™. Infact,since 1 y <
mom™andm™ om < lxgy, the following relations hold:

Ixgx <(M®1x)o(m?®@1x) and (M~ ® lx) o (m® 1x) < lxex)ox,
Ixgx <(Ix®@m)o(ly®@m™) and (Ix®@m™)o(1x ®m) < lyxgxex)-
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Now we derive the following relation from the associativity of m:

axxxo(lx®@m™)om™ = (mo(ly ®m)oaxxx)™

=(mom®Ix) =m ' ®@1x)om™.

Since a; xx coincides with a)_“l( x> the diagram (CS) is commutative. m]

Motivated by the previous theorem we introduce the following terminology. If
(X, m) is a semigroup in CD, then the left adjoint m™ of m is also called the comul-
tiplication of (X, m).

Example 2.3.9. Let X be a completely distributive lattice and A be the binary meet
operation on X. Then A is a meet-preserving bimorphism which determines a
meet- and join-preserving map X ® X ¢ given explicitly by (cf. (2.17) and
Theorem 2.1.25):

OA) =V un fu, fex®X.

ueX

Hence (X, ©,) is a monoid in CD. The corresponding comultiplication ©' has the
following form:

@' ) =\Vzi®z xecX, (2.40)
z<lx

where < is the totally below relation in X.

Infact,if f € X ® X and x € X, then the relation x < @, (f) holds if and only if for
every element z € X withz < x there existsau € X with the propertyz < u A f(u).
Since f is antitone, this implies that the relation z < f(z) holds for z <1 x — i.e.
V.qr2®z < f. Since < is approximating and @, is join-preserving, we obtain
X = @On (\/mx zZ® z). Hence formula (2.40) follows.

2.3.1 Balanced Quantales

In the following we give some further properties of non-unital quantales. First we
need a bit more terminology.

Definition 2.3.10. Let (X, *) be a quantale and T be the universal upper bound in
X. Then (X, %) is called

balanced if T of X is idempotent —ie. T x T = T.

— semi-unital if the relations x < x % T andx < T % x hold forall x € X.
strictly left-sided if T is a left unit—i.e. T xx = x forall x € X.

— strictly right-sided if T is a right unit —i.e. x * T = x for all x € X.
idempotent if every element x of X is idempotent —i.e. x * x = x.
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Every semi-unital quantale is balanced, and every strictly left-sided (right-sided)
quantale is left-sided (right-sided). Further, every semi-unital and left-sided (right-
sided) quantale is strictly left-sided (right-sided), but not vice versa (cf. Exer-
cise 2.3.1(1)). A quantale is integral if and only if it is strictly left-sided and strictly
right-sided. Finally, every unital or idempotent quantale is semi-unital, and every
idempotent and two-sided quantale is integral.

If a quantale (X, %) is not semi-unital, then it is not difficult to see that (X, %) can
be extended to a semi-unital quantale (X, %) as follows:

— The complete lattice X arises from X by adding an improper element & — i.e.
X =XU{w} withw ¢ X.

— w acts as a universal upper bound in X.

— The semigroup operation * is defined by:

woxw=w, xxy=xx%xy, oxx=(Txx)Vx, xxo=O*xT)Vx, x,yeX,

where T is the universal upper bound in X. The quantale (X, %) is semi-unital and
is called the semi-unitalization of (X, x). Obviously, (X, *) is a subquantale of its
semi-unitalization. Moreover, (X, ¥) is strictly left-sided (resp. right-sided) if and
only if (X, %) is left-sided (resp. right-sided). Consequently, (X, %) is an integral
quantale if and only if (X, *) is two-sided.

Since every quantale on the chain C, with two elements is two-sided, it might be
meaningful to include the following example.

Example 2.3.11. On the three-chain C; there exist precisely two structures of an
integral quantale which appear as the semi-unitalization of quantales on C. In fact,
the semi-unitalization of the trivial quantale on C; is (9) in Exercise 2.2.1 and coin-
cides therefore with the three-valued MV -algebra (cf. Sect. 2.7), while the second
quantale structure on C is the binary meet on C, and its semi-unitalization coincides
with the binary meet on C; (see (16) in Exercise 2.2.1).

Referring to Example 2.3.26 infra it is hopeless to expect that the tensor product
preserves the structure of idempotent quantales. However, the tensor product does
preserve the remaining properties formulated in Definition 2.3.10. Since every tensor
is a join of elementary tensors and the relations

(Txx)R@(T*y)=(T®M*x(x®y) and (x*xT)ROW*T=xQRQY*x(T®T)

hold in any tensor product of quantales (X, %) and (Y, *), the following lemma can
easily be verified.

Lemma 2.3.12. The following assertions are valid:

(i) The tensor product of balanced quantales is balanced.
(i1) The tensor product of semi-unital quantales is semi-unital.
(iii) The tensor product of strictly left-sided (right-sided) quantales is strictly left-
sided (right-sided).
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If the underlying lattices of the respective quantales contain at least two different
elements, then the converse of the assertions in Lemma 2.3.12 is true.

Definition 2.3.13. Let (X, %) and (Y, *) be quantales. A homomorphism X Ly s
strong if h preserves the respective universal upper bounds —i.e. #(T) = T.

Every surjective homomorphism is strong. In the context of C*-algebras we will
see that irreducible representations and strong homomorphisms are closely related
to each other (cf. Exercise 3.2.8 (a)). Moreover, we have the following result.

Proposition 2.3.14. Let (X ® Y, x) be the tensor product of the quantales (X, *)
and (Y, x). The following assertions hold:

(1) If (Y, %) is balanced, then the embedding X NS =) 4 (cf. (2.18)) is a strong

homomorphism.
(1) If (X, =) is balanced, then the embedding Y I xey (cf. (2.18)) is a strong
homomorphism.

(iii) If(X, ) is non-trivial and X % X ® Y is a strong homomorphism, then (Y, %)
is balanced.

@{v) If (Y, x) is non-trivial and Y I XQYisa strong homomorphism, then (X, *)
is balanced.

Proof. By definition jx preserves the universal upper bounds. Since (Y, ) is ba-
lanced, the homomorphism property of jx follows from

Jx(xr*xx2) = *x2) @ T = (X1 %x2) @ (T +T) = jx(x1) * jx(x2).

Analogously we verify the assertion (ii). With regard to (iii) the homomorphism
property of jx implies

(TxTT = jx(TxT)=jx(T)*jx(T)=(T*T)®(T *T).
Since (X, *) is non-trivial, (Y, %) is balanced. Analogously we verify (iv). m]

The previous proposition motivates the introduction of the category BQuant of
balanced quantales and strong homomorphisms. Obviously BQuant is a subcategory
of Quant. By Lemma 2.3.12(i) the tensor product of Sup induces a monoidal
structure on BQuant — i.e. BQuant is a monoidal category. It is not difficult to
verify that BQuant is a complete category.

In order to prove the cocompleteness of BQuant we proceed as follows.

Theorem 2.3.15. The category BQuant has set-indexed coproducts.

Proof. Obviously, the quantale 1 = {0, 1} with 1 % 1 = 1 (i.e. the unit object of the
tensor product in Sup (cf. Lemma 2.1.14)) is the initial object of BQuant. On the
other hand, given a nonempty system of balanced quantales {(X;, *) | i € I}, wefirst
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consider the coproduct (Xy, *) (in the sense of Quant) of {(X;, *) | i € I} with the
coproduct injections X; -2+ X,. Now we construct the following regular quotient of
(Xo, *). For this purpose let I be the set of all nuclei ¢ on (X, *) satisfying the
conditions

c(T*T)=T and c(q;(T) =T, iel.

Then the meet ¢y of IF is again an element of IF. Let (Z, ) be the regular quotient of

(Xo, *) w.r.t. ¢g and X 205 7 be the quotient homomorphism. Obviously, (Z, %)
is a balanced quantale and r; = 7., o g; is a strong homomorphism for all i € I.
We show that ((Z, *), (ri)iel) is the coproduct of {(X;, %) | i € I} in the sense of
BQuant.

Let (Y, %) be a further balanced quantale and (%;);c; be a system of strong homo-

morphisms X; 4, ¥ . Then there exists a unique homomorphism X 03y such that
hg o g; = h; holds for all i € I. Since

ho(gi(T)) =h;(T) =TT, iel, (2.41)

hg is a strong homomorphism. It is sufficient to show that A factors through 7.
Since (Y, %) is a balanced quantale, we conclude from (2.41) that the associated
nucleus cp, of hg is an element of IF. Hence ¢y < ¢, follows, and we infer from
Lemma 2.2.5 that A factors through n,. m]

Proposition 2.3.16. The category BQuant has set-indexed coequalizers.

Proof. Since quotients of balanced quantales are again balanced, coequalizers in
BQuant are computed at the level of Quant, where we recall that Quant is cocom-
plete. O

We summarize the previous results as follows.

FACT 1. The category BQuant is a complete and cocomplete, monoidal category.

2.3.2 Prime Elements of Quantales

Let (X, %) be a quantale and T be the universal upper bound of X. An element
p € X is called prime in (X, %) if p # T and the following implication holds for all
X1, X2 € X:

X1kxx<p = x1x1 <por Txxp=<p. (Prime Property)

In the case of integral quantales the previous definition coincides with the termino-
logy introduced by G. Birkhoff in [14].

Since the implication (x;* T < p or Txx; <p = x| *xxp < p) always
holds, the primality can also be expressed by the following equivalence:
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X1*¥xX<p <= x1*x <por Txx<p. (Prime Property’)

Lemma 2.3.17. Let p be a prime element in a quantale (X, x). If T « T £ p, then
T N\ pand p /T are again prime elements in (X, *).

Proof. Let p be a prime element in (X, ) with the property T * T £ p. Obviously,
the relations T \( p # T and p ,/ T # T hold. In order to verify the primality
of T \( p we choose x1, xp € X with x; x x; < T Y\ p. Since * is associative, we
obtain:

Tk (xp % x2) = (T xx1) *xx2 < p.

Hence the primality of p and again the associativity of * imply:

T *T)=(Txx)xT <p or T*x(Txx)=(TxT)kx, <Txx <p.
Thus x; « T < T N\(porTsxxy <T N\, p— this means that T N\ p is prime in
(X, *). Analogously we show that p , T is prime in (X, *). m]

In order to understand the rdle of prime elements we need some additional termi-
nology. A quantale (X, ) is semi-integral if the relation x| * T % xp < x| * x, holds
forall x;, x, € X. Every integral or left-sided (right-sided) quantale is semi-integral.

Lemma 2.3.18. Let (X, x) be a quantale and let ® be the multiplication defined by:
X1 O Xy =x1 % | %X, X1, x € X. (2.42)

Then (X, ©) is a semi-integral quantale.

Proof. The assertion follows immediately from the associativity of * and the follow-
ing relation

XIOTOXx=x1*%T*T*xT*xx <x1%x1T *xx =x10 X2, X1, X% € X.
O

The quantale (X, ®) constructed in Lemma 2.3.18 is called the semi-integral
regularization of (X, ). It is not difficult to see that the semi-integral regularization
gives rise to an endofunctor of the category BQuant (cf. Sect. 2.3.1).

The next proposition characterizes the semi-integrality of the tensor product.

Proposition 2.3.19. Let (X, *) and (Y, *) be quantales. Then the following asser-
tions are equivalent:

(1) The tensor product (X ® Y, %) is semi-integral.
(i1) One of the following properties occurs:

(1) (X, =) or (Y, %) satisfies the condition T x T « T = L.
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(2) (X, x) and (Y, %) are semi-integral.

Proof. Since (1) is equivalent to (T X T) *x (T ® T)x (T ® T) = L, the impli-
cation (ii) = (i) is evident. On the other hand, let us assume that (X ® Y, %) is
semi-integral and T * T % T # _L holds in both quantales (X, *) and (Y, *). Then
we conclude from

(TxT*+*T) R *T*y)=(TRyD*(TQT)*x(T ®y)
S (TRy)*(T®y)
=(T*T)® (y1 *y2)

that y; * T %y, < y; * ¥, holds for all y;, y, € Y — i.e. (¥, %) is semi-integral.
Analogously we verify the semi-integrality of (X, *). O

Definition 2.3.20. A left-sided (resp. right-sided) element x of a quantale (X, *) is
called maximal if x # T and for every further left-sided (resp. right-sided) element
z € X with the properties z # T and x < z the relation x = z follows.

Theorem 2.3.21. In every semi-integral quantale (X, x) the following properties
hold:

(i) Every maximal left-sided element is prime in (X, *).
(i1) Every maximal right-sided element is prime in (X, *).

Proof. We verify property (i). For this purpose we fix a maximal left-sided element
pof (X, x) and choose x, y € X withx %y < p.If T % y £ p, then the maximality
of p implies (T * y) V p = T. Now we use the semi-integrality of (X, %) and the
left-sidedness of p and obtain:

xx T =@xT*xy)Vxxp) <xxy)Vv(Tx*xp)=<p.

Hence p is prime in (X, *). Property (ii) can be verified analogously. O

Comment. Prime elements of left-sided (resp. right-sided) quantales are not neces-
sarily maximal (cf. Exercise 2.3.10 (b)).

The prime elements of the tensor product of quantales can be classified in terms
of the prime elements of its respective factors, provided that the left factor is strictly
left-sided and the right factor is strictly right-sided.

As afirst step we show how prime elements of the respective factors induce prime
elements of the tensor product.

Lemma 2.3.22. Let (X, x) and (Y, x) be quantales. If x is a prime element in (X, *)
and y is a prime element in (Y, ), then (x @ T) V (T ® y) is a prime element in
the tensor product (X Q@ Y, ).
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Proof. Let x € X and y € Y be prime elements in (X, x) and (Y, %), respectively.
Further, we put p = (x ® T) vV (T ® y) and observe that the join-reversing map p
evaluated at z € X attains the following value (cf. Exercise 2.1.6):

T, ifz <x,

PR = y, ifz £x.

Now letusassumethat p = (x ® T) V (T ® y) isnotaprime elementin (X ® Y, ).
Then there exist tensors f, g € X ® Y satisfying the conditions

frg=<p, TN ZLp, (TAT)xg£p

which can be rewritten as follows (cf. (2.36)):

frg= V @i*2)Q(f(z1)*g(z2) < p,

21,22€X
fr(TeT)= \/X(z*‘l')®(f(z)*"|') Zp,
(T®T)xg= \é(T*z)®(T*g(z)) Zp.

Hence there exist elements z;, zo € X with the properties:

axT £x, fleo*TZ£y and  Txzp £x, Txg) £y

Since both x and y are prime, we obtain z; * zo £ x and f(z1) * g(z2) £ y.Referring
again to the special form of p we conclude from (z; * 22) ® (f(z1) * g(z2)) < p
that p(z; * z2) = T holds. Thus z; * z, < x follows, which is a contradiction to
Z1 % 22 £ x. So, the assumption is false and p = (x ® T) V (T ® y) is prime in
(X ® Y, %). o

In a second step we show that the right adjoint map of a strong homomorphism
preserves prime elements. We begin with a preliminary property.

Lemma 2.3.23. Let (X, *) and (Y, *) be quantales. Further, let X by Y be a homo-

morphism and Y I X be its right adjoint map. If q is a prime element in (Y, %)
with the property h™(q) # T, then h" (q) is a prime element in (X, %).

Proof. Let g be a prime element in (Y, ) with A" (¢) # T. We choose x;, x, € X
withx, * x, < A7 (g). Thenh(x;) * h(x,) < g follows, and the primality of g implies
h(x;))*«T <q or T *xh(x) <gq. Since h(T) < T, we obtain h(x; * T) <gq or
h(Txxy) <g—ie x;xT < h'"(q) or T xxy < hF(q). Hence h’_(q) is prime
in (X, *). O

Corollary 2.3.24. The right adjoint map of a strong homomorphism preserves prime
elements.
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Proof. Let X 5 Y be a strong homomorphism and Y 175 X be ts right adjoint
map. If ¢ is prime in (Y, x), then it follows from Lemma 2.3.23 that it is suffi-
cient to prove h"(q) # T. In fact, since & is strong, h(h"(q)) < g # T implies
(@) #T. o

Having made these preparations, we record the following important fact.

Theorem 2.3.25. Let (X, *) be a strictly left-sided quantale and (Y, *) be a strictly
right-sided quantale. If p is a prime element of the tensor product (X ® Y, x), then
there exist prime elements x in (X, *) and y in (Y, %) such that p has the following
form

p=xQ@T)V(TQy).

Proof Let X 2+ X ®Y and ¥ 2% X ® Y be the embeddings defined in (2.18).
Since (X, %) and (Y, *) are balanced, jx and jy are strong homomorphisms.

Now we fix aprime element p € X ® Y. By Corollary 2.3.24 the elements x = j (p)
and y = j (p) are prime elements in (X, %) and (Y, %), respectively. In particular,
Jx(x) V jy(y) < p follows. On the other hand, let us choose an elementary tensor
u®v < p.Since (X, %) is strictly left-sided and (Y, %) is strictly right-sided, u ® v
has the form u ® v = (T ® v) » (u @ T). Hence the primality of p implies:

(TOIVXx(T®T)<p or (TR MH»xu®T)=p.

Since v is strictly right-sided and u is strictly left-sided, the previous relation is
equivalent to the statement:

TOWxT)=T®v<p or (T*xu)@ T =uRQ T <p.

Thus v <y or u < x, and consequently # ® v < (x ® T) V (T ® y) holds. Since
every tensor is a join of elementary tensors, the relation p = (x @ T) V(T ® y)
follows. Hence the assertion is verified. O

As we have seen, Lemma 2.3.22 and Theorem 2.3.25 give a complete description
of prime elements of the tensor product of quantales provided its left factor is strictly
left-sided and its right factor is strictly right-sided. We illustrate this result with the
following example, which will also play a crucial r6le in some later contexts — e.g.
in the topological representation of semi-unital quantales (cf. Sect. 2.5.2).

Example 2.3.26. LetC3z = {_L, a, T} bethethree-chain. On C; we consider two non-
commutative, idempotent and associative multiplications given by the multiplication
tables (see (17) and (18) in Exercise 2.2.1):

)| Lla|T .| Lla|T
L)L)t L)Ll L
alllal|T alllala
TiLla|T TIL|T|T
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Then Cf = (C3, *¢) is a left-sided, non-commutative, idempotent quantale, while
C} = (C3, *,) is aright-sided, non-commutative, idlempotent quantale. As a next step
we compute the tensor product Cﬁ ® C; = (C3 ® C3, ) and observe that C3 ® C3
consists of six elements

T=TQT, a=@®TV(T®a), A=a®T, p=TRa, f=aa,
1l=1®1l=1Qa=aQ 1.

The order-theoretic structure of C3 ® C3 can be visualized by the following Hasse
diagram:

and the multiplication table has the form (see also Example 8.1 in [32])

—H[R[D [ > | *
[t et e e el Wl
> >l > >
> > > || ] >
> > |-
> [ | ]8R
= (H> [

The unique non-elementary tensor « is the unique non-idempotent element in
(C3 ® C3, x). Further, the elementary tensor 8 is neither left-sided nor right-sided,
while A is left-sided, but not right-sided and p is right-sided, but not left-sided.
Moreover, the tensor product (C3z ® C3, %) is semi-integral (cf. Proposition 2.3.19).

Since L and a are the prime elements of C3, respectively Cj, we conclude
from Lemma 2.3.22 and Theorem 2.3.25 that (C3 ® C3, *) has four prime elements,
namely, o, A, p and L.

In the following we construct the “spatial reflection” of quantales. We begin with
a simple property.

Lemma 2.3.27. Let (X, %) and (Y, ) be quantales. Further, let X 15'Y be a sur-
Jective homomorphism and Y 5 X be its right adjoint map. If p is a prime element
in (X, *) with the property h™ (h(p)) = p, then h(p) is a prime element in (Y, *).

Proof. Let p be a prime element in (X, *) satisfying the condition A" (h(p)) = p.
Since A" (T) = T, we first notice that h(p) # T. Now we choose u,v € Y with
u % v < h(p). Since h" is a closed map (cf. Proposition 2.2.2), the relation
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R (u) * h™(v) < h"(h(p)) = p

follows. We apply the primality of p and obtain 2" (u) * T < por T * i~ (v) < p.
Finally, u x T < h(p) or T xv < h(p) follows form the surjectivity of 4. Hence
h(p) is prime in (Y, *). m|

Lemma 2.3.28. Let (X, %) be a quantale. Then the map X < X defined by
cs(x) = A\lp € X | p prime in (X, *),x < p}, x€X (S)

is a nucleus on (X, *).

Proof. The map ¢, determined by (S) is obviously a closure operator on (X, <). In
order to prove that c; is a nucleus we fix elements x, y € X and choose an arbitrary
prime element p in (X, %) withxxy < p. If TxT < p, then ¢;(x) *xc;(y) < p
is obvious. Hence we assume T x T £ p. Because of the primality of p we obtain
x*%T <porTsxy< p. Without loss of generality we can assume x * T < p,
which means x < p  T. By Lemma 2.3.17 the element p ,/ T is prime. Hence
the relation
@ xe,(y) <(p/ T*T<p

follows — this means that ¢, is a nucleus. O

Corollary 2.3.29. Let (X, %) be a quantale and c; be the nucleus on (X, %) deter-
mined by (S). Further, let (c;(X), x) be the regular quotient of (X, x) w.r.t. ¢s. Then
every element of the quantale (c;(X), ) is a meet of prime elements of (c;(X), *).

Proof. Let X 5 ¢(X) be the corresponding quotient homomorphism. Since all
prime elements p of (X, %) are fixpoints of ¢, (i.e. p = rr: (e, (p))) and m., is
surjective, we conclude from Lemma 2.3.27 that every prime element in (X, %) is
also a prime element in (c;(X), x). Hence the construction of ¢, ensures that every
element of ¢, (X) is a meet of prime elements in (¢, (X), *). m|

Motivated by Corollary 2.3.29 we introduce the following terminology. A quan-
tale (X, =) is called spatial if the set of prime elements is order generating — i.e.
every element x € X \ {T}is a meet of prime elements of (X, *). A simple example
of a spatial, non-idempotent, but semi-integral quantale is given by the tensor product
C§ ® Cj (cf. Example 2.3.26).

Moreover, the regular quotient of (X, %) constructed in Lemma 2.3.28 and Cor-
ollary 2.3.29 is called the spatial reflection of (X, *).

The next theorem justifies the chosen terminology.

Theorem 2.3.30. Let (X, *) be a quantale and (Y, x) be a spatial quantale. Further,
let (X, %) be the spatial reflection of (X, %) with the quotient homomorphism nx.
For every homomorphism X > Y there exists a unique homomorphism X; —= Y
making the following diagram commutative:
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X sy
UXJ/ r;1
X

©

Proof. Let ¢, be the nucleus determined by (S). In order to show that & factors
(uniquely) through ny it is sufficient to verify that the nucleus ¢;, = h" o h associated
with /& satisfies the condition ¢, < ¢, (cf. Lemma 2.2.5). Without loss of generality,
we can choose x € X with ¢, (x) # T. Since (Y, %) is spatial and the right adjoint
map h" of h is meet-preserving, we derive the following relation from Lemma 2.3.23:

cn(x) = B~ (h(x)) = \fh™(@) | h(x) < . ¢ primein (Y, )
= Ap | ea(x) < p, p primein (X, %)}.

Hence ¢, (x) = ¢,(c,(x)) follows forall x € X —i.e. ¢; < ¢j. m]

Let SpQ be the category of spatial quantales and homomorphisms. Then Theo-
rem 2.3.30 means that SpQ is a reflective subcategory of the category of quantales.

2.3.3 Involutive Quantales

A triple (X, *, tx) is an involutive quantale if (X, *) is a quantale and (X, *, tx) is an
involutive prequantale. In order to simplify the notation we sometimes also denote
the involution tx of an involutive quantale by ’. An element x of X is hermitian if x
is a fixed point of the involution — i.e. x’ = x. Obviously, the universal bounds of
X are always hermitian.

The next example shows that every complete lattice with an order-reversing invo-
lution gives rise to an involutive and unital quantale (cf. Example (5) in [93]).

Example 2.3.31. Let X be a complete lattice and ([X, X], o, 1x) be the (non-com-
mutative) unital quantale constructed in Example 2.3.2. Further, we assume that there
exists an order-reversing involution x —> x* on X — this is an antitone self-map
of X with the property (x)* = x for all x € X. Since X is complete, for every
order-reversing involution on X the relation

VA=((VAH > (A =V4, Acx

XeA

holds. Hence, for all subsets A of X, an order-reversing involution always satisfies
the following properties:

(VA = Axt and (AA) =V xt (De Morgan’s Laws)

x€A xeA
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On this basis we now construct an order-preserving involution’ on [ X, X] as follows.
Let X L+ X be a join-preserving map. We define X L x by f/(x) = (fF(x*)*+
forall x € X, where £ is the right adjoint map of . Obviously £’ is join-preserving.
Since the chain of equivalences

L= x<(fohH?t

)<y < y <f @) < fOH=x
holds for each x, y € X, we obtain (f)"(y) = (f(y*))* for each y € X. Hence
f” = f follows. In fact, the correspondence f — f’ is an order-preserving invo-
lution on [ X, X]. Since adjoint situations compose, for all f, g € [X, X] the relation
(fog) =g o fisvalid—i.e. f —> f’isananti-homomorphismon ([X, X], o).
To sum up, ([ X, X], o, 1x,’) is an involutive and unital quantale.

Comment. An interesting example of a complete lattice with an order-reversing
involution is the complete lattice of all closed subspaces of a Hilbert space provided
with the formation of orthogonal complements.

An element x of an involutive and unital quantale (X, %, e,’) is called unitary if
x * x' = x" % x = e. Obviously unitary elements form a group. Hence there exists a
functor from the category of involutive and unital quantales to the category of groups
which has a left adjoint functor determined by the power set functor. In this sense we
obtain further examples of involutive and unital quantales (see also Exercise 2.3.12).

Before we continue, we return to Example 2.3.31 and give a characterization of
unitary join-preserving maps.

Example 2.3.32. Let X be a complete lattice equipped with an order-reversing invo-
lution x —> x*. Further, let ([X, X], o, 1x,’) be the involutive and unital quan-

tale constructed in Example 2.3.31. A join-preserving map X L5 X is unitary if
and only if f is bijective and preserves the given order-reversing involution — i.e.
fxh) = f(x)tforallx € X.

In fact, if fo f'=1x and f’ o f = 1x hold, then f and its right adjoint map f"
are obviously surjective. Hence we infer from Exercise 1.3.2 (a) that f is bijective,
and f" coincides with f~!. Since f’ o f = 1x, we now obtain

FO = F(F(F@N) = F((F )T = f&b

forall x € X —i.e. f preserves the order-reversing involution.

On the other hand, if a join-preserving map X L5 xis bijective, thenagain f = f~!
follows. If we now assume that f also preserves the given order-reversing involution
x —> x*, then f is obviously unitary.

Since the universal upper bound of an involutive quantale is always hermitian,
the semi-integral regularization of involutive quantales (cf. Lemma 2.3.18) is again
an involutive quantale.
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The next theorem explains in what sense the tensor product generates involu-
tive quantales. For this purpose we first refer to the embeddings X - X ® Y and
Y <% X ® Y defined in (2.18).

Theorem 2.3.33. Let (X, %) be a strictly left-sided quantale and (Y, %) be a strictly
right-sided quantale. Further, let X Zﬁf Y be a pair of join-preserving anti-homo-

morphisms with the property Oy o Ox = lx and Vx o ¥y = ly. Then there exists
a unique isotone involution on (X ® Y, x) such that (X ® Y, %, 1) is an involutive
quantale and the following diagram is commutative:

XY 45 XQY 4> XQY

ij jYT zj @
> X

X — 2 sy ™

Proof. (Uniqueness) Let ¢ be an involution on the tensor product X ® Y such that
(X ®7, %,1) is an involutive quantale and the diagram (I) is commutative. Since
(X, %) is strictly left-sided and (Y, x) is strictly right-sided, the relation

1(x®y) :L((T®y)*(x®'|')) =1(x@T)»xu(T ®y)
= Jjy(@x(x)) * jx(@y(y))
=(TRFIN*x@Wy()®T)
= Uy (y) @ ¥x(x)

follows forall x € X and y € Y. Since ¢ is join-preserving and every tensor is a join
of elementary tensors, ¢ is uniquely determined by (I).

(Existence). Since ¥y and ¥y are join-preserving, we conclude from the univer-
sal property of the tensor product that there exists a unique join-preserving map
X ®Y - X ® Y satisfying the following condition:

(x®@y) =% () @%x(x), xeX,yel. (2.43)

We show that ¢ is an anti-homomorphism and an involution. For this purpose it is
sufficient to consider elementary tensors only. Therefore we choose x, u € X and
vy, v € Y and observe:

(E @Y *w®v)) =1((x*u)® (y*v))
=Dy (y *v) ® Ox(x *u)
= (Or (1) * 9y () ® (Vx (u) * Vx (x))
= (P () ® Ox(w)) * (Vy (y) ® Vx(x))
=1(uV)*x1(x ®y).
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Hence ¢ is an anti-homomorphism. Since ¢y o 9y = 1y and ¥y o ¥y = 1, the prop-
erty t ot = ly is obvious. Thus (X ® Y, %, ¢) is an involutive quantale.

Since both anti-homomorphisms ¢y and ¥y preserve the universal upper bounds, we
obtain for all x € X:

t(x(x) =1(x ® T) = 0y (T) ® ¥x(x) = jy (Ix(x)).

Analogously, we verify ¢ o jy = jx o ¥y. Hence the commutativity of diagram (I)
follows. O

Example 2.3.34. Let Cf be the left-sided, non-commutative and idempotent chain
of three elements and C} be the right-sided, non-commutative and idempotent chain
of three elements (cf. Example 2.3.26). Then we observe that the identity map of Cj
gives rise to a pair of anti-homomorphisms between Cf and Cj. Hence we conclude
from Theorem 2.3.33 that there exists a unique involution ' on C3 ® C3 satisfying
the following conditions:

(1) (C5 ® C3,*,’) is an involutive quantale.
i) @ T =TQaand (T®a)=aQT.

In particular, the tensors (¢ ® T) V (T ® a) and a ® a are hermitian. Moreover, the
involutive quantale (C3 ® C3, %,”) is isomorphic to the semi-integral regularization
of ([C3, C3], o, l¢,,”) (cf. Example 2.3.31).

We finish this subsection with a brief discussion related to the commutativity of
quantales. A quantale (X, ) is commutative if (X, *, 1 x) is an involutive quantale —
this means x; * x, = x; * x| for all x|, x, € X. Hence a quantale is commutative if
and only if its multiplication coincides with its transposed multiplication.

Theorem 2.3.35. The coproduct of two commutative and unital quantales coincides
with their tensor product.

Proof. Let (X, %, ex) and (Y, *, ey) be unital and commutative quantales, and let
(X ® Y, %) be their tensor product. We recall that the unit e and the multiplication »
of the tensor product have the following form (cf. (2.36):

e=exQ®ey and @GR Y)*xURV)=(x*u)Q (y *v), x,ue X, y,vevY.

Then (X ® Y, %, e) is a commutative and unital quantale, and the join-preserving
maps X 5 X ® Y and ¥ 2% X ® Y defined by

gx(x) =xQey, qy(y) =ex®y, x€X,yeY

are obviously unital homomorphisms. We show that (X ® Y, %), (gx, qgy)) is the
coproduct of (X, *) and (Y, %) in the category of commutative and unital quantales.
For this purpose let (Z, %, ez) be a further commutative and unital quantale with

unital homomorphisms X x5 7 and Y 5 Z. We have to show that there exists
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unique unital homomorphism X ® Y -5 7 with hx =kogx and hy =k o gy.
Obviously, every elementary tensor x ® y of X ® Y can be written as:

IRy=xQey)x(ex®@y) =(ex @ y) x (x Qey).

If we now assume the existence of a unital homomorphism X ® ¥ - Z with the
properties hy = k o gx and hy = k o gy, then we obtain

k(x ® y) = k((x ® ey) * (ex ® y)) = k(x ® ey) * k(ex ® y) = hx(x) * hy(y).

Since k is join-preserving, k is uniquely determined by hx and hy.
In order to verify the existence of k we apply the universal property of the tensor
product in Sup and introduce k by:

k(x® y) = hx(x) xhy(y), xeX,yel.
Since the multiplication of Z is associative and commutative, we obtain:

k((x QY *x(u® v)) = k((x xu) @ (y* v))
=hx(xxu)xhy(y*xv)
= hx(x) *x hx () * hy(y) * hy(v)
= hx(x) * hy(y) * hx () * hx(v)
=k(x®Yy)xk(uQv).

Hence k is a homomorphism. Finally, it is easily seen that & is unital and satisfies the
relations iy =k ogyx and hy = k o gy. O

Example 2.3.36. A binary operation * (in the sense of Set) on the real unit interval
[0, 1] is called a left-continuous t-norm if ([0, 1], %) is a commutative and integral
quantale (cf. [67]). Motivated by the need for a triangle inequality for probabilistic
metric spaces B. Schweizer and A. Sklar formulated a binary operation 7, on the
complete lattice A™ of all left-continuous probability distribution function as follows
(cf. [104]):

(e(f, @) () =sup{f(x)x g | x+y=r},  rel0,+o0]

It follows immediately from (2.39) that 7, coincides with x. Hence we conclude
from Theorem 2.3.35 that (A™, z,) is the coproduct of the commutative and unital
quantales ([0, +00]°”, +) and ([0, 1], *).
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2.3.4 Topological Semigroups as Quantales on [0, 1]

In this subsection we prove the Mostert—Shields theorem (cf. [79, 89]) in the case of
[0, 1], which can be stated as follows:

If a topological semigroup on [0, 1] is an integral quantale, then the semigroup multiplication
is commutative. More specifically, every non-idempotent topological semigroup on [0, 1]
with the boundary points 0 and 1 as zero and unit element is an ordinal sum whose summands
are isomorphic either to the usual product or to Lukasiewicz arithmetic conjunction given
by:

xxp y=max(x +y—1,0), x,y €[0,1]

or to a restriction of the binary minimum.

Throughout this subsection ([0, 1], %) will always be an integral quantale. First we
note that * is continuous (i.e. ([0, 1], %) is a topological semigroup) if and only if
* 1S nonempty meet-preserving in each variable separately. If * is continuous, then
([0, 1], %) is called a continuous quantale. In this sense, every continuous quantale
is integral.

Lemma 2.3.37. In every continuous quantale ([0, 1], x) the following properties
hold.:

(i) Forn € Nandx € [0, 1] there exists a z € [0, 1] such that x coincides with the
n" power of z w.rt. ¥ —ie. x = 7" 1= 7 % -
(i) Ifx <y, then there existu,v € [0, 1] withx =uxy =y *xw.

Proof. Since 1 is the unit and [0, 1] is a connected topological space, the properties
(i) and (ii) follow from the continuity of * and the intermediate mean value theorem.
O

As an immediate corollary of Lemma 2.3.37 (i) we obtain that every continuous
quantale has roots — i.e. for every n € IN there exists a unique isotone map x —
x!/" satisfying the following conditions:

R1) 7" <x < z<xl/r
(R2) x = (x'/")" forall x € [0, 1].

Moreover, the assertion (ii) in Lemma 2.3.37 implies:
x*(x\(x/\y)):x/\yz((x/\y)/x)*x, x,y €[0,1]. (2.44)
With regard to cancellation properties we have the following situation.

Corollary 2.3.38. Let ([0, 1], %) be a continuous quantale. If 1 and O are the only
idempotent elements of [0, 1], then for all x, y, z € [0, 1] the following implications
hold:

Ofxxy=x%xz = y=z and 0 yxx=z%xx — y=2.
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Proof. It 0 # x x y = x % z, then we infer from (2.44) that:
O#xxy*(yN(YAZD))=x*x(YAZ)=x%y=x%*z.

Since * is nonempty meet-preserving in each variable separately, the element

e= A NOAD)

nelN

is idempotent and satisfies the property 0 # x * y e = x x y. Hence y \( (y A 2)
necessarily coincides with 1 —i.e. y < z. If we interchange the rdle of y and z, then
we also obtain z < y —i.e. y = z. Analogously we verify the second implication. O

Corollary 2.3.39. Let ([0, 1], %) be a continuous quantale. If 0 and 1 are the only
idempotent elements of [0, 1], then for all x,y € (0, 1) and for all n,m € N the
following properties hold.:

G 0#£x"=x" = m=n.
(i) O#Fx"=y" = x=y.
(i) (x1/7)"" = /0,

Proof. Without loss of generality, we can assume n < m and consider the case
0 # x" = x™ where x # 1. Then x™™" = 1 follows from Corollary 2.3.38. Hence
we obtain n = m. Now we choose x, y € (0, 1] with 0 # x" = y” and assume, with-
outloss of generality, x < y.Then0 # y" * (y \y x) = y"~! x x > x" follows from
Lemma 2.3.37 (ii). Since x" = y”, the previous relation means 0 # y" *x (y \( x) =
y". Now we introduce an idempotent element e of [0, 1]by e = A, . (¥ “\ x)" and
observe that 0 # y”" % e = y". Hence e necessarily coincides with 1 —i.e. x = y.
Finally, referring to (R2), it is easily seen that the relation

((xl/n)l/m)"'m —x = (xl/(n-m))”'m

holds. Hence (iii) follows immediately from (ii). O

Theorem 2.3.40. Let ([0, 1], %) be a continuous quantale such that the relation
0 < x xx < x holds forall x € (0, 1). Then ([0, 1], %) is isomorphic to the quantale
([0, +00]7, +).

Proof. Wefixx € (0, 1) and choose natural numbers i, j, m, n € IN with the property
i-n=m- j. Then we obtain from Corollary 2.3.39 (iii):

(xl/n)m _ ((xl/n)l/j)j'm _ (xl/(wj))m'j _ (xl/(n~j))i'" _ (xl/j)i.

Thus we can assign aunique element x” € [0, 1] to each rational number r in [0, +00]
according to the following rule:

x" = (x"")" where r=12. (2.45)
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Obviously x" * x* = x"** holds for all rational numbers r, s € (0, +00). Now we

extend the antitone correspondence » —> x” to a join-preserving map [0, +00]%” %
[0, 1] by:

00) =1, @(Ho0)=0, @) =sup{x" |a<r}, o € (0, +00).

Itis easily seen that ¢ also preserves the multiplications + and %, respectively. Hence
@ is a unital homomorphism.

We show that [0, +00]°? % [0, 1] is also meet-preserving. Since 0 and 1 are the
only idempotent elements in [0, 1], we first notice that sup, .y x'/" = 1. Now we
conclude from

1 /
X xx/m = x"r < x" < X", r<a<r’<r+£

that for all n € IN the relation

V1< g(a) < inflx” | r < a}

(inf{x" | r < a}) *x
holds. Hence
¢(a) = inf x"

follows for all ¢ € (0, +00). To sum up, ¢ is continuous. Then, by the intermediate
value theorem, ¢ is surjective.

In order to verify the injectivity of ¢ we proceed as follows. Since rational numbers
of [0, +oc] are dense in [0, +00], it is sufficient to verify the implication:

Vi\E — (1" i_m
(x )—(x ) == =4 (2.46)
If (x!/ )i = (x!/")" holds, then we derive the following relation from (R2) and
Corollary 2.3.39 (iii):

(xl/u-n))*" - (xl/j)i = (xV/my" = (xl/m-j))mv'_

Since all powers x* of x are different from 0, we infer from Corollary 2.3.39 (i) that
i -n =m- jholds. Hence (2.46) is verified.

To sum up, we have shown that ¢ is an isomorphism of unital quantales. In particular,
* 1S commutative. m]

In the next step of the classification we need quantales with nilpotent elements.
Here we consider the interval [0, 2] provided with the dual order and the multiplica-
tion @ defined by:

x@®y=min(x+y,2), x,y€l0,2].
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Then ([0, 2]°7, &) is aunital quantale with unit 0 and zero element 2. Since | & 1 = 2,
the element 1 is nilpotent.

Theorem 2.3.41. Let ([0, 1], *) be a continuous quantale satisfying the condition
x xx < x forall x € (0, 1). If there exists an element xy € (0, 1) with xy * xo = 0,
then ([0, 1], %) is isomorphic to ([0, 2]°7, ®).

Proof. Let x( be an element in (0, 1) with x¢ % xo = 0. Then we put
z=supf{x € [0, 1] | x xx =0}

and observe that z % z = 0 and z" # 0 holds for all r € (0, 2) (cf. (2.45)). Hence the
essential arguments from the proof of Theorem 2.3.40 carry over, and there exists an

order isomorphism [0, 2]°P N [0, 1] defined by:

v0) =1, ¥v2)=0, v(x)=sup{z |a <r}, a € (0,2).

We show that v is a homomorphism. For this purpose we distinguish the following
cases. If @ + B < 2, then ¥ (¢ & B) = ¥ () * ¥ (B) follows from the definition of
z" with0 < r < 2 (cf. (2.45)). If 2 < o + B, then we obtain:

V() * ¥ (B) <sup{z’ |2 <r}<z°=0.

Hence 0 = ¢ (2) = ¥ (0 ® B) = ¥ (a) x ¥ (B) follows. To sum up we have verified
that ¢ is an isomorphism between unital quantales. O

Since the map & — In(—c) is a unital homomorphism from ([0, +00]°?, +) to
[0, 1] provided with the usual product and the map o« —— 1 — 7 is aunital homomor-
phism from ([0, 2]°?, @) to [0, 1] provided with Lukasiewicz arithmetic conjunction,

we can summarize the results of Theorems 2.3.40 and 2.3.41 as follows.

Fact II. Let ([0, 1], %) be a continuous quantale with the property x x x < x for
all x € (0, 1). Then ([0, 1], %) is isomorphic to ([0, 1], x), where * is either the usual
product or the Lukasiewicz arithmetic conjunction.

Now we complete the classification when we consider an arbitrary continuous quan-
tale ([0, 1], %). Since idempotent elements play a special role, we distinguish the
following cases:

(1) If every element of [0, 1] is idempotent, then * coincides with the binary mini-
mum.

(2) If there exists at least one non-idempotent element of [0, 1], then we define
I ={x €[0,1] | x * x = x} and observe that [ is a compact subset of [0, 1]. Hence
itscomplement, {x € [0, 1] | x * x < x},is an open, nonempty subset and can be read
as a countable union of open intervals (a,, b,). Then the restriction of * to [a,, b,]
is either isomorphic to the usual product or to Lukasiewicz arithmetic conjunction.
If the pair (x, y) is not contained in some rectangle [a,, b,] X [a,, b,], then *x oper-
ates on (x, y) as the minimum —i.e. x * y = min(x, y). Hence we can summarize
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the situation as follows. A continuous quantale having at least one non-idempotent
element is the ordinal sum of those summands which are isomorphic either to the
usual product, or to Lukasiewicz arithmetic conjunction or to a restriction of the
binary minimum. In this sense we have a complete classification of all continuous
quantales. In particular, every continuous quantale is commutative, and consequently
the multiplication is a continuous 7-norm (cf. [67]).

Exercises

2.3.1. (See Exercise 2.2.1) Let C; be chain with three elements. Prove:

(a) There exist precisely 12 quantale structures on the three-chain C3, namely (1)—
(2), (6)—(9) and (15)—(20).

(b) 6 of them are semi-unital, namely (9) and (16)—(20).

(c) 3 of them are unital, namely (9), (16) and (19).

(d) 8ofthem are commutative, namely (1)—(2), (6), (9) and (15)—(16) and (19)—(20).

(e) 4 of them are idempotent, namely (16)—(19).

() 9 of them are left-sided, namely (1)—(2), (6)—(9) and (15)—(17).

(g) 9 of them are right-sided, namely (1)—(2), (6)—-(9), (15)—(16) and (18).

(h) 8 of them are two-sided, namely (1)—(2), (6)—(9) and (15)—(16).

(i) 9 of them are balanced, namely (6)—(9) and (16)—(20).

(k) 2 of them are integral (cf. Example 2.3.11), namely (9) and (16).

(1) 2 of them are non-commutative and two-sided, namely (7) and (8). More pre-
cisely, (8) is strictly left-sided and not semi-unital, while (7) is strictly right-
sided and not semi-unital.

(m) One of them is non-commutative, left-sided and notright-sided (17), and another
one is non-commutative, right-sided and not left-sided (18).

Comment. As a corollary of the previous observations we record the following
statements:

(i) Every unital quantale on the three-chain C3 is commutative.
(i) There exists a unique left-sided and not right-sided quantale on C3 which is
necessarily idempotent.
(iii) There exists a unique right-sided and not left-sided quantale on C3 which is
necessarily idempotent.
(iv) There exist two non-commutative and two-sided quantales on C3.

2.3.2. Show that the associative reflection of the eight prequantales (3)—(5) and
(10)—(14) introduced in Exercise 2.2.1 have the following form:

(i) The associative reflection of (3)—(5) are isomorphic to the trivial quantale on the
two-chain C,.

(i) The associative reflection of (10)—(14) coincide with the quantale consisting of
a single element.
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2.3.3. Determine all integral quantales on the chain with four elements.
(Hint: Use Exercise 2.3.1 (h) and apply the semi-unitalization.)

2.3.4. Let C, be the chain with two elements. Show that on a Boolean algebra with
four elements there exist three structures of a unital quantale up to isomorphism. More
precisely, there exists a unique structure of an integral quantale and two structures
of a non-integral and unital quantale occuring as the unitalization of quantales on C,
(cf. Exercise 2.2.2).

2.3.5. Let [0, 1] be the real unit interval and * be the binary geometric mean — i.e.
x*y = ,/x-y. Show that ([0, 1], %) is a prequantale and compute its associative
reflection.

(Hint: If ¢ is a nucleus on ([0, 1], *x) such that c((x] * Xp) * x3) = c(x1 * (xp % x3))
holds for all xy, x3, x3 € [0, 1], then ¢ also satisfies the property x%3 < ¢(x) for all
x € (0, 1]. For this purpose fix x € (0, 1] and consider the case x; = 1 and x; =
x3 = x%3)

2.3.6. Let IN be the set of natural numbers and 1 be the unit object of Sup (cf.
Lemma 2.1.14). Show that the free quantale generated by 1 in the sense of Sup is
isomorphic to the power set &2 (IN) of IN provided with the Minkowski addition.

2.3.7. Let (X, *, e,’) be an involutive and unital quantale, and let us recall that the
universal bounds are always hermitian. Show that the unit e of X is also hermitian.

2.3.8. Show that the category of commutative quantales is a reflective subcategory
of the category Quant of quantales.

2.3.9. Construct a continuous quantale ([0, 1], x) which satisfies the following pro-
perties:

(a) % is the unique idempotent element x € (0, 1).
(b) 3 <xsxforallx e (3, D).
(c) There exists an element x € (0, 1) with x x x = 0.

2.3.10. Let X be a complete lattice with at least two different elements. Further, let
x, and %, be binary operations on X (in the sense of Set) given by

J_, XZJ_, J—, yZJ—v
Xkpy = and xx,y = x,y € X.
y., x#F L, x, y#4L,

Show

(a) (X, %) is a left-sided and idempotent quantale, while (X, *,) is a right-sided
and idempotent quantale.

(b) The set of prime elements in both quantales Xt = (X, %) and X" = (X, *,)
coincides with X \ {T}. What are the prime elements of X¢ ® X"?
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(c) All the elementary tensors in the tensor product X* ® X" are idempotent ele-
ments. X¢ ® X" is idempotent if and only if X is isomorphic to the unit object
of the tensor product.

(d) Atensor f € X' ® X" is left-sided if and only if there exists a u € X such that
f=u®T.

(Hint: u = \/{x € X | f(x) # 1}.)

(e) Atensor g € X*® X" is right-sided if and only if there exists a v € X such that
g=T Q.

Hint: v = \{g(x) | x # L})

(f) Conclude from (d) and (e) that the subquantale IL(X* ® X") of all left-sided
tensors is isomorphic to X¢ and the subquantale R(X* ® X") of all right-sided
tensors is isomorphic to X".

(g) The subquantale I(X ¢ ® X" of all two-sided tensors coincides with the quantale
consisting only of the universal bounds of X¢ ® X" —i.e. {L, T}.

(h) Conclude from (d), (e) and (g) that X* ® X" is left-sided (resp. right-sided) if
andonly if X = {1, T}.

2.3.11. Let [0, 1] be the real unit interval provided with the order-reversing involu-
tion determined by x* =1 — x forall x € [0, 1]. Further, let ([[0, 11, [0, 111, o, Loy, )

be the involutive and unital quantale of all join-preserving maps [0, 1] L [0, 1]
(cf. Example 2.3.31). Show that the group of all unitary join-preserving maps in
[[O, 11, [0, 1]] is isomorphic to the group of all join-preserving and bijective maps
[0, 1 -% 10, 11.

(Hint: Use Example 2.3.32 and for every [0, %] 410, %] consider the map f
determined by: f(x) = g(x) for all x € [0, %] and f(x) =1—g(1 —x) for all

1
x € (3,11)

2.3.12. For every topological group (X, -, t) with the multiplication - show that the
complete lattice T of open subsets is an involutive quantale (t, *,’) with respect to
the following operations:

UxV={x-y|lxeU,yeV} and U ={x""|xeU}, UVer
2.3.13. Show that the quantales (7) and (8) in Exercise 2.2.1 are semigroups in CD

— 1i.e. the corresponding binary operation in Sup is meet-preserving. Moreover,
compute the comultiplication of (7) and (8).

2.4 Idempotent Quantales and Frames

As a first general property we show that the idempotency of the tensor product entails
the idempotency of its factors.
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Lemma 2.4.1. Let (X, *) and (Y, %) be quantales such that X and Y contain at
least two different elements. If (X ® Y, x) is idempotent, then both factors (X, *)
and (Y, x) are idempotent.

Proof. If (X ® Y, %) is idempotent, then (X ® Y, %) is balanced. Since X and Y con-
tain at least two different elements, the quantales (X, ) and (Y, %) are also balanced.
Hence the embeddings jx and jy are homomorphisms (cf. Proposition 2.3.14 (i) and
(1)), which implies that (X, %) and (Y, *) are idempotent. m]

Comment. The converse of the previous lemma does not hold (see Example 2.3.26
for a counterexample). A complete characterization of the idempotency of the tensor
product will be given in Theorem 2.4.11 infra.

In the following considerations we investigate the impact of left- and right-
sidedness on the theory of idempotent quantales. Obviously, left-sided (resp. right-
sided) and idempotent quantales are always strictly left-sided (resp. right-sided).
Under the hypothesis of left-sidedness (resp. right-sidedness) we show now that the
tensor product preserves the structure of idempotent quantales.

Corollary 2.4.2. If (X, x) and (Y, x) are left-sided (resp. right-sided) and idempo-
tent quantales, then their tensor product (X ® Y, ) is also left-sided (resp. right-
sided) and idempotent.

Proof. The left-sidedness of (X ® Y, %) is evident (cf. Lemma 2.3.12 (iii)). Further,
for every tensor f € X ® Y the following relation holds:

F=Vax0)@ () xf)=VE®f(x)*xx®f(x) = [f*]

xeX xeX

Since f x f < f follows from the left-sideness of (X ® Y, x), we conclude that the
tensor product (X ® Y, x) is idempotent. O

If X and Y contain at least two different elements, then we conclude from Prop-
osition 2.3.3 and Lemma 2.4.1 that the converse statement of Corollary 2.4.2 is also
true.

Lemma 2.4.3. Let (X, %) be an idempotent quantale. Then the following properties
hold:

1) If (X, %) is left-sided, then (X, ) is left-symmetric — i.e.
Xky*Z=Yy%X%xZ, x,y,z € X.

(1) If (X, %) is two-sided, then (X, x) is an integral and commutative quantale.

Proof. Let (X, %) be a left-sided and idempotent quantale. Then we obtain:

XkykzZ=(xxy*z) kX kyxz) < TkykTkxk Tz <yskxx*g, x,y,z€X.
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Interchanging the rdle of x and y, the left-symmetry of (X, %) follows.
If (X, %) is two-sided, then the universal upper bound T is the unit of (X, x) — i.e.
(X, *) is integral. The commutativity of (X, *) follows from (i). m]

Since in any integral, commutative and idempotent quantale the multiplication
coincides with the binary meet operation, two-sided and idempotent quantales receive
a special name and are called frames (cf. [58]). Typical examples of frames are given
by lattices of open subsets of topological spaces.

Further, it is important to note that left-sided, idempotent and unital quantales are
always frames. Hence the non-commutativity of a left-sided and idempotent quantale
is characterized by the absence of a unit. This fundamental observation leads to the
motivation to study non-unital quantales in more detail.

Before we proceed, we first present a non-trivial class of left-sided, idempotent
and non-commutative quantales arising from non-commutative unital C*-algebras.
For the convenience of the reader we begin with the axioms of a C*algebra.

A Banach algebra?l = (A, +, -) with unit e (cf. [60, 77]) is a unital C*-algebras
if A is provided with a conjugate-linear map a —> a* of A into itself satisfying the
following conditions:

(C1) (@)* =aforalla € A.
(C2) (a-b)* =b*-a*foralla,b e A.
(C3) |la* - al| = |la]|® forall a € A.

Sometimes the conjugate-linear map a —> a* is called the involution of 2. In
this context condition (C3) is also known as the C*-property.

Because of (Cl), (C3) and the submultiplicativity of the norm the involution
a — a* is always an isometry.

A closed left ideal of a C*-algebra = (A, -, +) is a closed linear subspace I of
A satisfying the additional property:

acA, xel o a-xel.

Morphisms between C*-algebras are x-homomorphisms — these are algebra homo-
morphisms A = B satisfying the property 7 (a*) = 7 (a)* for all a € A. Conse-
quently x-homomorphisms are algebra homomorphisms preserving the correspond-
ing involutions. It follows from the spectral theory of self-adjoint elements of A and
the C*-property that a x-homomorphism 7 always satisfies the condition (cf. [5,

p- 12])
@) < |lall, a € A.

Hence *-homomorphisms are continuous.

Further, we recall that the multiplication of closed left ideals of C*-algebras
is idempotent. Since these constructions make essential use of spectral theory in
Banach algebras, we first summarize the fundamental properties of the continuous
function calculus. For details the reader is referred to standard references in Func-
tional Analysis —e.g. [77]. Here we only recall the spectrum of self-adjoint elements



2.4 Idempotent Quantales and Frames 121

of unital C*-algebras A. If x € A is self-adjoint (i.e. x* = x), then in this case the
spectrum o (x) of x is always a compact subset of the real line and is given by

o(x) = {A € R | Ae — x is not invertible},

where e denotes the unit of A.

Theorem 2.4.4. Let A be a unital C*-algebra, x be a self-adjoint element of A and
let o (x) be the spectrum of x. Further let € (o (x)) be the commutative C*-algebra of
all continuous functions o (x) L5 Cando (x) <% C be the inclusion map. Then there
exists a unique %-homomorphism € (o (x)) & A satisfying the condition ® (1) = x.
Moreover, @ satisfies the following properties:

(i) @ is an isometry.
(ii) Forevery f € € (o(x)) the spectrum of @ (f) coincides with the image of o (x)
under f —i.e. o (@(f)) = f(o(x)).

Comment. The first part of Theorem 2.4.4, including property (i), is the (contin-
uous) function calculus of self-adjoint elements (cf. [60, p. 239 and p. 271]), while
property (ii) is also called the spectral mapping theorem.

Corollary 2.4.5. Let (A, -, || ||) be a unital C*-algebra with unit e, and let I be a
closed left ideal of A. Then I C I x I holds where

I % I = top.closure(lin.hull{a - b | a, b € I}).

Proof. We distinguish the following cases.
(a) Let x be a self-adjoint element of / and o (x) be the spectrum of x. Further, let

% (0 (x)) -+ A be the unique *-homomorphism satisfying the conditions of Theo-
rem 2.4.4. Then we consider a sequence ( f;;),ew of continuous functions o (x) Iy ¢
defined by

i) =22 teo(), nelN.

14nt2?

Since @ (1) = eand (?(t) = t*forallt € o (x), we obtain that there exists a sequence
(en)nen of elements e, € A such that

€y = ¢(fn) = nx2(e + nx2)—l,
where e is the unit of A. We show that ¢, belongs to /. Since f;, is bounded (o (x) is
compact) and f,(0) = 0 holds, f,, can uniformly be approximated by polynomials

p having the following form p(t) = >}, axt*. Since x is self-adjoint and @ is an
isometry, e, is the limit of self-adjoint elements of the form

m
D(p) =Y. agxk.
k=1
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Hence ¢, is self-adjoint, and @ (p) is an element of / where we have used the ideal
property of . Now the closedness of I ensures that the self-adjoint element e, is
also an element of /. Finally, we invoke the spectral mapping theorem and obtain:

o(e—e)=(1— fu)lox) [0, 1).

Since the norm of e — e, coincides with its spectral radius, we have |e — ¢, | < 1.
Now we use the C*-property of C*-algebras and again the property that @ is an
isometry. Then the relation

2
x-en—x|" = l(en —€) - x - x - (en — )
2

(en— e = [x*- (e — eyl

_ 2 _ nt® 1
= sup ! (1 l+mz) = n
teo(x)

< llx

follows — this means lim,_,, x - ¢, = x. Thus x € [ % I holds by definition of .

(b) Now we choose an arbitrary element x of /. Since [ is a left ideal, x* - x is
contained in /. In particular, x* - x is self-adjoint. Hence lim,, oo x* - x - €, = x* - x
follows from (a). Moreover, we observe:

2
lx-en —xII”=ll(en — ) - x*-x-(en — ) < lx*-x-(en — @)

The previous relation implies lim,,_, », x - e, = x. Thus we have verified x € I * I.
O

Corollary 2.4.6. Let (A, -, || |I) be a unital C*-algebra. Further, let I be a closed
leftideal of Aand I’ = {x* | x € I} beits adjoint closed right ideal. Then the relation
I C I %1 holds, where I x I' = top.closure (lin.hull{a - b |a € I, b € I'}).

Proof. Since the sequence (e;,),c constructed in the proof of Corollary 2.4.5 con-
sists of self-adjoint elements of /, the assertion follows from the proof of Corol-
lary 2.4.5. O

As an immediate corollary of Corollary 2.4.6 we obtain the following well-known
result (cf. [5]).

Corollary 2.4.7. Every closed two-sided ideal I of a unital C*-algebra is self-
adjoint —i.e. I = 1I'.

Example 2.4.8. Let (A, -, | ||) be a unital C*-algebra and IL(A) be the set of all
closed left ideals I of A ordered by set-inclusion. Then IL(A) is a complete lattice.
In particular, meets in IL(A) are computed by intersections, while joins in IL.(A) are
formed by the closure of the linear hull of unions. Further, we consider the ideal
multiplication * on IL(A) — i.e.

I x J =top.closure (lin. hull{a - b |a € I, b € J}, 1,J € L(A).
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Then it is not difficult to verify that (IL(A), %) is a quantale. Further, (IL(A), *)
is a left-sided quantale and also an idempotent quantale by Corollary 2.4.5. Since
(IL(A), *) is semi-integral, maximal left ideals are prime (cf. Theorem 2.3.21). Hence
we conclude from [61, Theorem 10.2.10 (iii) on p. 733] that every closed left ideal
is a meet of prime elements. Thus (IL.(A), %) is a spatial quantale.

In this context it is well-known that a unital C*-algebra is commutative if and only if
each closed left ideal is a two-sided ideal (cf. [60, Exercise 4.6.29 on p. 292]). Hence
(IL(A), %) is a non-commutative, idempotent and left-sided quantale if and only if

the underlying C*-algebra (A, -, | ||) is non-commutative — e.g. the C*-algebra of
all bounded, linear operators on a Hilbert space.
If the underlying unital C*-algebra (A, -, | ||) is commutative (i.e. every closed left

ideal is two-sided), then we conclude from Lemma 2.4.3 (ii) that (I.(A), *) is a frame.
In this case IL(A) is isomorphic to the Gelfand topology on the spectrum of A (cf.
[77D.

We continue our train of thought with a categorical framework of left-sided and
idempotent quantales. First we note that a strong homomorphism between frames
is a frame homomorphism — i.e. an arbitrary join and finite meet-preserving map.
Now we introduce the following terminology and notation.

Let LQuant be the category of left-sided and idempotent quantales and strong
homomorphisms. Obviously, LQuant is a full subcategory of BQuant (cf.
Sect. 2.3.1). Further, let Frm be the category of frames and frame homomorphisms.
Then Frm is evidently a full subcategory of LQuant.

Itis easily seen that LQuant is complete. Moreover, LQuant satisfies the follow-
ing important property.

Theorem 2.4.9. The category LQuant is a reflective subcategory of BQuant.

Proof. Let (X, %) be a balanced quantale. We have to prove that there exists a left-

sided and idempotent quantale (X”, ") and a strong homomorphism X — X° such
that for every further left-sided and idempotent quantale (Y, %) and every further

strong homomorphism X - ¥ there exists a unique strong homomorphism X° 2y
Y making the following diagram commutative:

X 2 x
h
Y
Let IF be the set of all nuclei ¢ on (X, *) satisfying the following condition:

c(Txx)=c(x) =c(x *xx), x € X.

Further, let ¢y be the meet of IF. Since the meet of nuclei is computed pointwisely,
¢ is contained in IF. Now let (X°, ”) = (co(X), %) be the regular quotient of (X, %)
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w.r.t. ¢o. Then (X, %) is a left-sided and idempotent quantale, and the quotient map

b
X % X" is a strong homomorphism. If (¥, ) is a further left-sided and idempotent
quantaleand X - ¥ is a further strong homomorphism, then the nucleus ¢, = h"™ o i

associated with £ is contained in IF. Hence ¢y < ¢;, follows, and & factors uniquely
through n;. O

As an immediate corollary of Theorem 2.3.15, Proposition 2.3.16 and Theo-
rem 2.4.9 we obtain that LQuant is cocomplete. We can summarize the previous
results as follows.

FACT 1. The category LQuant of left-sided and idempotent quantales is a complete,
cocomplete and monoidal category.

The next proposition is a first step on the way to giving a complete characterization
of idempotent tensor products of quantales.

Proposition 2.4.10. Let (X, %) and (Y, x) be idempotent quantales. If (X, *x) or
(Y, %) is a frame, then their tensor product (X ® Y, %) is idempotent.

Proof. Let (X, x) and (Y, *) be idempotent quantales. We fix a tensor f € X ® Y.
Then the relation f < f = f is obvious (cf. the proof of Corollary 2.4.2). In order to
verify f » f < f we distinguish the following cases.

Case 1. Let (X, %) be two-sided — i.e. a frame. Since f is antitone and (Y, *) is
idempotent, we obtain for all x, z € X:

ERfN 2@ f2)=@A)Q(f()* f(2) =(@xA)® f(xAz) = f

Case 2. Let (Y, %) be two-sided — i.e. a frame. Since f is join-reversing and (X, *)
is idempotent, we obtain for all x, z € X:

R fN*ZR f() =@+ Q(f(N)Af)=xVDRflxVvz)=f
Hence f x f < f follows. O

Warning. The tensor product of a frame with an arbitrary idempotent quantale is in
general neither left-sided nor right-sided.

Theorem 2.4.11. Let (X, *) and (Y, %) be quantales such that X and Y contain at
least two different elements. Then the following assertions are equivalent:

(i) The tensor product (X ® Y, %) is idempotent.
(1) (X, *) and (Y, *) are idempotent and one of the following cases occurs:

(1) (X, %) or (Y, %) is a frame.

2) (X, x) and (Y, x) are left-sided.
) (X, =) and (Y, x) are right-sided.
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Proof. The implication (ii)) = (i) follows immediately from Corollary 2.4.2 and
Proposition 2.4.10. In order to verify (i) = (ii) the idempotency of (X, %) and
(Y, %) has already been established in Lemma 2.4.1. Without loss of generality,
we can assume that (X, %) is not two-sided and show now that one of the cases
(1)-(3) occurs. For this purpose we choose x € X and y € Y and consider the
tensor f,, = (x ® T) vV (T ® y). Obviously, fy, has the explicit form (see Exer-
cise 2.1.4 (a)):
Z=<x,

T, z=
fxy(z) = ze X.
vy, zZZ%x,

Further, we observe:

foy*xfy Z (@M * (TN V(TR *(x®T))
=(xxT(T*xy) VvV ((T*xx)® (y*T)).

Since f, is idempotent, the relation
(G*xTR(T*y)V({(T*x)Q(y*T)) =< fay (2.47)

follows for all x € X and for all y € Y. Now we distinguish the following cases:
Case 1. Let (X, %) be neither left-sided nor right-sided. Then there exist elements
X1,X2 € X suchthat T xx; £ x; and x x T £ x,. Now the relations

YT <y=/fir,(T*xx;) and Txy<y=fo,,(x2%T), yevY

follow from (2.47). Hence (Y, %) is two-sided (i.e. a frame), and (1) occurs.
Case 2. Let (X, *) be left-sided and not right-sided. Then there exists an x € X such
that x x T £ x. Now we infer from (2.47) that

Txy<y=fi,(xxT)

holds for all y € Y. Hence (Y, %) is also left-sided, and (2) occurs.
If (X, %) is right-sided and not left-sided, then by analogy with Case 2 the quantale
(Y, %) is right-sided, and (3) occurs. O

The next theorem shows that in special cases the coproduct of left-sided and
idempotent quantales can be expressed by their tensor product. Since idempotent
quantales are balanced, we know already that the embeddings X 25 X ®Y and
Yy 45 x ® Y are strong homomorphisms (cf. Proposition 2.3.14 (i) and (ii)).
Theorem 2.4.12. Let (X, *) be a left-sided, idempotent quantale, and let (Y, %) be a

two-sided, idempotent quantale (i.e. a frame). Then (X ® Y, x) with the embeddings
Jx and jy as coproduct injections is the coproduct of (X, *) and (Y, *) in LQuant.
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Proof. Let (X, %) and (Y, %) be idempotent quantales such that (X, x) is left-sided
and (Y, %) is two-sided. By Corollary 2.4.2 we already know that their tensor product
(X ® Y, %) is an object of LQuant. In order to confirm that the universal property of
coproducts holds for (X ® Y, x) with the coproduct injections jx and jy we choose a
further left-sided and idempotent quantale (Z, *), and further strong homomorphisms
X % 7 and Y % Z. We show that there exists a unique strong homomorphism
X®Y Y Zwithhy =ko jx and hy = k o jy.

(a) (Uniqueness) Since (X, %) is strictly left-sided and (Y, %) is strictly right-sided,
the universal upper bound is a left-unit in (X, *) and a right-unit in (Y, %). Hence the
relation

(TAIN*Ex@ TN =(T*x)Q@(*T)=xQy

holds forallx € X andy € Y.If X ® Y % Z is a strong homomorphism satisfying
the conditions hy = k o jx and hy = k o jy, then we obtain:

kx®y)=k(TR®y)xk(x® T) =hy(y) *hx(x), xeX,yet. (248

Since every tensor is a join of an appropriate family of elementary tensors, k is
uniquely determined.

(b) (Existence) Let Z ® Z -2 Z be the binary operation corresponding to the
multiplication * in Z. Motivated by (2.48) we now define a join-preserving map

XYLz by k =®oczz o (hx ® hy), where ¢z is the Z-component of the
symmetry in Sup (cf. Lemma 2.1.15). We show that £ is a strong homomorphism.
Since k(T ® T) = hy(T) *hx(T) =T %= T = T, the map k preserves the respec-
tive universal upper bounds. Further, we use the left-symmetry of (Z, ) (cf. Lem-
ma 2.4.3(i)) and observe:

k((x1 @ y1) * (x2 ® y2)) = k((x1 % x2) ® (y1 % y2))
= hy(y1) * hy (y2) * hx (x1) * hx(x2)
= (hy(y) * hx(x1)) * (hy(y2) * hx(x2))
= k(x1 ® y1) *x k(x2 ® y2).

Since every tensor is a join of elementary tensors, the map k is a strong homomor-
phism. Finally, for x € X and y € Y we observe:

k(jx(x)) =k(x®T) =T *hx(x) = hx(x)
k(jy() =k(T@y) =hy(y)* T =hy(y) xhy(T) =hy(y * T) = hy(y).
Hence £ satisfies the desired properties. O

Corollary 2.4.13. ([110)) If X and Y are frames, then their tensor product X @ Y
is the coproduct of X and Y in Frm.
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The previous corollary implies that the coproduct of a family of frames in the
sense of Frm is the direct limit of their finite tensor products (cf. [59]).
In the next subsection we describe the relationship between quantales and frames.

2.4.1 Localic Quotients

A nucleus ¢ on a prequantale (X, %) is called localic if ¢ satisfies the following
additional property:

c(x) kc(x) < c(x)) Ac(x) <clxr*xy),  xp,x €X. @)
Since c(c(x1) A c(x2)) = c(x1) A c(x3), condition (L) is equivalent to
c(xp) Ac(xg) = c(x) *x2),  x1,x € X. (L)
The following properties are now obvious.

Lemma 2.4.14. Let (X, %) be a prequantale and (Y, A) be a frame. If X 15 Y isa
homomorphism, then the associated nucleus cj, (i.e. ¢, = h" o h) is localic.

Corollary 2.4.15. Let (X, *) be a prequantale and c be a nucleus on (X, x). Then
the following assertions are equivalent:

(1) The regular quotient (c(X), *) of (X, *) w.r.t. ¢ is localic — i.e. x coincides with
the binary meet operation. In particular, c(X) is a frame.
(ii) The nucleus c is localic.

Example 2.4.16. Let R be a commutative ring with unit and (I(R), *) be the unital
and commutative quantale of all ideals of R provided with the ideal multiplication .
In particular, the unit coincides with R, which is the universal upper bound of I(R).
Further, r (/) denotes the radical of each ideal I of R —i.e.

r()={xeR|ImelN: x" €I}.

It is well-known that the correspondence I —— r([) is a closure operator » on I(R)
satisfying the additional condition:

r(xJ)y=r(I)Nr(J), 1,J €eI(R).

Hence r is a localic nucleus, and the localic quotient of I(R) w.r.t. r coincides with
the frame of all open subsets of the Zariski spectrum of R.

Theorem 2.4.17. The spatial reflection of any integral quantale is a frame.
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Proof. Let ¢ be the nucleus on (X, *) defined by (S) in Lemma 2.3.28. Referring to
Corollary 2.3.29 and Theorem 2.3.30 it is sufficient to prove that c; is localic.

Since (X, %) is integral, the relation c,(x; * x2) < cs(x1) A ¢s(x2) holds for all
X1, x2 € X. On the other hand, let us choose an arbitrary prime element p of (X, %)
with x| % x, < p. Using again the integrality of (X, *) we obtain x; < p orx, < p.
Hence c¢,(x1) A cs(x2) < p follows. Since p is an arbitrary prime element with
X1 % x, < p, the relation ¢, (x1) A cs(x2) < ¢s(x1 * x3) holds. O

As an immediate corollary of Theorem 2.4.17 we obtain the following result due
to J. Rosicky (cf. [102, Corollary 1 on p. 392]).

Corollary 2.4.18. Every spatial and integral quantale is a frame.
Theorem 2.4.19. The category Frm is a reflective subcategory of LQuant.

Proof. Let (X, %) be a left-sided and idempotent quantale. We have to prove that

there exists a frame (X°, A) and a strong homomorphism X % X" such that for
every further frame (Y, A) and strong homomorphism X - Y there exists a unique

frame homomorphism X" sy making the following diagram commutative:

b
Yo (2.49)
L Ko
Y

In comparison to the proof of Theorem 2.4.9 we will here apply a similar proof
strategy. Therefore let I be the set of all nuclei ¢ on (X, %) satisfying the condition:

cxxT)=rcx), x € X.

Further, let ¢y be the meet of IF. Since the meet of nuclei is computed pointwisely, ¢
is contained in IF. Then the regular quotient of (X, %) w.r.t. ¢¢ is an idempotent and
two-sided quantale (X°, A) = (co(X), x) —i.e. a frame (cf. Lemma 2.4.3 (ii)). Obvi-

b
ously, the quotient map X 5 X" isa strong homomorphism. If (¥, A) is a further

frame and X - Y is a further strong homomorphism, then the nucleus ¢, = A" o h
associated with / is contained in IF. Hence ¢y < ¢; follows, and /4 factors uniquely
through n;. O

Since adjoint situations compose, we conclude from Theorems 2.4.9 and 2.4.19
that Frm is a reflective subcategory of BQuant, and the action of the corresponding
reflector at a balanced quantale (X, ) is called the localic reflection of (X, x). Hence
Frm is a cocomplete category. The completeness of Frm is evident.
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2.4.2 Topological Representation of Left-Sided and
Idempotent Quantales

In the case of left-sided quantales (X, %) we begin with the observation that an
element p € X \ {T} is prime if and only if the following implication holds for all
X1, X2 € X:

X1¥x<p = x1%xT <porx<p. (Prime Property”)

Since the implication (x; * T < porx, < p = x; *x; < p) holds in any left-
sided quantale, the previous prime property can also expressed by the following
equivalence

Xp*x < p <= x;* <porx; <p.

Further, let C§ = (C3, *¢) be the idempotent, left-sided and non-commutative
chain with three elements (cf. Example 2.3.26) —i.e. C3 = {L, a, T} and the mul-
tiplication table of x; is given by

g
1
a
-

FE
NEIEE
==

First we show that prime elements of left-sided and idempotent quantales and
strong homomorphisms with codomain C3 are equivalent concepts (cf. [51]).

We begin with the observation that in an arbitrary quantale strong homomorphisms
with codomain Cf always induce prime elements.

Lemma 2.4.20. Let (X, %) be a quantale and X - C § be a strong homomorphism.
Then the element p € X defined by p = \/{x € X | h(x) < a} is a prime element in
(X, *).

Proof. Since h is join-preserving and strong, the element p is different from the
universal upper bound of X. In order to show that p is prime we choose x;, x, € X
with x; x x; < p. If x £ p, then h(x,) = T, and we observe:

h(xy*T) =h(x) ¢ T = h(x1) ¢ h(x2) = h(x1 % x2) < h(p) < a.

Hence x; * T < p. O

Theorem 2.4.21. Let (X, *) be a left-sided and idempotent quantale. Then for every
prime element p in (X, *) there exists a unique strong homomorphism X - Cf

satisfying the condition
p=V{xeX|hx) <a}. (2.50)
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Proof. (a) (Uniqueness) Let X - C 4 be an arbitrary strong homomorphism satisfy-
ing (2.50). Since # is join-preserving, the equivalence x < p <= h(x) < a holds
for all x € X. Now we distinguish the following cases:

—Ifx*«T <p,thenh(x)*, T =h(x*T) <h(p) <a.Hence h(x) = L.

—IfxxT £pandx < p,then h(x) %, T =h(x x T) =T and h(x) < a. Hence
h(x) =a.

—Ifx £ p,thenh(x) =T.

Since (X, %) is semi-unital, it follows from the previous cases that 4 is uniquely
determined by (2.50).
(b) (Existence) Let p be a prime element. Motivated by the uniqueness proof we

define a map X Lo C} by:

1, xxT <p,
hy(x)=1a, xxT £ pandx < p, x € X. (2.51)
T, x £p,

Obviously, h, is join-preserving. Since (X, *) is semi-unital, &, satisfies property
(2.50) —ie. p = \/{x € X | h,(x) < a}. Therefore we have only to show that &,
is a strong homomorphism. Since p # T, the relation 4, (T) = T holds. In order to
verify h,(x1 * x2) = h,(x1) *¢ h,(x2) we distinguish the following cases:

—If hy(x; *x2) =L, then x; *x % T < p. Since p is prime, we have either
xp* T <porx*T <p — ie. either h,(x;) = L or h,(x;) = L. Hence
h,,(xl) *¢ hp(XQ) =1.

— If h,(x1 *xx2) = a, then x; xxp *x T £ p and x; * x, < p. Because of the prime
property we obtain x, < p, x; % T £ p and x, * T £ p. Hence the relations
a < hy(x1), hy(x2) =aand h,(x;) *¢ hp(x2) = a follow.

— Ifh,(x; *x2) = T,thenx; *x, £ p.Hencex; * T £ pandx, £ phold, because
of the prime property. This means a < h,(x;) and h,(x2) =T, and so
h,,(x])*g hp(.Xz) =T. O

Since it is possible to identify prime elements of left-sided and idempotent quan-
tales with strong three-valued homomorphisms (cf. Theorem 2.4.21), this observation
motivates the introduction of the basic properties of three-valued topological spaces.

Letagain C f = (C3, *¢) be the left-sided, idempotent and non-commutative chain
with three elements and X be an arbitrary set. Then we extend pointwisely the partial

order and the multiplication in CY to the set (C£)* of all maps X -+ C{ —ie.

f<g < f(x)<g) forallx € X,
(fxg)x)= f(x) % gx), xeX.

Obviously, ((C§)X , %) is again a left-sided and idempotent quantale.
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Definition 2.4.22. Let X be a set. A subset 7 of (Cf)X is called a three-valued
topology on X if X satisfies the following properties (see also [49, p. 150]):
)X

(O1) 7 is closed under arbitrary joins in the sense of (C5)* — i.e. the inclusion map

T (Cf)x is join-preserving.
(0O2) The universal upper bound T of (C§)X belongs to t.
(0O3) If f,g e, then fxg €.

If © is a three-valued topology on X, then the pair (X, 7) is called a three-valued
topological space.

Let (X, 7) and (Y, o) be three-valued topological spaces. A map X = Y is called
continuous if for all g € o the composition g o ¢ is an element of 7.

Three-valued topological spaces and continuous maps form a category denoted by
Top(3¢). Since every three-valued topology is a left-sided and idempotent quantale,
there exists an object function

|Top(3¢)| — |LQuant]|

sending each three-valued topological space to its underlying three-valued topology.
This object function can be completed to a functor F: Top(3,) — LQuant? as
follows:

(X, 1) 2 Y,0), o L@, T, F(p)=h, where h,(g) =go¢p, gEeo.

In fact, since ¢ is continuous, it is easily seen that £, is a strong homomorphism.
The aim of the following considerations is to show that F: Top(3,) — LQuant?

has aright adjoint functor Pt3, : LQuant® — Top(3;). For this purpose we change

our notation and denote now a left-sided and idempotent quantale by (2, *) and by

pts, (2) the set of all strong homomorphisms 2 Ly C}. On pt, ,(2) we introduce
a three-valued topology 74 as follows. First, for each ¢ € 2, we define a map

A‘I
pt; (2) —* C; by
Ay(h) =h(q), hept; (D).
Since all & € pt;, (£2) are strong homomorphisms, it is easily seen that

19 ={A, | q e 2}

is a three-valued topology on pt; (2). Further, let k be a morphism in LQuant —
i.e. a strong homomorphism & - 2. Then k induces a map pt, (2) ey pt;, (£)
by

or(h) = hok, h € pt; (2). (2.52)

Since
Ayopr = Ay, peP, (2.53)
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@ is continuous. Hence we can introduce a functor Pts, : LQuant®” — Top(3,) as
follows:

Pt3// ("91 *) = (pt?y[ (2)1 TQ),

3( (k)

g e@ Pt3é (c@ >l<) Pt3é(<@, *), Pt3[ (k) = Q.

Theorem 2.4.23. The functor Pts, is right adjoint to F: Top(3,) — LQuant®.

Proof. Let (X, t) be a three-valued topological space. Since for every x € X the

. . . 8
evaluation at x induces a strong homomorphism = C § by

() =rfx), fer,
there exists a natural transformation 7: idpop3,) — Pt3,F defined as follows:
Nxon&x) =368, xeX. (2.54)

In fact, (x - is continuous, because A (5,) = f(x) forall x € X and all f € 7.
Since LQuant? is the dual category of LQuant, we have to show that the following
property is valid:

For every left-sided and idempotent quantale (2, %) and for every continuous map (X, ) %

e
(pt3, (2), T2 ) there exists a unique strong homomorphism 2 —% z such that the following
diagram is commutative:

x 259 ots (F(X, 1))
P Pty, ("¢7) (2.55)
pt;, (2)

(Uniqueness) Let 2 —2% 7 be an arbitrary strong homomorphism making the dia-
gram (2.55) commutative. Then for all x € X and g € 2 the following holds:

(¢)@ = (P, (9D (n0x.0(0) ) @
(Pt ("0 )(6) (@)
= (80797 (@)
("o @) ).

Hence 2 —%5 7 is uniquely determined by ¢ and the commutativity of (2.55).
(Existence) Motivated by the uniqueness proof we define a map 2 - (Cf)x by

k(@) x) = (p())(q), qe2,xeX
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and observe that k(¢) = A, o ¢ holds for all ¢ € 2. Since ¢ is continuous, k is a
strong homomorphism from 2 to t. Referring again to the definition of k we obtain:

(Pte, (k) (8x)(q) = 8, 0 k(q) = (k(@))(x) = 9(x)(q), x€X,qe2.
Hence k makes the diagram (2.55) commutative. m]

Comment. Since the value of a strong homomorphism 2 - C} at a two-sided
element ¢ of 2 is always two-valued (i.e. h(g) € {L, T}), the restriction of the
adjunction of Theorem 2.4.23 to the category Frm”” = Loc of locales and to the cat-
egory Top(2) = Top of 2-valued topological spaces coincides with the well-known
adjunction between locales and topological spaces (cf. [58, p. 42]). In this sense,
left-sided and idempotent quantales can be viewed as non-commutative frames and
the adjunction in Theorem 2.4.23 can be considered as a non-commutative extension
of the adjunction between Frm? and Top.

Let 2 be a left-sided and idempotent quantale. Since the 2-component of the
counit ¢ of the adjoint situation F - Pt3, is the unique arrow FPt;,(2) - 2 in the

sense of LQuant® — i.e. the unique strong homomorphism 2 4+ 75 such that
the diagram

NPy, (2)
Pt3[(,@) — Pt3£FPt3[(9@)

1P13[(9)l Aﬂ)
(€2

Pt;,(2)

is commutative, we conclude from the proof of Theorem 2.4.23 that € 9 has the form
(£2(q))(h) = h(q) where g € 2 and h € Pt;,(2) —i.e.

82(‘1):Aq» qec’@

We are now interested in those left-sided and idempotent quantales 2 for which
the counit at 2 (i.e. £9) is an isomorphism.

Theorem 2.4.24. A left-sided and idempotent quantale (2, ) is spatial if and only
if strong homomorphisms 2 - C; separate elements of 2 — i.e. for qi,q> € 2
with g\ # q» there exists a strong homomorphism 2 - C§ with h(q1) # h(q).

Proof. (a) Let (2, *) be a spatial, left-sided and idempotent quantale. Then for
q1,q2 € 2 with g; £ ¢, there exists a prime element p € 2 with g, < p but

g1 £ p. Now let 2 1 Cf be the strong homomorphism determined by p (cf. The-
orem 2.4.21). Then we obtain: h(q;) = T and h(g;) < a. Hence strong homomor-
phisms with codomain C{ separate elements in 2.

(b) Let (2, %) be a left-sided and idempotent quantale in which Cf—valued strong
homomorphisms separate elements of 2. We show that prime elements are order
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generating in 2 (i.e. (2, %) is spatial). For this purpose we choose ¢; € 2\ {T}
and put
¢ = A\lp € 2| pprimein (2, %) and g, < p).

Let us assume ¢; # ¢, and choose a strong homomorphism 2 - C f with the prop-
erty h(q1) # h(gz). Since q; < g, and h is isotone, h(g,) % h(q;) follows. Fur-
ther, let p € 2 be the prime element corresponding to 4 (cf. Lemma 2.4.20) — i.e.
p = \V{g € 2| h(g) < a}. Now we distinguish the following cases.

Case 1: If h(qy) = L anda < h(gy),theng; * T < pand g, * T £ p follow. Now
we define an element gy € 2by go = \/{z € 2| z* T < p}.Since g * T < p, it
is easily seen that g is right-sided (i.e. two-sided) and prime. Now we infer from
q1 * T < pthat q; < g holds. Finally, we apply the definition of g, and obtain:

@*T <qo*T < p,

which is a contradiction to g * T £ p.

Case 2: If h(q,) = a and h(gy) = T, then the relations ¢; < p and ¢, £ p hold —
a property which is obviously a contradiction to the definition of ¢,.

We conclude from the previous cases that the assumption is false —i.e. g and ¢
coincide. Hence (2, %) is spatial. m]

The next proposition is an immediate corollary of Theorem 2.4.24 and is a more
precise version of the main theorem in [103].

Proposition 2.4.25. Let (2, *) be a left-sided and idempotent quantale, and o (2)
be the set of all prime elements in (2, x). Then (2, ) is spatial if and only if (2, %)
.. . 0o (2)

is isomorphic to a subquantale of (C3) .

Corollary 2.4.26. Let (2, x) be a left-sided and idempotent quantale, and €9 be
the counit of F 4 Pt3, at (2, x). Then € g is an isomorphism if and only if (2, %) is
a spatial quantale.

Proof. By definition the homomorphism 2 <+ 1 is surjective. Hence £ is an
isomorphism if and only if € 5 is injective if and only if Cf-valued strong homomor-
phisms separate elements in 2 if and only if (2, ) is spatial. O

A three-valued topological space (X, t) is called sober if the unit n of F - P13, at
(X, t) is a homeomorphism — i.e. an isomorphism in Top(3,). Since for all x € X
andall f € 7 therelation A ;(8,) = f(x) holds, n(x,r) is an isomorphism if and only
if n(x,r) is bijective.

In order to give a characterization of sobriety we recall Kolmogoroff’s type of
separation axiom —- the so-called Ty-axiom.

Definition 2.4.27. A three-valued topological space (X, ) is Kolmogoroff separa-
ted (i.e. a To-space (cf. [99])) if for all x|, x, € X with x; # x; thereexistsan f €
such that f(x;) # f(x2) holds.
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Obviously a three-valued topological space (X, ) is a Ty-space if and only if the
unit of F - Pt3, at (X, t) is injective. Hence (X, 7) is a three-valued sober space if

and only if (X, 7) is a To-space and every strong homomorphism v - C f is induced
by an element of X — i.e. there exists an x € X with h = §,.

Lemma 2.4.28. For every left-sided and idempotent quantale (2, x) the three-
valued topological space (pt;,(2), 12) is sober.

Proof. Itis evident that (pt; (2), t2) is a To-space. Now let 7o Ly Cf be a strong
homomorphism. Then the composition p = h o €9 is a strong homomorphism from
2 to Cf, and hence an element of pt; (2). Obviously the relation

A,(p) = plg) = h(ea(q)) = h(Ay)

holds for all g € 2 —i.e. h = §,,. Thus A is induced by p. O

To sum up we underline the fact that spatial, left-sided and idempotent quan-
tales and three-valued sober spaces are equivalent concepts. A more categorical
formulation of this situation is the statement that the adjunction formulated in The-
orem 2.4.23 restricts to an equivalence of categories between the subcategory of
three-valued sober spaces and the subcategory of spatial, left-sided and idempotent
quantales.

As application of this result to Example 2.4.8 we obtain that the quantale IL(A)
of all closed left ideals of a unital C*-algebra A can be identified with a three-valued
sober space (pt3£ (IL(A)), r]L(A)). Since A has a unit, it follows from Neuman’s series
that (pt;, (IL(A)), Tr,(4)) is compact—i.e. the universal upper bound of 7y,(4) = LL(A)
is compact.

Before we proceed, let us dwell a little bit longer on the topologization problem
of IL(A).

Example 2.4.29. Let (A, +, -, *) be a non-commutative, unital C*-algebra. Then we
know from the theory of C*-algebras that maximal left ideals can be identified with
pure states. The situation is as follows (cf. [61, 10.2.10 Theorem]):

— A state p of A is pure if and only if its left kernel L, = {a € A | p(a* - a) = 0} is
a maximal left ideal.

— For every maximal left ideal I there exists a unique pure state p of A such that /
coincides with the left kernel of p.

Further, let IL(A) be the quantale of all closed left ideals of A. Since every closed left
ideal is an intersection of maximal left ideals (see again [61, 10.2.10 Theorem (iii)]),
it is sufficient to consider only maximal left ideals for the topologization of IL(A).
Therefore let p(A) be the set of all pure states of A. For every closed left ideal 1 we

introduce a map p(A) =4 CL by (cf. (2.51)):
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L, I+xACL,,
Aj(p)=1a, I«xAZL,andl CL,, p € p(A).
T, I g L,,

Then 7, = {A; | I € IL(A)} is a three-valued topology on p(A) and is isomorphic
to IL(A). In this sense we can also understand the three-valued topological space
(p(A), 7p) as the topologization of the quantale IL(A). Obviously, the sobrification
of (p(A), tp) is isomorphic to (pt3((]L(A)), r]L(A)).

We finish this subsection with a property which explains the relationship between
sobriety and stratification of three-valued topological space. For this purpose let a
be the constant map determined by a € C3. A three-valued topological space (X, 1)
is said to be stratified if a belongs to T.

Proposition 2.4.30. Ler X be a nonempty set. Then a three-valued sober space
(X, 1) is never stratified —i.e. a ¢ T.

Proof. Letusfixanelementx € X and define atwo-sided prime element of T by fy =

VA{f € t| f(x) = L}. Further, let t Ly Cf be the unique strong homomorphism
corresponding to fy (cf. Theorem 2.4.21). Because a £ fy the property h(a) = T
follows from (2.51). Moreover, the sobriety of (X, T) ensures the existence of an
element z € X such that 4 = §; holds. If we now assume a € 7, then we obtain
h(a) = a(z) = a, which is a contradiction to h(a) = T. Hence (X, t) cannot be
stratified. O

Exercises

2.4.1. (See Exercises 2.2.1 and 2.3.1) Let C3 be the chain with three elements.
Referring to the comment after Exercise 2.3.1 there exists a unique idempotent,
left-sided, but not right-sided quantale and a unique idempotent, right-sided, but not
left-sided quantale on C3. Prove:

(a) On Cj there exists a unique idempotent, but not left-sided and not right-sided
quantale which is necessarily commutative and unital.

(b) On Cj there exists a unique two-sided and idempotent quantale which is neces-
sarily commutative.

(c) On Cj; there exists precisely seven two-sided, but not idempotent quantales. Only
two of them are non-commutative.

2.4.2. Let C; be the chain with three elements provided with the following multipli-
cations (see (18) and (8) in Exercise 2.2.1):

= |H]#
FE[F
===
N NEE
I
R

a
4
4
a

— || *
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Show

(a) (Cs, %,) is aright-sided, idempotent and spatial quantale, but not left-sided.

(b) (Cj, %) is a two-sided and spatial quantale, but non-idempotent.

(c) The identity 1, is neither a strong homomorphism (C3, *,) — Cf nor a strong
homomorphism (C3, *) — Cf.

(d) There exists only a single strong homomorphism (C3, *,) Ly Cf.

(e) There exists only a single strong homomorphism (C3, %) & Cs.

(f) Conclude from (d) — (e) that in Theorems 2.4.21 and 2.4.24 neither the assump-
tion of left-sidedness nor the assumption of idempotency imposed on (X, *) can
be dropped.

24.3. Let X and Y be complete lattices. With every arbitrary map X Ly we
associateatensor f € X @ Y definedby f = \/, ., x ® f(x).Ifadditionally (X, A)
and (Y, A) are frames, then show that f has the following representation:

fO=VIf@QAFf@® xAnz#L1), xeX\{L}).

(Hint: For x € X observe that x ® f(x) < f and subsequently use Corollary 2.4.13
and the property that the universal bimorphism is meet-preserving.)

2.4.4. Let M, be the C*-algebra of all square matrices of order 2 with complex
coefficients. Further, let A be an element of IM; with rank(A) = 1. Show:

(a) If L is the left ideal of M, generated by A —i.e. L ={B - A | B € M,}, then
there exist complex numbers «, 8 € C such that |«|*> + |8]> = 1 and the follow-

ing relation holds:
a0 Oa
L:{a.<b0)+ﬁ.<0b> |a,beC].

(b) Every non-trivial and proper left ideal of IM, is maximal.

2.4.5. Let (X, %) be a factor quantale — i.e. the subquantale of all two-sided ele-
ments of (X, *) coincides with {_L, T}. Show: If (X, %) is left-sided and semi-unital,
then (X, *) is idempotent and the multiplication * has the following form (cf. Exer-
cise 2.3.10):

1, x=41, cx
X*ky= X, .
y y, x#£ L, y

In particular, (X, *) is spatial (cf. Exercise 2.3.10 (b)).

2.4.6. Let M, be the C*-algebra of all square matrices of order n with complex
coefficients, and let I.(IM,,) be the quantale of all left ideals of IM,, provided with
the ideal multiplication *. Show that (IL(]M,,), >x<) is a factor and conclude from
Exercise 2.4.5 that the ideal multiplication has the following form:
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LisL,= O L=
1 2 Lz, Ll#{O}, 1, L2 ne

(Hint: Jordan’s Theorem.)

2.4.7. Letc be anucleus on a quantale (X, %) and A = ¢(X) be its range. Show that
the following assertions are equivalent:

(a) The quotient (A, x) = (X, *)/c is a left-sided and idempotent quantale.
(b) The nucleus c satisfies the conditions ¢(T * x) = c¢(x) and ¢(x * x) = c¢(x) for
allx € X.

24.8. Let (C f, *#¢) be the left-sided, non-commutative and idempotent chain of three
elements.

(a) Show that (C¥, ;) is spatial and construct the corresponding three-valued sober

space (pts, (C3), 7cy)-
(b) Consider now the singleton {1} as a three-valued topological subspace of

(pt3 , (Cf), "-'Cf) (“open subsets” are the restrictions of those in Tcg)- Show that
the three-valued topology on {1} is stratified and isomorphic to (C f, *g).

2.4.9. Let(C f ) be the left-sided, non-commutative and idempotent chain of three

elements. Further, let X be a set and X -% C3 be the constant map determined by a,
where a is the unique element of C3 which is different from the universal bounds of
Cs.

(a) Show that a is a left-unit in ((C$)X, %).
(b) Let (X, t)be athree-valued topological spaceando = {f vV (g *xa) | f, g € T}.
Show that (X, o) is a stratified three-valued topological space.

2.4.10. (Cf.[94]) Let (X, A) and (Y, A) be frames. Further, Ant (X, Y) denotes the

complete lattice of all antitone maps X L5 ¥ ordered pointwisely — i.e.
f<g & f(x)<gkx) forallx e X.
On Ant (X, X) we introduce a binary operation * by

gx N =V{gWMIly#L y=f0} fgerntX,X). (256

Verify the following assertions:

(a) (Ant(X, X), %) is a quantale.
(b) The map Ant(X, X) 5 X ® X defined by (cf. Exercise 2.4.3)

)=V x® f(x), f € ant(X, X)

xeX
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is surjective and join-preserving (i.e. a regular epimorphism in Sup). If X ® X
is viewed as a subset of Ant (X, X), then the right adjoint map A"~ of & coin-
cides with the inclusion map. Moreover, for all f, g € Ant (X, X) the associated
closure operator ¢, = h"™ o h satisfies the following properties:

() (@) f=gx*f.
(Hint: Exercise 2.4.3.)
(1) gxcen(f) = cn(g* f).
(Hint: Fixxo, y € X withxg # L,y # Landxg® y < \/ x ® f(x). Since

xeX
X is a frame, use again Corollary 2.4.13 and show

xo=V{xoAx|xeX: xAxg#L yA f(x)# L}
Further, for x € X withx Axg # L and y A f(x) # L observe that

(x Axo) ® g(y) <x® ((g* /X))

and then conclude that xo ® g(y) < \/ x ® ((f * g)(x)).)

xeX

(c) The tensor product X ® X is a quantale w.r.t. the multiplication » defined by

gxf=Vx®(gxHx), figeX®X,

xeX

where * is the multiplication of the quantale (Ant (X, X), *) (cf. (2.56)).
(Hint: Conclude from (b) and Exercise 2.2.3 that the closure operator c;, asso-
ciated with /4 is a nucleus.)

2.4.11. Let M, be the C*-algebra of all square matrices of order 2 with complex
coefficients and IL.(IM;) be the quantale of all left ideals of IL.(IM;) (cf. Example 2.4.8).
Further, let Cf be the non-commutative, idempotent, left-sided three-chain C; =
{L,a, T}. Show:

(a) The set o (IL(IM;)) of all prime elements in (IL(IM;), *) coincides with the set
{P e L(M,) | P # M),
(Hint: Exercise 2.4.6 and see also Exercise 2.3.10(b).)

(b) There exists a bijective map between {P € IL(IM,) | {0} #% P 7# IM,} and the set
p(IM,) of all pure states of IM5.
(Hint: Exercise 2.4.4(b)).

(c) If (pt(]L(IMz)), rlL(le)) is the three-valued (i.e. C§-Valued) sober space corres-
ponding to IM,, then the maps of y,(,) have the following form:

T, 1#P
Ag=L and A, P)=1 " P”é | where 1#{0), P e o(I(Mo)).
a, =1,
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2.5 Balanced and Bisymmetric Quantales

The definition of the spectrum of a non-commutative C*-algebra (see Sect. 2.5.3
infra) forces us to deal simultaneously with left- and right-symmetric quantales (cf.
Lemma 2.4.3 (i)). For this purpose we introduce the following terminology.

A quantale (X, %) is bisymmetric if the relation

(X1 % x2) * (3 * xg) = (X1 * x3) * (X2 * Xg)

holds for all xq, x5, x3, x4 € X.

Since the multiplication of quantales is associative by definition, every commu-
tative quantale is bisymmetric. In the case of unital quantales commutativity and
bisymmetry are even equivalent conditions. Hence the bisymmetry axiom will play
a significant role in the case of non-commutative and non-unital quantales.

With regard to Lemma 2.4.3 (i) a typical class of non-commutative and bisym-
metric quantales is given by non-commutative, idempotent and left-sided (or right-
sided) quantales (cf. Sect. 2.4). In this section we will encounter more examples of
non-commutative and bisymmetric quantales which are in general not idempotent.

As a first property we show that the tensor product preserves the bisymmetry
axiom in the case of balanced quantales.

Proposition 2.5.1. Let (X, %) and (Y, x) be balanced quantales. Then (X ® Y, %) is
bisymmetric if and only if (X, %) and (Y, %) are bisymmetric.

Proof. By Proposition 2.3.14 (i) and (ii) the tensor product transmits the bisymmetry
to its factors. On the other hand, since the relation

(1 ® Y1) * (12 @ y2)) * ((x3 ® y3) * (x4 @ y4))
= ((x1 #x2) % (x3 % x4)) @ (V1 * y2) * (3 % y4))

holds for each xi, x», x3, x4 € X and yi, y2, y3, y4 € Y, the bisymmetry of (X, )
and (Y, *) entails the bisymmetry of their tensor product. O

Example 2.5.2. Let X be acomplete lattice with at least three elements. Further, let
and *, be binary operations on X (in the sense of Set) given by (see Exercise 2.3.10)

1, x=1, 1, y=1,
Xkpy = and xx, y= x,yeX.
y. x# 1, x, y#L

Then it follows from Exercise 2.3.10 (a) that X* = (X, ;) is a left-sided and idempo-
tent (but not right-sided) quantale and X" = (X, *,) is a right-sided and idempotent
(but not left-sided) quantale. Hence we conclude from Lemma 2.3.12, Propo-
sitions 2.3.19, 2.5.1 and Theorem 2.4.11 that their tensor product (Xt ® X", %)
is a semi-unital, semi-integral and bisymmetric, but not idempotent, quantale. A
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typical example of a non-idempotent tensor of X¢® X’ is given by (x ® T) v
(T ® x), where x is an element of X with L #x # T.

The next proposition gives a condition under which the semi-integral regulari-
zation of quantales leads to bisymmetric and even balanced quantales. For this pur-
pose we introduce the following notation.

If (X, %) is an arbitrary quantale, then IL(X) and R(X) denote the subquantales
of all left-sided elements and all right-sided elements of X.

Proposition 2.5.3. Let (X, %) be a quantale. If I.(X) is idempotent, then the semi-
integral regularization (X, ®) of (X, %) is a balanced and bisymmetric quantale
where the multiplication is determined by (cf. (2.42) in Lemma 2.3.18):

x1®x2=x1*T>x<x2, X1, X2 € X.

Proof. Since IL(X) isidempotent, (X, *), and afortiori (X, ®), is balanced. Referring
again to the idempotency of IL(X), we use the left-symmetry of IL.(X) (cf. Lem-
ma 2.4.3(i)) and obtain for each x{, x,, x3, x4 € X:

X1 OX)OM3Oxg) =x1% T kxpx T kx3% [ *xXx4

=xpk T xx3k T xx2% 1 kx5 = (X1 ©x3) © (x2 O x4).

Hence (X, ©) is balanced and bisymmetric. O

Motivated by Proposition 2.5.3 and the situation given by C*-algebras (cf. Exam-
ple 2.4.8) we introduce now the following terminology due to C.J. Mulvey and
J.W. Pelletier (cf. [84]).

Definition 2.5.4. An involutive quantale (X, *, ") is a Gelfand quantale if and only
if the following conditions hold*:

(1) L(X) is idempotent.
(i) x < x *xx’ foreach x € LL(X).

In every Gelfand quantale two-sided elements are hermitian, and x = x * x’ % x
holds for each left-sided or right-sided element x € X. Moreover, if Qg (X) is
the subquantale of a Gelfand quantale (X, *,”) generated by IL(X) U R(X), then
(QRL(X), *,”) is again a Gelfand quantale. It is worthwhile to note that every element
of Qr (X) has the following simple representation:

x=\rx*t, ri € R(X) and ¢; € L(X). (2.57)

iel

In this sense we are performing the “ideal multiplication” in a “wrong way”. This
intuitive view of the ideal multiplication will play a certain réle when we formulate

“In [84] C.J. Mulvey and J.W. Pelletier require the existence of a unit — a property which seems
to be superfluous in this context.
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the spectrum of a non-commutative C*-algebra in Sect. 2.5.3. Now we continue with
two important examples.

Example 2.5.5. Let (A, -, 4+, *) be a unital C*-algebra with unit e and IMA X be the
complete lattice of all closed linear subspaces of A ordered by set-inclusion. If M
and N are closed linear subspaces, then the product M * N is given by the closure of
the set of all finite sums Y ;_; a; - b; witha; € M andb; € N —ie. M * N = MN.
It is easily seen that (IMAX, %) is a unital quantale where the unit coincides with the
I-dimensional subspace (e) generated by the unit e of A. Moreover, the involution *
on A induces an involution " on IMAX as follows:

M ={a*|aeM}, MecMAX.

Then ’ coincides with the formation taking adjoint closed linear subspaces, and the
quadruple (IMAX, *, {(e),’) is an involutive and unital quantale.

Since left-sided (resp. right-sided) elements of MAX are closed left (resp. right)
ideals of A and the restriction of * to ideals coincides with the ideal multiplication, it
follows immediately from Corollary 2.4.5 and Corollary 2.4.6 that (IMAX, *, (e}, ")
is a unital Gelfand quantale.

Finally, let Qg (IMAX) be the Gelfand quantale generated by all closed left ideals
and all closed right ideals of A. Since the unit of MA X is a 1-dimensional subspace
of A, we conclude from (2.57) that (e) is not contained in Q gy (IMAX) provided A
is not 1-dimensional. Hence this property is a further confirmation of an observation
we made at the begining of this section — namely the significant r6le of non-unital
quantales in the ideal theory of non-commutative C*-algebras.

Now we return to Example 2.3.31 from the perspective of Gelfand quantales.

Example 2.5.6. Let X be a complete lattice with at least two different elements
endowed with an order-reversing involution x — x*, and let ([X, X],0, 1x,’) be
the involutive and unital quantale of all join-preserving self-maps of X (cf. Exam-
ple 2.3.31). Since every left-sided element f of [X, X] has the form

x e X,
1L, x=<u,

.
f(X)qu(X)Z{ X Eu

the subquantale L([X, X]) is isomorphic to X* = (X, %) (cf. Example 2.5.2),
and the isomorphism is given by fr— u; =\/{x € X | f(x) = L} for each
f € L([X, X]). Consequently, IL([X, X]) is idempotent. Further, we observe that

ut, x # 1,
1, x=41,

x e X.

(f) (x) = {
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Hence, if f is left-sided, then f < f o f’" holds if and only if uy = T or u# Zuy.
This means that ([X, X], o, 1x,’) is a Gelfand quantale if and only if (X, Disa
complete ortho-lattice —ie. x Ax+ = L forall x € X.

With regard to Proposition 2.5.3 we can summarize the previous result as follows.

Corollary 2.5.7. The semi-integral regularization of every Gelfand quantale is a
balanced and bisymmetric quantale.

In order to describe some categorical constructions we introduce now the category
BSQuant of balanced and bisymmetric quantales and strong homomorphisms. Ob-
viously, BSQuant is located between LQuant (cf. Sect. 2.4) and BQuant (cf.
Sect. 2.3.1) and can therefore be considered as a non-idempotent extension of
LQuant (cf. Example 2.5.2). In this context the reader may notice that non-com-
mutative and unital quantales are objects of BQuant, but not of BSQuant.

Theorem 2.5.8. The category BSQuant is a reflective subcategory of BQuant.

Proof. Let (X, %) be a balanced quantale. In order to construct the balanced and
bisymmetric reflection (X°, x°) of (X, x) we proceed as usual and consider the set
IF of all nuclei ¢ on (X, *) satisfying the following condition:

c((x1 #x0) % (x3 % x4)) = c((x1 % x3) * (x2 % x4)), X1, X2, X3, x4 € X.

Then the meet ¢y of I is contained in IF. Consequently the regular quotient
(X", %*) = (co(X), *) W.r.t. ¢p is a balanced and bisymmetric quantale, and the

quotient map X 2 X" s a strong homomorphism. If (Y, %) is a further balanced

and bisymmetric quantale and X - Y is a further strong homomorphism, then the
nucleus ¢, = h" o h associated with 4 is obviously contained in IF. Thus 4 factors
uniquely through ng( — this means that (X”, ") is the balanced and bisymmetric
reflection of (X, %). O

It is easily seen that BSQuant is complete, and because of Theorem 2.5.8, the
cocompleteness of BQuant is transmitted to BSQuant. Hence we can summarize
the previous results as follows.

FACT 1. The category BSQuant is a complete, cocomplete and monoidal category.

In the following considerations we will investigate the question to what extent the ten-
sor product plays a rdle in the construction of coproducts in BSQuant. With regard
to Theorem 2.3.35 it is sufficient to require that the left factor of the tensor product
has a left unit, while the right factor has a right unit. This observation motivates
the following non-commutative version of Theorem 2.3.35 which also generalizes
Theorem 2.4.12.
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Theorem 2.5.9. Let (X, %) be a strictly left-sided, bisymmetric quantale, and let
(Y, %) be a strictly right-sided, bisymmetric quantale. Then the tensor product
(X ® Y, x) with the embeddings jx and jy as coproduct injections is the coproduct
of (X, x) and (Y, %) in BSQuant. In particular, the coproduct of (X, x) and (Y, *)
in BSQuant is semi-unital.

Proof. By Lemma 2.3.12 (ii), Propositions 2.3.14 (i) and (ii) and 2.5.1, the tensor
product (X ® Y, x) is a semi-unital (a fortiori balanced) and bisymmetric quantale,
and the embeddings jx and jy are strong homomorphisms. Let (Z, %) be a fur-

ther balanced and bisymmetric quantale, and let X L5y 7 and Y 5 Z be further
strong homomorphisms. We show that there exists a unique strong homomorphism

X®Y % Zsuchthat hy = k o jx and hy = k o jy hold.

(a) (Uniqueness) Since (X, ) is strictly left-sided and (Y, %) is strictly right-sided,
we can base our argumentation on the following important relation

(TOIN*E@TN =(T*x)Q(*T)=xQy, xeX, yeV.

If X ® Y % Z is a strong homomorphism satisfying the conditions hx = k o jx and
hy = k o jy, then we obtain:

kx®y) =k(T®y)*x®T)) =hy(y) xhx(x), xeX,yeY. (258)

Since every tensor is a join of elementary tensors, k is uniquely determined.

(b) (Existence) Let Z ® Z -®5 7 be the binary operation corresponding to the
multiplication * in Z. Motivated by (2.58), we now define a join-preserving map

XYLz by k =®oczz o (hxy ® hy), where czz is the Z-component of the
symmetry in Sup (cf. Lemma 2.1.15). We show that & is a strong homomorphism.
Since (Z, %) is balanced, we obtain

KT@T) =hy(Mshy(M=TxT=T

— i.e. k preserves the respective universal upper bounds. Further, let x; ® y; and
X2 ® y, be two elementary tensors in X ® Y. Now we use the bisymmetry of (Z, *)
and observe:

k((x1 ® y1) * (x2 ® y2)) = k((x1 % X2) ® (y1 * y2))
= hy(y1 * y2) * hx(x1 * x2)
= (hy(y1) *x hy (y2)) * (hx(x1) * hx(x2))
= (hy(y1) * hx(x1)) * (hy (y2) * hx(x2))
=k(x1 ® y1) * k(x2 ® y2).
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Since every tensor is a join of elementary tensors, the map k is a strong homomor-
phism. Finally, for x € X and y € Y we obtain:

k(jx () =k(x @ T) = hy(T) * hx(x) = hx(T) * hx(x) = hx (T *x) = hx(x),
k(jy(y) = k(T ®y) = hy(y) * hx(T) = hy(y) * hy(T) = hy(y * T) = hy(y).

Thus £ satisfies the desired properties. O
The next corollary is a first application of Theorem 2.5.9.

Corollary 2.5.10. Let (X, *) be a quantale such that the subquantale 1.(X) of all
left-sided elements and the subquantale R(X) of all right-sided elements are idem-
potent. Further, let Qry (X) be the subquantale generated by 1.(X) U R(X). Then
the semi-integral regularization of Qg (X) is a regular quotient of the coproduct
LX) @ R(X), *) of L(X) and R(X).

Proof. Let L(X) - X and R(X) -+ X be the respective embeddings. Further, let
© be the multiplication in Qg (X) induced by the semi-integral regularization of
QRL(X) —ie.x Oy =x*Txy foreach x, y € Qri (X). Then (QrL(X), ®) is
balanced and bisymmetric. Referring to (2.58), the unique strong homomorphism

L(X) ® R(X) & Qp.(X) with g, = & o jix) and gr = h o jrx) is given by:
hlQRr)=roOl=r=xt, L e L(X), r e R(X).

By (2.57) the homomorphism % is surjective — i.e. a regular epimorphism in
BSQuant. O

In the following we will apply Theorem 2.5.9 to the special setting where there

. . . ? . . . .
exists additionally a pair X Zﬁ——:l Y of join-preserving anti-homomorphisms between

the strictly left-sided quantale (X, *) and the strictly right-sided quantale (Y, %) with
the properties ¥y o ¥y = lx and ¥y o ¥y = ly. By Theorem 2.3.33 there exists a
unique involution " on X ® Y such that (X ® Y, %,”) is an involutive quantale and
the relations

x@®T) =T®dxx) and (TOY =H(N®T

hold foreachx € X and y € Y. Under these assumptions we formulate the following:

Corollary 2.5.11. Let (Z, %) be a balanced and bisymmetric quantale. Further, let
Z % X and Z 25 Y be strong homomorphisms with the property

Ux ogx =qy and Uyoqy =qx.

The pushout of qx and qy in the sense of BSQuant is the coequalizer X Y > §

Jjxoq . . . .
of Z %& X ® Y. Moreover, there exists a unique involution ' on (S, x) such that

(S, *,") is an involutive quantale and 7 is an involutive homomorphism.
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Proof. Since (X ® Y, x) with jx and jy is the coproduct of (X, %) and (Y, x) (cf.
Theorem 2.5.9), the first assertion of the corollary is evident. In order to show the
existence of an involution on (S, *) transforming the quotient map 7 into an involu-
tive homomorphism it is sufficient to prove that the nucleus ¢, associated with 7 is
involutive (see Sect. 2.2.2).

Referring to the construction of coequalizers, ¢, is the smallest nucleuscon X @ Y
satisfying the following condition

c((x 0gx)(@) =c((y 0ogr)(@), z€Z. (2.59)

Now we use the involution on X ® Y and introduce a further nucleus con X ® Y
by:
af)=(cx(f), feXQ®Y.

Then the relations

(@((ix 0 4x)(@) = cx((gx @ @ TY) = ez (T ® ((Fx 0 gx)(2))) = ex (T ® gy (2))

and

@Gy 0 qr)(@)) = cx((T ® gr(2)) = cx ((Fy 0 g1)(@) & T) = cx(gx () ® T)

hold for all z € Z. Since ¢, satisfies (2.59), we obtain:

(x 09x)(@) = (cx (v © q) @) = (cx((x 0 gx)(2))) = Ty © gv)(2).

Hence ¢ also satisfies (2.59). In particular, ¢, < ¢ follows, which means that ¢, is
involutive. ]

Let (G, *,’) be a Gelfand quantale. Then we can put Corollary 2.5.11 in concrete
terms as follows. Let I(G) be the subquantale of all two-sided elements of G, IL(G) be
the subquantale of all left-sided elements, and R(G) be the subquantale of all right-

sided elements. Further, let I(G) -2 I.(G) and I(G) - R(G) be the respective
embeddings. The respective restrictions of the involution ' on G to IL(G) and R(G)
give rise to a pair of join-preserving anti-homomorphisms LL(G) Zﬂi—i? R(G), which

satisfy the properties Vg o ¥, = 1) and vy, o ¥r = lR(s). Since all two-sided
elements of a Gelfand quantale are hermitian, the relations

Ypogr=qr and VRrogr =gqrL

follow. Finally, let (oL, pr, P(G)) be the pushout of gr, and gr in the sense of
BSQuant and

L(G) ® R(G) == P(G)
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be the coequalizer of I(G) %3 L(G) ® R(G). Hence the following diagram is
commutative:
P(G)
PL A PR
76
L(G) 2% 1(G) ® R(G) <2 R(G) (2.60)
4L qR
I(G)

By Corollary 2.5.11 there exists an involution on the pushout P(G) transmitting the
coequalizer L.(G) ® R(G) 5 P(G) to an involutive, surjective homomorphism.

Theorem 2.5.12. Let (G, *,") be a Gelfand quantale. Then the following assertions
hold:

(1) The strong homomorphism py, = 7 o jic) is monic, and the range of py, coin-
cides with the subquantale L(IP(G)) of all left-sided elements of P(G).
(i1) The strong homomorphism pr = g o jr(c) is monic, and the range of pr
coincides with the subquantale R(IP(G)) of all right-sided elements of P(G).
(iii) The strong homomorphism py, o qr, = PR © gr is monic, and the range of
PL © qr, coincides with the subquantale I(IP(G)) of all two-sided elements of
P(G).

Proof. We restrict ourselves to the proof of (i) (since the verification of assertions
(i) and (iii) is analogous, we leave it to the reader). By construction, P(G) is semi-
unital. We consider the multiplication ® on G, which is induced by the semi-integral
regularization of (G, *,”). Hence (G, ®,’) is a balanced, bisymmetric and invo-

lutive quantale (cf. Proposition 2.5.3). Finally, let I.(G) > G and R(G) %> G
be the strong homomorphisms determined by the respective inclusion maps. Since
L(G) ® R(G) is the coproduct of IL.(G) and R(G) in BSQuant (cf. Theorem 2.5.9),

there exists a unique strong homomorphism IL(G) ® R(G) -5 G with the properties
h o ji) =1, and h o jr(s) = tr — this means that / is uniquely determined by
the following condition (cf. (2.58)):

ht@r)=roL=rxt, reR(G), LelG).

Since (¢ ® r) = r’ ® £’ (cf. (2.43) in the proof of Theorem 2.3.33), it is easily seen
that £ is even an involutive homomorphism. Now we observe that

h o jr) oqL = h o jr) © qRr-

Hence & factors through 75 — i.e. there exists a unique (involutive) strong homo-
morphism P(G) vy G such that h = hg o 76. Finally, we note that:

ho(p(©) = h(jr) () = w® = £, £ e L(G).
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Thus py, is an injective strong homomorphism.

Further, since strong homomorphisms preserve left-sided elements, it is sufficient
to show that for each left-sided element x € IP(G) there exists an £ € IL(G) with
pL(£) = x. For this purpose we consider a representation of a left-sided element
x € P(G) having the following form:

X = \/JTG(Z,‘ ®ri), Ei S ]L(G), r € R(G)

iel
Since IP(G) is semi-unital, we obtain:

x=mg(T@ T xx=\76((T*£) (T *r)) =\ 76(&; ® (T *r)).

iel iel

J]L(G) oq1L

Now we use the fact that 7 is the coequalizer of I(G) =——= LL(G) ® R(G) and

JR(G) 4R
observe that the relation

766 @ (T*r)) =n6((TA(Txr)*(¢; ®T))
JTG(T(X)(T*rl))*JTG(K ®T)
nG((T*r1)®T)*nG(£ ®T)
=76((T*r)@T)*(L; ®T))
=ag((T*ri*€)Q®T)

holds for all i € 1. Hence

x=Vag((T#rix€)®T) =76 (juc(V T*rix ) =pu(V T xrix&;)

iel iel iel
follows, and assertion (i) is verified. m]

We conclude from the previous theorem that for any Gelfand quantale (G, *, ) the
subquantale IL(G) is isomorphic to the subquantale IL.(IP(G)) of all left-sided ele-
ments of P(G). Hence IP(G) is again a Gelfand quantale. This observation motivates
us to strengthen the axioms formulated in Definition 1.8 in [55] and to fix the fol-
lowing terminology.

Definition 2.5.13. An involutive, bisymmetric and semi-unital quantale (X, *,”) is
called a quantic frame if and only if (X, *,) satisfies the following properties:

(a) Every left-sided (right-sided) element of (X, %) is idempotent.

(b) Every two-sided element is hermitian.

(c) IfL(X) is the subquantale of all left-sided elements, R(X) is the subquantale of
all right-sided elements, and I(X) is the subquantale of all two-sided elements
of (X, x), then the following diagram is a pushout square in BSQuant
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LX) R(X)

X
™~
s

7\

I(X)

Since the structure of semi-unital and semi-integral quantales is inherited by the
tensor product (cf. Lemma 2.3.12 and Proposition 2.3.19) as well as by regular
quotients in BSQuant, every quantic frame (X, *, ") satisfies the following properties
forall x, y, z € X:

—XAXKY=XRKY=X%kYy*Y,
—xkyxz=xx%xy %2

Furthermore, if (G, *,) is a Gelfand quantale, then it follows from (2.60) and The-
orem 2.5.12 that P(G) is a quantic frame. Hence the Gelfand quantale IP(G) is also
called the quantic frame associated with (G, *,’). Obviously, a commutative quantic
frame is always a frame in the traditional sense (cf. [58]).

Further, let X be an arbitrary complete lattice. Referring to Example 2.5.2, we
can construct a non-commutative, left-sided, idempotent quantale X ¢ = (X, %) and
a non-commutative, right-sided, idempotent quantale X" = (X, *,) on X. Since the
identity 1x induces a pair of join-preserving anti-isomomorphisms between X*¢ and
X', there exists an involution ' on X! ® X’ such that (X¢* ® X", ,’) is an invo-
lutive quantale (cf. Theorem 2.3.33). Obviously, the subquantale I(X* ® X") of
all two-sided elements is the initial object of BSQuant — namely the Boolean
algebra consisting of two elements. Hence (X* ® X", ,”) is a quantic frame (cf.
Exercise 2.3.10(d), (e) and Theorem 2.5.9). Moreover, (X! ® X", ,’) is a Gelfand
quantale, because for every x € X with x # L the following relation holds for all
non-trivial left-sided elements of X¢ ® X" (cf. Exercise 2.3.10(d)):

ERM*xERT =M *»(TRXN) =@ N (T+x)=TT>x®T.

In particular, if X is the three-chain C3, then (Cf ® C§, x,’) is the “smallest” non-
commutative quantic frame (cf. Example 2.3.34). Hence we understand the involutive
quantale (Céz ® Cj, x,") as the quantization of the two-chain C.

Since quantic frames are by definition semi-unital and bisymmetric, the previous
results motivate the investigation of the topologization of arbitrary semi-unital quan-
tales. In this context we will show that spatial and semi-unital quantales are always
bisymmetric (cf. Corollary 2.5.19 infra).

2.5.1 Semi-unital Quantales and Strong Homomorphisms

In this subsection we consider strong homomorphisms having the “smallest” non-
commutative quantic frame Cf ® C} as codomain. We maintain here the notation
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from Example 2.3.26 and recall that the quantale C§ ® C} consists of six elements
—ie. CY®C5 = (T, A, p, B, L}, %).

Since Cj is isomorphic to the subquantale IL(Cs ® C%) of all left-sided tensors
of C§ ® C3, the following results can be understood as a generalization of Lem-
ma 2.4.20, Theorems 2.4.21 and 2.4.24. In this context the non-elementary tensor
a=@®T) V(T ®a)of C§ ® Cj5 will play a crucial r6le.

We begin with a refinement of the concept of prime elements. An element p of a
quantale (X, %) is strongly prime if p # T and the following implication holds for
all xq, x, € X:

X1xx<p = @*xT)Vx=<por (Txx)Vx =<p.

It is interesting to note that in the case of two-sided quantales the property of being
strongly prime already goes back to W. Krull 1928 (cf. [69]).

Every strongly prime element is prime, but in general not vice versa (cf. Exer-
cise 2.5.4(c)). Further, an element p of a quantale (X, *) is strongly prime if and only
if p, viewed as an element of the semi-unitalization (X, 1) of (X, %) (cf. Sect. 2.3.1),
is prime in (Y, 1)

In the case of semi-unital quantales, an element is prime if and only if it is strongly
prime.

Lemma 2.5.14. Let (X, %) be a quantale, and X 1S C_f ® C3 be a strong homomor-
phism. Then the element p € X defined by

p=V{xeX|h(x) <a}

is a strongly prime element of (X, *).

Proof. The relation h(p) < « follows from the property that % is join-preserving.
Since £ is strong, p is necessarily different from T. Now we choose x;, x, € X with
x1 %Xy < p. Because of the semi-integrality of C5 ® C} we obtain:

A1 x T)*h(T %x) <h(x)*T*xT xh(xy) < h(x)) xh(xy) =h(x; *x) < a.

Since Cf ® Cjisbalanced, h(x; * T) # T or h(T * xp) # T. Using again the prop-
erty that h is strong we observe that A(x; % T) is right-sided and A(T % x;) is
left-sided. Hence h(x; * T) < p or h(T *xx;) < A follows — ie. x;* T < p or
Txxy < p.

Finally, if h(x; * T) < p, then h(x;) # T —i.e. h(x;) < «. Analogously we verify
that A(T * xp) < X implies h(x;) < «. To sum up, the relation (x; * T) V x; < p or
(T % x2) V x5 < p holds — i.e. p is strongly prime. O

Theorem 2.5.15. Let (X, ) be a semi-unital quantale. Then for every prime element

pin (X, %) there exists a unique strong homomorphism X - C§ ® Cj satisfying the
condition
p=V{xeX|hx) <al (2.61)
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Proof. (a) (Uniqueness) Let X - C} ® C} be a strong homomorphism satisfying
(2.61). Since A is join-preserving, the equivalence x < p <= h(x) < « holds for
all x € X. We distinguish the following cases where we refer frequently to the mul-
tiplication table of * (cf. Example 2.3.26):

—IfTxx*xT < p,then T xh(x)* T <a.Hence h(x) = L.

~ I Txx«T £Lp,xxT <pand Txx <p,then Txh(x)*x T =T, h(x)*x T
<pand T xh(x) < A. Hence h(x) = B.

—Ifx*«T £pand T xx < p,thenh(x)» T = Tand T xh(x) < A.Henceh(x) =
A.

—Ifx*T <pandTxx £ p,thenh(x) * T < pand T xh(x) = T.Henceh(x) =
p.

-If x<p, x«xT £p and Txx £ p, then h(x) <a, h(x) * T =T and
Txh(x) = T.Hence h(x) = «.

—Ifx £ pthenh(x) =T.

Since (X, %) is semi-unital, it follows from the previous cases that / is uniquely
determined by (2.61).
(b) (Existence) The cases discussed in the uniqueness proof suggest to define a strong

homomorphism X % C¢ ® Cj as follows:

1, T*xxxT <p,

B, Txx*xT £p, xxT <p, Txx<p,

)\'7 —l— 7—|— S 9

oy = | SFLER Trx =D (2.62)
p, xxT <p, T*xx Z£p,

o, x<p,xxT £p, Txx £p,

T, x £p.

Referring to the Hasse diagram in Example 2.3.26 it is evident that / is join-preserving
and the relation (2.61) holds. Since p # T the definition of & implies A(T) = T.
In order to prove the homomorphism property of 7 — i.e. the preservation of the
respective semigroup operations, we will frequently use the prime property of p and
again the fact that (X, *) is semi-unital. For x|, x, € X we examine the following
cases:

—Txx1*x%x T <p << (Txx;xT <porTxxyx 1 <p).
Hence h(xy x x2) = L = h(xy) x h(xy).

— (Txxp*x*x T £p,x;xx%xT <pand T xx;xx; < p) <—
(Txx;*xT £p, TxxaxT £p,x1xT <pand T *xx; < p).
Hence we obtain h(x; * x) = B, h(x1) € {B, p} and h(x;) € {B, A}. Since

B=BxB=pxr=pxp=BxA,

h(xy % x2) = h(x1) » h(x;) follows.
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—(xrxxyxT £pand Txx;xx <p) <= (Txxx<p, x;*%7T £p and
Txxyx T £ p)—ie h(x;) € {A, o, T}and h(xy) € {B, A}. Since

A=AxB=AxA=axB=axA=T*xB=TxA,

h(xy * x3) = h(xy) » h(x,) follows.
—(p*xxox T <pand T*x;xx2 £ p) = (Txx1*T £p, T*xxy £ pand
x1x T < p)—ie. h(x)) € {B, p} and h(xy) € {p, o, T}. Since

p=Brp=prxp=PFrxa=pra=FxT =pxT,

h(xy * x2) = h(xy) » h(x,) follows.

— Thecase T s x; xx3 £ p,x1*xx2% | £ pandx; xx; < pisempty.

—xX1xx £ p < (T £pand Txxy £ p) —ie h(x) €{r,a T} and
h(xy) € {p,a, T}.Since T = A x p, we obtain i (x;) x h(xy) = h(x; * x7).

To sum up, 4 is a strong homomorphism satisfying the property (2.61). O

Corollary 2.5.16. Let (X, *,’) be an involutive, semi-unital quantale. Further, let

X b Cf ® Cj be a strong homomorphism. Then h is an involutive homomorphism
if and only if the prime element p determined by h is hermitian, where

p=\ixeX|hx) <al.

Proof. Let ' be the involution on C{ ® C} constructed in Example 2.3.34. Since
o' =a, M = pand B’ = B, the assertion follows immediately from (2.62). O

We can summarize the previous results as follows.

FACT 1. In the case of semi-unital quantales (X, x), prime elements of (X, ) and
strong homomorphisms X -1 C_,f ® Cj are equivalent concepts. Moreover, if (X, *,”)
is an involutive and semi-unital quantale, then strong homomorphisms with codomain
Cf ® Cj are involutive if and only if the corresponding prime element is hermitian.

Let (X, *) be a strictly left-sided quantale and (Y, *) be a strictly right-sided quan-
tale. Since prime elements of the tensor product (X ® Y, %) are determined by prime
elements of its factors (cf. Lemma 2.3.22 and Theorem 2.3.25), it is interesting to
see how this property is reflected by the corresponding strong homomorphisms. For
this purpose we recall that every prime element of (X ® Y, x) has the form

PMV(T®q)

where p is a prime element of (X, *) and g is a prime element of (Y, %).
Further, let j, = Je and j, = jc; be the coproduct injections of the coproduct

CL ® C7 (cf. Theorem 2.5.9) and X % X ® ¥ and ¥ 2> X ® Y be the canonical
embeddings (cf. (2.18)).
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Theorem 2.5.17. Let (X, %) be a strictly left-sided quantale, (Y, *x) be a strictly

right-sided quantale, and let X @ Y - Cf ® Cj be a strong homomorphism. Fur-
ther, let (p @ T) V (T ® q) be the prime element determined by h in the sense of
Lemma 2.5.14 — i.e.

(P VT g =V{feXQY|h(f) <a}.

Then the strong homomorphisms X ey Cf and Y C5 determined by p and g
(in the sense of Theorem 2.4.21) are the unique strong homomorphisms making the
following diagram commutative:

X 25 xey 2 v
hzl lh lh,

ci o oy ¢

Proof. Obviously, C f is isomorphic to the subquantale IL.(C f ® C3) of all left-sided
elements of Ci ® C%, and C} is isomorphic to the subquantale R(C{ ® C}) of all
right-sided elements of C_f ® Cj3. Since (X, *) is strictly left-sided and (Y, %) is
strictly right-sided, every elementary tensor x ® y of X ® Y has the form

rQ®y=(TAN+xx®T). (2.63)
Since 4 is a strong homomorphism, the following relation holds for all x € X:

(hojx)®)=hx@T)=h((T®T)*(x®T))
=h(TRT)*h(x®T)=Tx(ho jx)x).

Thus 4 o jx factors through j,. Analogously we verify that & o jy factors through j,.

Hence there exist X CiandY oy Cisuchthat ho jx = joohgand ho jy =
Jr o h,. Referring again to (2.63) we obtain forallx € X andy € Y:

h(x ® y) = jr(hr(¥)) * je(he(x)). (2.64)

Since every tensor is a join of an appropriate family of elementary tensors, the
following relation holds

PRMDVTR®Y=Vx®@yeX®Y| ji(h()* jeh(x)) < a},

where obviously p is a prime element of (X, %) and g is prime element of (Y, *).
Now let p, be the prime element determined by /4, (in the sense of Lemma 2.4.20)
—i.e.
pe=\V{x e X |hi(x) <a}.
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Since h(p ® T) < a implies jy(ho(p)) < X = j¢(a), the relation h,(p) < a follows
—1i.e. p < p¢.On the other hand, we infer from h(p, @ T) = jo(he(pe)) < je(a) =
A that

T =(peT)V(T®q)

holds. Since g # T the relation p, < p also follows (cf. Exercise 2.1.4 (b)) — i.e.
p = p¢. Analogously we verify that g is the prime element determined by 4,. O

Since every quantale (X, x) is a subquantale of its semi-unitalization, we conclude
from Theorem 2.5.15 that for every strongly prime element p of (X, x) there exists

a unique strong homomorphism X - Cf ® Cj satisfying the condition:
p=VixeX|hx) <al.

If we now refer to Lemma 2.5.14, then we can reformulate Fact II as follows:
Strongly prime elements of arbitrary quantales (X, %) and strong homomorphisms

X Cf ® Cj are equivalent concepts.
Having made these general comments we now give a characterization of spatial
and semi-unital quantales.

Theorem 2.5.18. A semi-unital quantale (X, *) is spatial if and only if strong homo-
morphisms X sy Cf ® Cj separate elements in X — i.e. for x| # x there exists an

h with h(x1) # h(x2).
Proof. With regard to Theorem 2.5.15 the necessity is evident. On the other hand,

we assume that strong homomorphisms X C§ ® Cj separate elements in X and
show that prime elements in (X, *) are order generating. For this purpose, we fix an
element x; € X and define an element x, € X by

x2 = A{p € X | p primein (X, %) and x; < p}. (2.65)

Obviously, x; < x;. Further, we notice that the following equivalences hold for all
prime elements p in (X, *):

X1 <p &= x <p, (2.66)
Txx;1 <p < Txx <p, (2.67)
X1¥xT <p &< xxT <p, (2.68)

Txx;*T <p << Txx%xT <p. (2.69)

Trivially (2.66) follows from the definition of x,. If T % x; < p, then we define a
left-sided prime element gy € X by

go=V{xeX|Txx<p).
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Hence x; < ¢g¢ holds, and x, < go follows from (2.66). Since (X, %) is semi-uni-
tal, we obtain T *xo < T *gp = qo < p. Hence (2.67) is verified. Analogously we
establish (2.68). Finally, we assume T * x; * T < p. Now we construct a two-sided
prime element s¢ in (X, *) by

so=\V{xeX | T*xx*xT < p}

Hence x; < s¢ holds, and x, < so follows from (2.66). So we obtain T % x x T <
Txsox T =59 < p,and (2.69) is verified.
In the following considerations we now identify prime elements p in (X, %) with

strong homomorphisms X - C; ® C} and vice versa (cf. Lemma 2.5.14 and The-
orem 2.5.15). Then we infer from formula (2.62) and the equivalences (2.66)—(2.69)

that i (x;) = h(x;) holds for all strong homomorphism X Ly C§ ® C3. Since strong
homomorphisms with codomain (Cf ® C}, *) separate elements in X, the relation
x1 = x, follows —i.e. (X, %) is spatial. m]

Corollary 2.5.19. Let (X, *) be a semi-unital quantale and o (X) be the set of all
prime elements in (X, *). Then (X, *) is spatial if and only if (X, %) is isomorphic
to a subquantale of(Cf ® C5)°X) in the sense of BSQuant — i.e. the embedding is
a strong homomorphism. In particular, spatial and semi-unital quantales are bisym-
metric.

Proof. Since C§ ® C} is bisymmetric, the assertion follows immediately from The-
orem 2.5.18. O

2.5.2 Topological Representations of Semi-Unital quantales

If in Sect. 2.4.2 we replace the idempotent and left-sided quantale (Cf, %¢) by the
“smallest” quantic frame (Cf ® Cj, x), then we can describe the concept of six-
valued topologies as follows.

Let X be an arbitrary set and (C§ ® C5)* be the set of all maps

x L C§ ® Cj. Then by analogy with Sect. 2.4.2 we extend the quantale structure of
C§ ® C} pointwisely to (C5 ® C5)*. Hence ((C§ ® C5)*, *) is again a semi-unital,
semi-integral and bisymmetric quantale.

Now we introduce a six-valued topology on X as a subset T of (C§ ®C;
fying the following conditions (see also [49, p. 150]):

)X satis-

(O1) tisclosed under arbitrary joins in the sense of (C f ® Cj )X —j.e. the inclusion
map 7 < (C5 ® C5)* is join-preserving.

(02) The universal upper bound T of (C§ ® C5)* belongs to 7.

(O3) If f,get,then fxgeT.
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If 7 is a six-valued topology on X, then the pair (X, t) is called a six-valued topo-
logical space. Obviously, every six-valued topology is a semi-unital, semi-integral
and bisymmetric subquantale of ((C§ ® CH)*, *).

Further, let (X, 7) and (Y, o) be six-valued topological spaces. By analogy with
the situation of the three-valued case, a map X - Y is continuous if g o ¢ € t for
all g € o. Again six-valued topological spaces and continuous maps form a category
denoted by Top(6).

Now let (2, %) be an arbitrary semi-unital quantale and pt;(2) be the set of

all strong homomorphisms 2 C ® C}. For every g € 2 we introduce a map

Pts(2) =% CL ® C by
Ay(h) =h(q) hept(2).

Then it is easily seen that
92 ={A; 1 q € 2}

is a six-valued topology on pts(2), and the six-valued topological space
Pt6(°@7 *) = (ptﬁ(g)5 Tfj)

is called the six-valued topological representation of (2, ). Again we have an
adjoint situation between the dual category of semi-unital quantales and the cate-
gory of six-valued topological spaces, which is an extension of the adjoint situation
between LQuant? and Top(3y) (cf. Theorem 2.4.23). Every semi-unital and spatial
quantale is equivalent to a six-valued sober space. For details of this situation, the
reader is referred to [52, Sect. 5].

Finally, by construction the six-valued topology t4 is isomorphic to the spatial
reflection of 2. In fact, because of (S) in Lemma 2.3.28 (see also Corollary 2.3.29)
and (2.65)—(2.69) the following relation holds for all ¢ € 2:

A h) = Agg(h), h € pts(2).

We finish this subsection with the topological representation of the tensor product
of idempotent quantales. For this purpose we fix a left-sided, idempotent quan-
tale (L, %) and a right-sided, idempotent quantale (R, ). Since their tensor prod-
uct is the coproduct of (L, *) and (R, *) in BSQuant (cf. Theorem 2.5.9), for

every strong homomorphism L @ R Cf ® Cj there exist unique strong homo-

morphisms L 24 Ciand R Ly C} making the following diagram commutative (cf.
Theorem 2.5.17):
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L JL L®R JR R

he lh h
' ~

¢t oo I ¢

Hence for every strong homomorphism L ® R & C§ ® C} there exists a unique
pair (hy, h,) € pt;, (L) x pt; (R) such that the following relation holds (cf. (2.58)):

hg®s) =h((T®s)*(q®T)) = j(h(s)*je(he(@)), qeL,seR.
(2.70)
Since every tensor f € L ® Risajoin of an appropriate family of elementary tensors
—ie. f = Ve gi ® si, we obtain:

A=\ (A, xA,), q€L,s eR, 2.71)

iel

where we have identified Cf with ]L(C§ ® C3) and C3 with ]R(C§ ® C3).

Hence the topological representation (pt6(L ® R), 1 9r) of (L ® R, %) is the
topological product in the sense of Top(6) of the three-valued topological spaces
Pts, (L, %) and Pt;3 (R, %) viewed as six-valued topological spaces. In particular,
the six-valued product topology tigr is the subquantale of (C% ® Cj)Pt ()Pl (B)
generated by {A; x A, | g € L, s € R} (cf. (2.71)).

We record the following theorem.

Theorem 2.5.20. Let (L, %) be a left-sided, idempotent quantale and (R, %) be a
right-sided, idempotent quantale. Then the topological representation of their tensor
product (L ® R, %) is the topological product (in the sense of Top(6)) of the three-
valued topological spaces Pt3, (L, x) and Pt3, (R, %) viewed as six-valued topological
spaces.

2.5.3 The Spectrum of a C*-Algebra and its Topological
Representation

Let (A, +, -, ) be a unital C*-algebra and IMAX be the unital Gelfand quantale of
all closed linear subspaces of A (cf. Example 2.5.5). Then the spectrum of A is the
quantic frame IP(IMA X)) associated with IMA X and is denoted by sp(A). In partic-
ular, sp(A) is a bisymmetric and semi-unital Gelfand quantale. If A is commutative,
then sp(A) coincides with the traditional spectrum of A given by the frame of all
closed (two-sided) ideals of A. If A is not commutative, then we distinguish the
following cases.

Case 1. Let (A, +, -, ) be a simple C*-algebra — i.e. the quantale of all closed
two-sided ideals coincides with the Boolean algebra {0, 1}. Then the spectrum of A
is the tensor product of the quantale IL.(A) of all closed left ideals with the quantale
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RR(A) of all closed right ideals of A. Obviously, sp(A) is the coproduct of IL.(A) and
R(A) in BSQuant.
Case 2.1f (A, +, -, e) is not simple — e.g. the C*-algebra of all bounded operators on
an infinite-dimensional Hilbert space, then we cannot say much and can only argue
that sp(A) is a certain regular quotient of the tensor product L(A) ® R(A).

In order to investigate the topologization of sp(A) we first give a characterization
of prime elements of quantic frames.

Lemma 2.5.21. Let (X, *,") be a quantic frame and I.(X) @ R(X) = X be the
coequalizer of the pair of strong homomorphisms 1(X) %? L(X) ® R(X) defined
by:

pr(x) =x®T, ¢r(x)=TQx, xel(X).

Then an element p € X is prime in (X, x) if and only if there exist prime elements
L € IL(X) and r € R(X) satisfying the following properties:

i) (@M V(T®r)=rp.
(i1) Forall z € I(X) the equivalence z < £ <= z < r holds.

Proof. (a) Let p be prime in (X, *). Since , jix) and jr(x) are strong homomor-
phisms, £ = (7 o j]L(X))"(p) is prime in IL(X) and r = (w o j]R(X))F(p) is prime in
R(X). By Theorem 2.3.25 the relation 77 (p) = (¢ ® T) v (T ® r) follows. Hence
the surjectivity of = implies property (i). Further, for every two-sided element z we
obtain the following chain of equivalences:

2=l=(ojux) (p) &= 1@ T)=n(T®2) <p
&= z=r=(Tojrx) (D).
Hence the property (ii) also holds.

(b) We fix p € X with the property that there exist two prime elements £ € IL(X)
and r € R(X) satisfying (i) and (ii). Then we consider the strong homomorphism
L(X) ® R(X) % C{ ® C} corresponding to the prime element (¢ ® T) vV (T ®r)
(cf. Lemma 2.3.22 and Theorem 2.5.15), and we fix z € I(X). Because of the fol-
lowing equivalences

7<l & QT <URXT)V(TRr) and z<r < TRz<UXT)V(T®r)

we conclude from (ii) that & o g1, = h o pr. Hence h factors through 7 — this means
that 7 (£ ® T) Vv (T ® r)) is prime. So, the primality of p now follows from (i). O

Corollary 2.5.22. Let (X, *,”) be a quantic frame and 1.(X) @ R(X) ™ X be the
coequalizer of the pair 1(X) %? L(X) ® R(X) of strong homomorphisms given by:

LX) =x®T, erx)=T®x, xel(X).
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An element p € X is a hermitian prime element if and only if there exists a hermitian
prime element q of (IL(X) ® R(X), %) such that p = m(q).

Proof. Since the right adjoint map of an involutive homomorphism is involutive (cf.
Lemma 2.2.14), the necessity of the condition is evident. On the other hand, let g
be a hermitian prime element of (IL(X) ® R(X), x) with p = 7 (q). Then there exist
prime elements £ € IL(X) and r € R(X) suchthatg = (¢ ® T) v (T ® r). Since

CRITHIV(TRN=(ERT)V(Ten) =0T v(TeL),

¢’ = r follows. Since every two-sided element 7 € I(X) is hermitian, we observe that
the elements £ and £’ satisfy the condition (ii) of Lemma 2.5.21. Hence we conclude
from Lemma 2.5.21 that 7 (g) is a hermitian prime element of (X, %) where we have
used the property that 7 is involutive. O

Having made these preparations we are now going to construct the Gelfand topol-
ogy on the quantic frame IP(IMA X)) associated with MAX. For this purpose we fix
a pure state p of A and consider its left kernel L,. Then L, is a maximal left ideal of
A and consequently a prime element of IL.(A) = L(P(IMAX)). Now, we introduce

the following strong homomorphisms IL(A) % C£ and R(A) 2= C7 as follows (cf.
Example 2.4.29):

1, IxACL,, 1L, AxJ C(Lp),
he()=9qa, IxA¢ Ly, ICLy,, he(J)=1{a, AxJ L Ly, JC(Ly,
T, 1 ¢ Ly, T, JZ(Ly)

for each I € IL(A) and J € R(A). Further, let L(A) ® R(A) C§ ® C73 be the in-
volutive and strong homomorphism corresponding to the hermitian prime element
(L, ® A) V (A® (L))" (cf. Corollary 2.5.16). Since IL(A) ® R(A) is the coprod-
uct of IL(A) and R(A) in the sense of BSQuant, we conclude from Theorem 2.5.17
that £ has the following form (cf. (2.64)):

h(I ® J) = jr(h (D)) * je(he(D), I €L(A), J € R(A).

Now we invoke Corollary 2.5.22 (see also Lemma 2.5.21) and observe that & factors
through s x. Hence for every pure state p of A there exists a unique involutive

and strong homomorphism P (IMA X) RENYS) f ® C7j such that the following relation
holds:

ho(muax( ® J)) = jr (ke (D) % je(he(D), 1 €L(A), J € R(A), (272)
where hy is the three-valued strong homomorphism corresponding to the left kernel

of p and 4, is the strong three-valued homomorphism corresponding to the adjoint
of the left kernel (i.e. the right kernel) of p.
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Finally, let p(A) be the set of all pure states of A. Then every element g of

PIMAX) = {rnax (f) | f € L(A) ® R(A)}

induces a map p(A) ey C; ® C; by
Ag(p) =ho(g),  p€p(A).

Obviously, 74 = {A, | g € P(IMAX)} is asix-valued topology on p(A) and is called
the Gelfand topology of A. Since all strong homomorphisms %, are involutive, the
Gelfand topology is evidently involutive — i.e.

Ag ETy — (Ag)/ € Ty.

A list of further features are the following properties of t4:

- If (A, +, -, *) is commutative, then the Gelfand topology t4 coincides with the
traditional Gelfand topology.

— In the case of non-commutative C*-algebras the Gelfand topology is in general a
six-valued topology.

— Every closed left ideal / of A can be identified with a Cj ® C}-valued map
A x(7@4) and vice versa.

— Every closed right ideal J of A can be identified with a C{ ® C}-valued map
A« Aoy and vice versa.

—{Aq . xaen | I € L(A), J € R(A)} is a join-basis of t4.

The last property of T4 motivates us to give a more transparent representation of the
map A, .« (1e.)- For this purpose we recall the construction of A ; in Example 2.4.29
and the dual formulation of A; for a closed right ideal J:

L, AxJC(L,),
Aj(p)=13a, AxJ ¢ (L,).JC(L,. pep(A), JeR(A).
T, JZ (L,

If we now identify elements of C§ with elements of C§ ® C} in the sense of j, (e.g.
a with @ ® T) and elements of C} with elements of C§ ® C} in the sense of j, (e.g.
a with T ® a), then we infer from formula (2.72) that the following relation holds:

Anyaxaen() =A (p) x Ar(p),  p €p(A). (2.73)

Finally, it seems that in general the Gelfand topology comprises more information
about the underlying non-commutative C*-algebra than the Jacobson topology can
usually offer. For example, in the non-commutative setting primitive ideals do not
distinguish maximal left (right) ideals. Hence the Jacobson topology cannot describe
the mutual interrelationship between pure states. However, in the case of the Gelfand
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topology 74 we have the following situation (cf. (2.73)):

T, I g L, J g_ (Lp)',

A, T C L, I*AQLP, J gé (L,),

o, I 7@ L,, JCS (L)), AxJ ,(Z (Ly),

B, Ing,I*Ang,Jg(Lp)/,A*ng(Lp)’,
L, I«xACL,orAxJ C(L,),

Aﬂm&x(l@.]) (p) =

where L, is the left kernel of p. For a further illustration of this situation, the reader
is referred to Exercise 2.5.5.

The reconstruction of a non-commutative C*-algebra (A, +, -, *) from its Gel-
fand topology 74 is an open problem at the moment. One of the obstacles is the
construction of an algebra of “non-commutative functions” defined on p(A).

Exercises

2.5.1. (See Exercises 2.2.1, 2.3.1 and 2.4.1) Let C3 be the chain with three ele-
ments. We recall from Exercise 2.3.1 (i) that there are precisely 9 balanced quantale
structures defined on C3. Show that any quantale on Cj3 is bisymmetric.

Comment. Exercise 2.5.1 underlines the importance of the bisymmetry axiom when
one moves from the two-valued to the many-valued setting.

2.5.2. Let (X, %) be a non-commutative and two-sided quantale. Show:

(a) If (X, %) bisymmetric, then (X, %) is not semi-unital.
(b) The semi-unitalization (cf. Sect. 2.3.1) of (X, %) is not bisymmetric.

2.5.3. Show that any non-commutative and unital quantale is balanced, but not
bisymmetric.

2.5.4. Let C5 be the three-chain provided with the following multiplication

x| Lia|T
L) L|{L{L
all|lla
TIL|L[T

(see (7) in Exercise 2.2.1). Show

(a) (Cs, %) is a non-idempotent, non-commutative, bisymmetric, balanced and two-
sided quantale.

(b) (C3, %) is spatial, but not semi-unital.

(c) The universal lower bound in (Cs, *) is prime, but not strongly prime.

(d) There exists a single strong homomorphism (Cs, *) sy Cf ® C%, and it satis-
fies \/{x € C3 | h(x) < a} = a. (Consequently the assumption of (X, *) being
semi-unital cannot be dropped in Theorem 2.5.18.)
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(e) The semi-unitalization (cf. Sect. 2.3.1) (Cx, %) of (Cs, ) is isomorphic to the
chain C4 consisting of four elements _L, a, b and T provided with the multipli-
cation given by the multiplication table:

*|Lla|b|T
L)L
all|llala
b|L|L|b|b
T|L|a|b|T

Show that the elements a and b of Cy4 are two-sided and prime in (Cy, %) where
b corresponds to the universal upper bound in Cs.

2.5.5. Let M3 be the C*-algebra of all square matrices of order 3 with complex
coefficients. It is well-known that every pure state is a vector state — i.e. for every
pure state p of M3 there exists a unit vector e, of C3 such that p(A) = (Ae,, e,)
holds for all A € M3 where ( , ) is the usual inner product in C3.

(a) Show that L, ={A € M3 | Ae, = 0} is the left kernel of p.
(b) Let I be aleftideal and J be a right ideal of M3 given by:

0o —« a B vy
1={ 0 —p ’a,ﬂ,ye@}, J={ 0 00 )a,ﬂ,ye@}.
Oy —y a—p -y

Further, let p;, p2, p3 and p4 be pure states of IM3 determined by the following
unit vectors:

1
epl = (15 07 0)7 epz = (07 15 0)9 ep3 = (05 07 1)’ ep4 = %(1’ 1? 1)'

Show that A, (1e/) attains the following values:

Aﬂm&x(l@])(pl) - )"7 Aﬂm&x([@])(pz) = pv
Aﬂ]MAX(I@J)(IOS) = T’ A?T]l\1,§\x(]®])(p4) = :3

2.5.6. Let M, be the C*-algebra of all square matrices of order 2 with complex
coefficients. Further, let IL.(IM,) be the quantale of all left ideals and R(IM,) be the
quantale of all right ideals. We know that every non-trivial, proper left (right) ideal
is maximal (cf. Exercise 2.4.4 (b)).

(a) Show thattheseto (]L M) ® IR(]MZ)) of all prime elements of the tensor product
L(IM,) ® R(IM;,) can be identified with the set

{(P1, P,) | P e L(My), P, € R(OM,), P; # M,, P, # My},
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(b) First we recall Cf = (C3, *¢) and C; = (C3, *,). If L is a non-trivial left ideal
and R is a non-trivial right ideal, then we consider the corresponding maps

L(M;,) \ {IM,} Ay Cf and R(IM») \ {IM,} Az, Cj having the following form:

T, L¢P, T, R¢ P,
Ay(P)=1{a, L=P, and Ax(P)=1la, R=P,
1, L={0}, 1, R={0.

If CY is identified with L(C{ ® C%) and C} with L(C{ ® C}), then verify (cf.
(2.73):

Argr(Pr, Py) = Ar(P) x A (P), P #DM,, P, #M,.

(c) If Ly, L, and L3 are pairwise distinct, non-trivial and proper left ideals of IM,
and R;, R, and R; are pairwise distinct, non-trivial and proper right ideals of
IM,. Then confirm the following relations:

1 AL1®R1 4 AL2®Rz 4 AL3®R3 = AMZ@HVIZ'
(i) (L1®R)V (L2® Ry) V (L3 ® R3) # My @ IMy.

Conclude from the previous observations that I.(IM;) ® IR(IM») is not spatial.
The next Exercises 2.5.7 and 2.5.8 form a preparation for Exercise 2.5.9

2.5.7. Let A be a square matrix of order n and I be the left (right) ideal generated
by A.If rank(A) < n, then show that the linear dimension of I is given by dim(Il) =
n-rank(A) and I has a base {D,, |r =1,...,n; g =1,...,rank(A)} such that
rank(D,,) = 1 forall » and g.

(Hint: Let A = (ay, ..., a,) withrank(A) =k <nanda; = (a;;)]_,,j=1,...,n.
Without loss of generality, we can assume that {a, ..., a;} is linearly independent.
Thenfor! =1,...,kandp =k +1,..., nthereexistd;, € Csuch that the relation

a, = ZLI dipa; holds. Further, let B = (b;;); ;_, be an arbitrary square matrix of
order n. We put:

n
Cim= Y. bij-ajm, iell,..., n}, mell,..., n}.
j=1

Then ¢;, = ZL] ciy - djp follows for p =k +1,...,n. Finally, forr =1,...,n

andg =1, ...,k we define D, , = (gl.rj‘.q 7o by:
0, 1i#r,
rq 0, i=vr jell,....k}\{q},
8ij = . .
1, i=r, j=gq,

IS

>, i=1j=k+1,...,n
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Now rank(D,q) =tland Y/ (X4_ ¢rq - Drg) = B - A follow. Since for every
i =1,...,n and for every k-tuple (c; q) _ the system of linear equations

n

D bijajg=cigp  q=1,....k

has a solution (b; 1, . .., b; ), the left ideal I generated by A has dimension k - n.)

2.5.8. Let M, be the C*-algebra of all square matrices of order n with complex
coefficients. For every square matrix C of order n with rank(C) = 1 there exists a
left ideal IL and a right ideal R suchthat RxIL. = {z - C | z € C}.

(Hint: Without loss of generality we can assume that the given matrix C = (¢;;); ;_,

with rank(C) = 1 has the following form:

Letus considertwo (n — 1)-tuples (pi, ..., pn—1) € C"'and 1. quoy) €C!
such that ¢;; is given by:

1, i=1, j=1,
Di—1, l#lv.lzlv
Cij = . .
qj—1, i=1,j#1,
qj-1-pi-1, i #1,j#L
For every vector X = (x,...,x,) € C" and y = (y1, ..., y,) € C" we introduce

matrices Ax = (a;;)} ;_; and By = (b;;)} ;_, as follows:
i - 1, : - 1’
aj; = i J and blj = Vi l
Xi-qj-1, J#1, pi-1-yj, 1 # 1

ThenLq = {Ax | x € C"}isaleftideal and R, = {By | y € C"}is arightideal. Now
weputz =)_, ;- x; and observe:

z i=1, s=1,

1z Pi-1°2 i#1, s=1,
b(I: =2°Cjgs.
; 1y ]S Z'qS71 l: 1’ S;ﬁ 1’ is

Pi—1-2qs-1 l7é 1: P?é 17
Hence Ry, x Ly = {z - C | z € C} follows.)

2.5.9. Let n be a natural number with 2 < n, IM,, be the C*-algebra of all square
matrices of order n with complex coefficients, and let (IMAX, x) be the quantale of
all linear subspaces of IM,, (cf. Example 2.5.5). Further, let I,, be the subquantale
of all left ideals of IM,,, R,, be the subquantale of all right ideals of IM,,, and let
be the set of all linear subspaces of IM,, which have a linear base B such that every
matrix C € BB has rank 1. Show:
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(a) £, is a subquantale of (MAX, *).

(b) 9, coincides with Qg (IMAX) — i.e. the subquantale generated by IL,, U R,,.
(Hint: In order to verify Exercise 2.5.9 (b) use Exercises 2.5.7 and 2.5.8.)

2.5.10. Let M, be the C*-algebra of all square matrices of order n and £, be the
subquantale of MAX which consists of all linear subspaces U of IM,, satisfying the
following condition

U has a linear base B such that every C € B has rank 1.

IfQ, is the semi-integral regularization of £, then show that Qi isa quotient of the
coproduct of IL(IM,,) and R(IM,,) in BSQuant.
(Hint: Exercise 2.5.9 (b) and Corollary 2.5.10.)

2.6 Frobenius Quantales

Let (X, %) be a quantale and d be an element of X viewed as join-preserving map

1 -% X7 Then the right-implication & and the left-implication @ of the given quan-
W

tale induce a pair X %? X°P of join-preserving maps by the commutativity of the
8

following diagrams:

—1
X 2o xe1 =2 xoxo

F (2.74)

hz

ey oo
&' 5®1x
X 510X —5 X?®X
5 g

Obviously, the pair (A%, hg) forms a contravariant Galois connection on X. In fact,
the following relation holds for all x, y € X:

YShi(x) & y<x\d & x=d/y & x <hjQ).

The previous relation means that A5 is right adjoint to 4} provided we view h
as isotone map from X to X. Hence we conclude from Exercise 1.3.2 that Aj is
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an isomorphism in Sup if and only if h§ o h; = 1x and hj o h§ = 1y hold — i.e.
x=d,/ (x\d)andx =(d / x) \(dforallx € X.
These observations motivate the following definition.

Definition 2.6.1. Let (X, %) be a quantale, d € X and 1 - X°? be the join-
preserving map with §(1) = d. The triple (X, *, 8) is called a Frobenius quantale if

X 25 X7 isan isomorphism in Sup — this means that the following relation holds
forallx € X:

x=d,/ x\d)={d,/x)\/d

In this context d is called the dualizing element of (X, %, §).

Proposition 2.6.2. Every Frobenius quantale (X, x, §) with §(1) = d satisfies the
following properties:

) xNz=(d / 2)*x)\(dforallx,z € X.
) z/x=d / (xx(z\(d)) forallx,z € X.

(i) X Ly xor s meet-preserving — i.e. (/\ A) \\d = \/{a \\d | a € A} for all
ACX.

v) X L§> X°P is meet-preserving —i.e.d / (\A) =\/{d / a|a € A} forall
ACX.

Proof. The properties (i) and (ii) follow from the relation (E) in the proof of Theo-
rem 2.3.6 and the following observations:

xNz=xN\d /2 \d) and z / x=(d / (z\(4)) / x.

Since hj is bijective, we infer from Exercise 1.3.2(a)(iii) that 4} - i} implies
h k. Hence (iii) follows. If we view /¢ as an isotone map from X to X7, then
we can verify (iv) analogously. O

In the following considerations we will always identify the join-preserving map
1 % X7 with its dualizing element d = §(1) of X.

Proposition 2.6.3. Every Frobenius quantale is unital.

Proof. Let (X, %, d) be a Frobenius quantale. By Proposition 2.6.2 (i) the relation
(d v/ d)*x) N d=x\dholds for all x € X. Since d is dualizing, (d /' d) * x
= x follows —i.e. d / d is a left unit of *. Analogously we verify that d \  d is a
right unit of x. Now we observe:

dy/d=(d/ d)y*(d\d) =d\d.

Hence d /" d and d \ d coincide and constitute the unit of (X, ). O

Left- and right-sided elements (cf. Sect. 2.3) play a special rdle in Frobenius
quantales.
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Lemma 2.6.4. Let (X, *, d) be a Frobenius quantale and x € X.

(1) Ifx € X is left-sided, then x \( d = x ~\( L holds.
(i) Ifx € X is right-sided, thend ,/ x = L / x holds.

Proof. In order to verify (i) we proceed as follows. Let z be a left-sided element of
X with z < d. Then d , z = T holds. Since d is dualizing, z = L follows from
Proposition 2.6.2 (iii). Now we choose an arbitrary left-sided element x € X. Since
* 1s associative, x x (x \( d) is left-sided, and we deduce from x x (x \(d) <d
that x * (x \( d) = L is valid. Hence x \(  d = x Y\ L follows. — Analogously we
prove (ii). m|

Corollary 2.6.5. Every Frobenius quantale satisfies the Frobenius property — i.e.
for each right-sided element x and for each left-sided element y the following hold:

x=(L /)N L and y=1 /(1. (Frobenius Property)

Proof. Let (X, x,d) be a Frobenius quantale and x € X be right-sided. Then the
relationd  x = L / x follows from Lemma 2.6.4 (ii). Since L is the zero element
of (X, %), the element 1./ x is left-sided. Now we use Lemma 2.6.4 (i) and obtain:

x=Wdy/x)Nd=(LSx)Nd=(LSx) N\ L
If y is left-sided, then y = L /' (y \y L) can be verified analogously. O

The next theorem gives a sufficient condition under which the tensor product of
Frobenius quantales is again a Frobenius quantale.

Theorem 2.6.6. Let (X, x,dx) and (Y, %, dy) be Frobenius quantales. If X or Y
is completely distributive, then the tensor product (X @ Y, *) of (X, *x,dx) and
(Y, %, dy) is again a Frobenius quantale with the dualizing element dy determined
by:

do=(dx ®T) V(T Rdy). (2.76)

Proof. (a) Let dy € X ® Y be defined by (2.76). In a first step we show that for
x € X and y € Y the following relations hold:

@)\ do=((x \dx)QT)V(T®( \dy)) (2.77)
do/ (x®y)=(dx / x)@T)V(T® Wy / y). (2.78)

In order to verify (2.77) we choose an elementary tensor # ® v € X ® Y such that
(xQ@y)* (u®v) < do.

Hence (x xu) @ (y xv) < (dx @ T) V (T ® dy) follows from the definition of *
and dy. By Exercise 2.1.4(b) we obtain x x u < dy or y xv < dy —i.e.
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u®v=((x\do)®T)V(T®(y \dy).

On the other hand we observe:

N+ (6 \d)®T)V (TR \dy)) < (dx®@(y*T))V(x*T)®dy) <do.

Hence (2.77) follows. The formula (2.78) can be verified analogously.

With regard to the following considerations it is also worthwhile to consider
the special cases x ® T and T ® y. Referring to Proposition 2.6.2 (iii) and (iv) we
use the fact that every dualizing element d satisfies the properties T \(d = L and
d T = 1. Hence we obtain from (2.77) and (2.78):

@M Ndo=x\Ndx)®T,do/ x®@T)=(dx L/ X)®T,
(TR Ndo =T \dy) do/ (T®y)=TQdy ,/ y).

(b) Let f = \/,.; xi ® y; be an arbitrary tensor of X ® ¥ with a nonempty index

set 1, and let Z2(I) be the power set of 1. Then we conclude from (2.77) and Exer-
cise 2.1.4(d) that the following relation holds:

FN\do= N\ (&i ® i)\ do)

= l:/e\l((xi Ndx)®T) V(T ® (i \dy))
= l;c;[((ig(xi N dy)) ® (iQ(Yi \ dy)))
= VAV 5 N d) @ ((V ) N dr)).
Now we use (2.78) and the fact that dx and dy are dualizing elements:
do v/ (f "\ do)
= (V)8 AT A A (V)oY (T (Y )
~ (o (YDA A (V32T To Y )

The aim of the following consideration is to verify dy ,/ (f \( dp) < f. Without
loss of generality, we can assume that / contains at least two different indices. Now
we apply Exercise 2.1.4 (e) and obtain:

dos (FNdy=( A (Ve (V) v ((Vae( A (Va))v

Q;A;[ icA iel iel g;A;I i¢A
ViV AV ) (A (V x)-
ACZ(IH\(2,1}, A€A icA A¢A i¢A

D#AED (D\(D, 1}
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As a first observation we note that

A (Vx)=Ax and A (V)= A

g;CéAyct[ ieA iel ggAgl i¢A iel
Hence the following relations

(A (Vx)®(Vy) < V@,

@CACT i€A iel iel
(Vx)e( A (V) =Vwew
iel @GACI i¢A iel

are obvious. Now we fix A C Z(I) \ {J, I} such that & # A # P (1) \ {2, I}.
Without loss of generality, we can assume that X is completely distributive and
choose z € X suchthat zis totally below A 4 5 (Ve %) —i€.2 9 A yca (Viea xi)-
Hence forevery A € A there existsanis € A such thatz < x;,. Now we distinguish
the subsequent cases:

Case 1: {iy | A € A} = I. Then we have the following estimate:

2@ (A V)= (Ax) (V)= V&ew.

A¢A i¢A iel iel iel

Case 2:{is | A€ A} #1.Then B=1N0C{is | A € A} is nonempty and not con-
tained in A by definition of B —i.e. B ¢ A. Now we obtain:

2@ (A (V)= (A x)®(Vw)=< A\e/Aul-A ® iy)-

AgA i¢A AcA i¢B

Since the totally below relation « is approximating, we have shown:

(A(Vx)@(A (V) =V&oy.

AcA icA A¢A i¢gA iel
Hence the relation dy / (f \( do) < f is verified.

Analogously we prove (dy * f) \\ dp < f. Thus d is a dualizing element of the
tensor product (X ® Y, x). O

A residuated preordered semigroup (X, <, %, \, /) (cf. Example 2.3.7) has a
dualizing element d if and only if d /" (x \(d) = x = (d / x) \y d holds for all
x € X. In the next theorem we show that the MacNeille completion of a residuated
preordered semigroup with a dualizing element is a Frobenius quantale.

Lemma 2.6.7. Let (X, <, *, \y, °) be a residuated preordered semigroup with a
dualizing element d and (Dwn(X), @) be the quantale of downclosed subsets induced
by (X, <, %, \\, ). Then the relation:

d / (ANd) =C(A) =(d v/ A) \ ld (2.79)
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holds for all A € Dwn(X), where C = L o U is the nucleus on (Dwn(X), @) asso-
ciated with the MacNeille completion (cf. Example 2.2.13).

Proof. Let us consider two downclosed subsets A and B of X. Then the relation
A0 B C |d is equivalent to the property a x b < d foralla € A and b € B. Since
d is dualizing, it is easily seen that the following properties are valid:

ANd=U{BeDwn(X) |AB B C ld} ={c\.d|ceUQ)),
ldy/ B=J{AeDwn(X) | ABBC |d}=L({d / b|be B)).

Using again the dualizing property of d we infer from the previous properties:

Vd / (ANd) = 1d / {c\(d | c €U}
=L{d v/ (¢ \d) | ceU@)}
=LU(A))
= C(A).
Analogously we verify (Jd » B) \y {d = C(B). Hence the assertion follows. O

Theorem 2.6.8. Let (X, <, *, \, °) be a residuated preordered semigroup with
dualizing element d. Then the MacNeille completion of (X, <, *, \y, ) is a Frobe-
nius quantale with dualizing element | d.

Proof. Since in the quotient X of Dwn(X) w.r.t. C (cf. Example 2.1.4 (a) and Exam-
ple 2.2.13) the right-implication and left-implication are given by

C(A) \NC(B) =C(AN\C(B)) and C(A) /' C(B)=C(C(A) / B)
for each A, B € Dwn(X), we apply Lemma 2.6.7 and obtain:
dd v/ (C(A) \(ld) = ld v C(A N\ 1d) = C(C(A)) = C(A).

Analogously we verify ({d , C(A)) \\ {d = C(A) for all A € Dwn(X). O

In the following considerations we investigate the role of cyclic elements of quan-
tales. We begin with a definition.

Definition 2.6.9. An element z of a quantale (X, %) is cyclic if the equivalence
X*xy <7 << y*x =<2

holds for all x, y € X.
As a first trivial property of cyclic elements we have the following:

Lemma 2.6.10. An element z of a quantale (X, ) is cyclic if and only if x \( 7 =
7/ xforallx € X.
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Since in the case of cyclic elements z the maps _ \ z and z ,// _ coincide we
simply write x — zforx \(z =12 / x.

Example 2.6.11. (a) Every element of a commutative quantale is cyclic.

(b) Let (S, -) be a semigroup with zero 0. Further, let (£(S), ®) be the quantale
given by the power set of S and the Minkowski multiplication induced by -. If S does
not contain a nilpotent element, then {0} is cyclic element of (Z(S), ©).

(c) Let (X, <, %) be an preordered semigroup and (Dwn(X), @) be the quantale of
downclosed subsets of X. If z € X is a cyclic element of (X, *), then |z is a cyclic
element of (Dwn(X), ).

A deeper property of cyclic elements is given in the next lemma.

Lemma 2.6.12. Every cyclic element z of a quantale (X, *) induces a nucleus c; on
(X, %) by:
ccx)=x—>2—>z, xeX.

Proof. Let z be acyclic element of (X, ). It is easily seen that the map ¢, defined by
c;(x) = (x = z) — zis aclosure operator on X. Further, for x, y € X we obtain:

xkyk((x*ky) >2) <z = yx((x*xy) >2) <x >z
= y*x((x*xy) > 2)*c,(x) <z
= ((xxy) > ) *c(¥) xc(y) =2
= c;(x) xc;(y) <c;(x xy).

Hence c, is a nucleus. O

Theorem 2.6.13. Let z be a cyclic element of a unital quantale (X, %) and c, be the
nucleus induced by z (cf. Lemma 2.6.12). Then z € c,(X) and the regular quotient
(c.(X), %) = (X, *%)/c; is a Frobenius quantale with the dualizing element d = z. In
particular, z is also cyclic in (c;(X), *).

Proof. Let z be a cyclic element of (X, %) and (c,(X), x) be the quotient of (X, *)
w.r.t. c;. Since the quantale (X, ) is unital (cf. Theorem 2.2.11 and Corollary 2.2.12),
the relation c,(z) = z follows. Therefore it is sufficient to show that z is cyclic and
dualizing in (c;(X), %).

Let x and y be elements of X. Since

c;(X)xc,(y) =c;(xxy) <z << x*xy <z,

z is not only cyclic in (X, *), but also in (c,(X), %). Since the right-implication and
left-implication in (c;(X), *) have the form

c;(x) N\ () =c.:(x () and ¢ (x) . (y) =c (e (x) S Y),

we obtain immediately (c,(x) — z) - z = ¢;(x) forall x € X. O
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The previous theorem motivates the following definition.

Definition 2.6.14. A Frobenius quantale (X, *, d) is called a Girard quantale if the
dualizing element d is cyclic.

Theorem 2.6.13 shows that every cyclic element of a unital quantale induces a
Girard quantale. On the other hand, every Girard quantale occurs in this way. In
fact, if we view a Girard quantale (X, %, d) as a residuated, preordered and unital
semigroup with a cyclic and dualizing element d, then |d is cyclic in the unital
quantale (Dwn(X), (1), and we infer from Lemma 2.6.7 that c 4 coincides with the
closure operator C on (Dwn(X), ). Hence (X, *, d) is isomorphic to its MacNeille
completion (cf. Theorem 2.6.8) and is therefore a regular quotient of (Dwn(X), &)
w.r.t. the nucleus induced by the cyclic element | d.

Example 2.6.15. Let IM,, be the C*-algebra of all square matrices of order n with
complex coefficients, and (MAX, x) be the unital (involutive) quantale of all linear
subspaces U of M. (cf. Example 2.5.5). Further, the trace IM,, = C is a linear form

on IM,, and its kernel
D={AeM,|tr(A) =0}

is a linear subspace of IM,,. Then (IMAX, *, D) is a Girard quantale.
Since tr(A - B) = tr(B - A), the subspace D is evidently cyclic. In order to see that
D is dualizing we first recall that the trace of matrices induces an inner product ( , )
on M, by

(A, B) =tr(B* - A),

where B* is the adjoint matrix of B. Obviously, the following equivalence holds for
all U,V e MAX:

UxV=Ilinhull{A-B|Ae€U, BeV}CD
< (B,A")=0forallAeU, BeV.

Further, we recall that W' = {A* | A € W} is the adjoint subspace of W € MAX
(cf. Example 2.5.5), and the orthogonal complement of W w.r.t. {, ) is denoted by
W-. Then for every subspace U of IM,, the relation

UND=D,/U=U-D={A"| AU} =UH" = U
holds. Since ((U*)M')* = U, the subspace D is dualizing.
Finally, as an application of the Frobenius property (cf. Corollary 2.6.5) we obtain

that for each left ideal / and each right-sided ideal J of IM,, the following relations
hold (cf. [14, p. 341]):

I'={0} " (I {0} and J = ({0} " J) {0}



2.6 Frobenius Quantales 173

In the following consideration we will focus on a special class of Girard quantales
supported by completely distributive lattices (see also [91]).

Example 2.6.16. Let X be acompletely distributive lattice. Further, let ([ X, X], o) be
the unital quantale of all join-preserving self-mappings of X provided with the com-
position as multiplication (cf. Example 2.3.2), and let X > X be the join-preserving

map defined by
dz)=\V{xeX|z£x}, z€X. (2.80)

Then ([ X, X], o, d) is a Girard quantale.
In order to see that d is dualizing and cyclic we proceed as follows. First, for
z € X, we define subsets A, and B, of X by:

A;={yeX|y#£z} and B, ={xe X |z £x}.
Now we fix z € X and show that

V (A A) =z 2.81)

xeB;

First we notice that B, = @ <= z = L. Therefore, without loss of generality, we
can assume z # L. Since z € A, for all x € B, the relation \/, (A Ax) <zis
evident. On the other hand, A, # @ forall x € B,. Thus forall x € B, we can choose
some y, € A, and observe:

2< V ye. (2.82)

x€B;

In fact, if we assume z £ \/, .5 ¥, then xo := \/, 5 ¥» € B, and y,, < xo, which
is a contradiction to the choice of y,, — namely y,, € A,,. Hence (2.82) holds.
Now we invoke the complete distributivity of X and obtain:

7 =< /\ (\/ yx)= \/(/\Ax)

(yx)xEBIEHXEB: A, x€B. X€B.

Hence (2.81) is verified. The dual statement of (2.81) is the following relation:

A (VBy) =z (2.83)

YEA;

Further, for each (x, y) € X x X we introduce a join-preserving map X 2y x
by:
Yo ZEX

eX, 2.84
1, z=<nx, ¢ ( )

¥ (z) = {
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and conclude from (2.81) that the identity map 1x can be represented as a join of the
maps 9oW):
Ix =\ 0“9  where a(x) =AA,. (2.85)

xeX

IfX L Xisa join-preserving map and f" is the right adjoint map of f, then the

relation:
y Y
Orof =y

holds. Hence we conclude from (2.85) that every join-preserving map from X to X
can be written as a join of maps of type 9;.
(a) We show that d is cyclic. By the previous argumentation it is sufficient to show
that for all x, y, u, v € X the following equivalence holds:

B, 00) <d < U)o, <d. (EE)

First, we establish the implication 9 0 ¥; <d == 93 o ¥} < d and distinguish
the following cases.

Case 1. y < u — this means that ¥} o 97 coincides with the bottom element of
[X, X]. From (2.80) and (2.83) we obtain

y<u= A d@),
Z€A,

and the relation 97 o ¥} < d follows.

Case2.y £ u.Then®} =9} o 97 < dimpliesv < A\__, d(z) = x.Hence 9] o 0}
coincides with the bottom element of [X, X], and 9} o ¥, < d holds trivially.

If in the previous argumentation we interchange the role of x and u and the rdle of
y and v, then we obtain a proof of the implication 97 o ¥} <d = ¥ 0¥} <d.
To sum up, we have confirmed the equivalence (EE).

(b) We show that d is dualizing. First we consider the case f = ;. By (2.83)
the relation g o 97 < d is equivalent to g(y) < /\ZeA‘ d(z) =x forall g € [X, X].
Henced / 97 = \/{g € [X, X] | g o] < d} coincides with the elementary tensor
y ® x of the tensor product X @ X7 —i.e.

T, z £y,
dy/9)D)@D=0®x)(@)=yx, z<y,z#1l, z€X. (2.86)
1, z=1,

In the following considerations, y ® x will be viewed as an element of [ X, X]. Now
we consider an arbitrary map f € [X, X] and choose a subset {(x;, y;) | i € I} of
X x X with the property

f=\Vo

iel
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Then we obtaind /" f = /\,, ( Vi ® xi). Since X is completely distributive, we can
describe the meet of join-preserving maps as follows:

(AGi®x))w) = V(A ®x)(), wueX, (2.87)

iel v<u iel

where < is the totally below relation. In order to prove (d /" f) \y\d = f it is
sufficient to show that for every map 97 with the properties

x#T and (AGi®x))od) <d (2.88)

iel
the following implication holds for all z € X:
t£x = y=V{nliel z£x}

Since (/\,~e Vi ® xi) o 97 < d, we conclude again from (2.83) that the relation

(A ®x))) < A d(@) ==x

iel ZEA,

holds. Now we choose v € X with v < y. From (2.87) and (2.88) we obtain:

A ® x)(v) < x.

iel
Since x # T,theset N = {i € I | v < y;} is nonempty, and the relation

ANQi @ x)(v) = /\ xXi <Xx

iel ieN

follows. If z £ x, then there exists an iy € N withz £ x;,. Henceinthe case of z £ x
we obtainv < \/{y; | i € N, z £ x;}. Since v < y is arbitrary and the totally below
relation is approximating, we have verified the following implication

ztx = y=\VilzZ£xl}
which means 97 < \/,; 93 = f.

Comment. Let X be a complete lattice. The map X x X% - [X, X] defined by
(cf. Example 2.6.16)

Py, x)=0), yeX, xeX”

is abimorphism in Sup. Hence there exists a unique join-preserving map X ® X7 =
[X, X7 &5 [X, X] satisfying the condition
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D(y ®x) =1, yeX, xeX?P.

If X is completely distributive, then Example 2.6.16 shows that ([X, X], o, d) is
a Girard quantale, where d is determined by (2.80). Now we consider the order

isomorphism [X, X] RN [X, X]°7 induced by 1 35 [X, X] with (1) =d. Since d
iscyclic, h} is determined by (2.86) —i.e. hg(ﬁf) =yQ®xforally € Xandx € XP.
Since

(e Ohg = l[X,X] and hg od = 1[X’X]ol),

we conclude that the complete lattices [X, X] and X ® X are order isomorphic
(whenever X is completely distributive).

In order to underline the importance of Example 2.6.16 we discuss two special
cases.

Example 2.6.17. (a)Let X = [0, 1] be the real unit interval. By (2.80) the cyclic and
dualizing element of the Girard quantale of all join-preserving self-maps on [0, 1]
coincides with the identity map of [0, 1], which is obviously the unit of the quantale
({10, 11, [0, 111, o).

(b) Let £2 be an arbitrary set and X = Z?(S2) be the power set of £2. Then the cyclic
and dualizing element d of the Girard quantale ([£?($2), Z2(£2)], o) is determined
by:

d({w}) = 2\ {w}, w € $2.

If we identify ([ (£2), P2 (£2)], o) with the Girard quantale (Re(£2), o) of all binary
relations on £2, then the cyclic and dualizing relation coincides with the complement
of the diagonal A of £2.

In the next proposition a necessary and sufficient condition is given such that the
map defined by (2.80) is a dualizing element of the quantale of all join-preserving
self-maps on a complete lattice X.

Proposition 2.6.18. Let X be a complete lattice and d be the join-preserving self-
mapping on X defined by:

dzy=V{xeX|z£x}, zeX

Then the following assertions are equivalent:

(1) d is the dualizing element of the quantale ([ X, X], o).
(i1) X is completely distributive.

Proof. Theimplication (ii)) = (i) is shown in Example 2.6.16. Hence we only verify
(i) = (ii). For this purpose it is sufficient to show that the totally below relation < is
approximating in X (cf. [36, 96]) —i.e.z = \/{u € X | u < z} forall z € X. Since
[X, X]°P coincides with X ® X7, it follows that every join-preserving self-map on
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X can be written as a meet of elementary tensors with respect to the partial order on
[X, X]. Hence we proceed as follows. We maintain the notation from Example 2.6.16
and choose a subset {(y;, x;) € X x X | i € I} with the property:

dy/ 1x = N ® xp).

iel
Since d is dualizing we obtain:

lX = (/\()’z ®xl~)) \d — \/1952)’[

iel iel

Hence forall z € X therelationz = \/{y; | i € I, z £ x;}holds. In particular, z £ x;
implies y; < z —i.e.
yi< N2 12 £x), iel (2.39)

Now we refer to the notation in Example 2.6.16 and put A, = {z' € X | 2/ £ x} and
B, ={x € X |z £ x}. By (2.89) we obtain for all z € X:

2= V(AA) = V(ANAL) =V lz£x) =z

X€B; Z£x;

Hence the relation (2.81) holds. Finally, we have to verify the following implication
forall z € X:
xeB, = (NA)<z

Let C be a subset of X with z < \/ C.If x € B, then z £ x. Hence there exists a
¢ € C with ¢ € A,, which implies (/\ Ax) <c—i1e. (/\ Ax) < z. To sum up, we
conclude from the validity of (2.81) that the totally below relation is approximating.

O

Referring to Example 2.6.15 and Example 2.6.16 the reader might conjecture
that every dualizing element is cyclic. But this is not the case. A counterexample is
given in Exercise 2.6.5. Hence there exist Frobenius quantales which are not Girard
quantales.

Exercises

2.6.1. Let C3 be the chain with three elements provided with the following multi-
plication (see (19) in Exercise 2.2.1):

x| Lla|T
1L L{L
alllal|T
TIL|T|T

Show that (C3, *, a) is a Girard quantale.
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2.6.2. Let C;5 be the chain with three elements. Show that the Girard quantale of all
join-preserving self-maps of C3 consists of six elements and describe their algebraic
properties.

2.6.3. Let (X, x) be a unital quantale and d be an element of X satisfying the fol-
lowing property for all x € X:

dy/ (xN\d)=(d/ x)\d.

(a) Show that the closure operator c of X definedby c(x) =d /" (x \(d)forx € X
is a nucleus on (X, *).
(Hint: Use Exercise 2.2.3.)

(b) Show that the regular quotient of (X, %) w.r.t. ¢ is a Frobenius quantale.
(Hint: First verify c(d) = d and show that for all x € X the relations

xNd=(dy/ x\d)\d ad d /x=d/ ((d/ x)\d)
hold. Deduce from these properties:
cx)yNd=cx\d)=x\d and d /" cx)=cd /' x)=d / x.)

2.6.4. Let B be a complete Boolean algebra with at least two different elements.
Then (B, A) is a frame with the universal lower bound L as dualizing element.
In this sense (B, A, L) can be considered as a special case of a Frobenius quan-
tale. Further, the tensor product of (IB, A) with itself is again a frame (cf. Corol-
lary 2.4.13). In this context we recall that the universal lower bound in B ® BB has
the form L = 1L ® T =T ® L, and the pseudo-complement of a tensor f in the
sense of B ® B is given by:

f—>1=V{geBB|fArg=_L1}

On the other hand, let f € B ® B be the tensor determined by the complementation
inB—i.e.
fox)=x — 1, x € B.

Show:

(a) If Bis atomless, then fy — 1 = L.

(b) Conclude from (a) that the assumption of the complete distributivity in Theo-
rem 2.6.6 is not superfluous.

(c) If Bis atomic and X is the set of all atoms of B, then fp — L = \/ x ® x.

xeX

2.6.5. LetX ={L, B,a,b, c,a, T} provided with the lattice structure which can be
visualized by the Hasse diagram:
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c a=aVvVb=bVvc=cVva and f=aAb=bAc=cAa.

7N
F-®-% -8~
NS

Further, we consider a multiplication * on X determined by the following multipli-
cation table:

—H Lo | |™™| ]| *
[ N el et I ot et M ol B
= HHH
SERI I
SRR | ]S
—Hl ||| |||

o ™™ ] o
L ™™™ H|H]R

Show:

(a) (X, %) is an integral and non-commutative quantale.
Hint: ¢ x @ x ¢ = 1L.)

® aNNl=b=1l/c bNN1l=c=1l,/a c\L=a=1,/b,
aN\NL=p=1L/a B\NLl=a=L1L,/8 T\Nl1=1=1,/T.

(¢) X — Xdeterminedby T/ =T,o' =a,d' =a, b =c,d =b,f=p,1 =1
is an order-preserving involution on X such that (X, *, 1,’) is an involutive
quantale.

(d) L is a dualizing element, but not cyclic.

(e) (X, *, 1) is a Frobenius quantale, but not a Girard quantale.

2.7 Complete MV -Algebras

In this section we consider the construction of Girard quantales from the perspective
of residuated, commutative lattices (cf. [35]). First we need some more terminology.
A Girard algebra is a residuated preordered groupoid (X, *, \, ), which satisfies
the following additional properties:

— The underlying preordered set is a bounded lattice.
— (X, %) is a commutative semigroup.
— The universal lower bound is a dualizing element.
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Hence in every Girard algebra the unit is necessarily the universal upper bound —
i.e. every Girard algebra is integral (cf. Proposition 2.6.3). Since the left- and right-
implications coincide, we simply write (X, %, —) instead of (X, *, \, ). Further,
every Girard algebra satisfies the properties

xo>y=(Gx@->L)>L=p->1 > x->1), (2.90)
Ay =>1l=x—->LVviy—>1). (2.91)

Therefore an alternative axiomatization of Girard algebras can be given as follows:

(GA1) The partially ordered set (X, <) is abounded lattice with the universal bounds
land T.

(GA2) The pair (X, *) is a commutative monoid (in Set) and the unit coincides
with the universal upper bound T in (X, <).

(GA3) There exists an involution x —> x* on the set X such that the following
relation holds for all x, y € X:

x<y = xxy =1

It is easily seen that every Girard algebra satisfies (GA1)—(GA3), where the involu-
tion is determined by x* = x — L for all x € X. On the other hand, if a bounded
lattice, a commutative monoid and an involution with the properties (GA1)-(GA3)
are given, then we define

x—>y=(xx yl)L

and observe that x xy <z <= y <x — z holds for all x,y,z € X. Hence
(X, %, —) is a residuated commutative monoid such that x* = x — L holds —
i.e. the universal lower bound L is the dualizing element of (X, * —). So (GA1)-
(GA3) determine a Girard algebra, and vice versa every Girard algebra satisfies
(GA1)—(GA3).

Before we present the discriminating axiom which distinguishes MV -algebras
from Girard algebras we prove some important chains of equivalences in the realm
of Girard algebras.

Proposition 2.7.1. In any Girard algebra (X, *, —) the following assertions are
equivalent:

(i) Forallx,y,z € X the relation x x (y A z) = (x x y) A (x * z) holds.
(ii) Forall x,y,z € X the relation (x — y) V (x = z) = x — (y V 2) holds.
(iii) Forallx,y € X the relation (x — y) V (y — x) = T holds.

Proof. We assume (i). Then we apply (2.90) and (2.91) and obtain for x, y, z € X:
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x> Ov=x—> (6> DAGE—>1)—>1)
=(x*((y—>L)/\(z—>J_)))—>J_
:((x*(y—)L))/\(x*(z—)J_)))—)J_
=(xx(y—=>LD)> L) Vv((x*x@z—> 1) —>1)
=x—=>y)Vx—>2).

Hence (ii) follows. Since (x — )V (y = x) = ((x Vy) = ¥) V ((x Vy) = Xx),

the assertion (iii) is an immediate corollary of (ii). Finally, if we assume (iii), then it
is easily seen that the relation

xxNA@x)=(xx)AE*2))x((y =2V (@Z—>Y)

(
< (ex (k= D)V (xx (e G = 1))
<x*x(YyA2Z)

holds. Hence assertion (i) follows. m]

It is worthwhile to note that there exist Girard algebras which do not satisfy one
of the equivalent conditions of Proposition 2.7.1 (cf. Exercise 2.7.4 (c) and (d)).
If x and y are elements of a Girard algebra, then it is easily seen that

x—>y)—>y and (y > x)—>x
are upper bounds of {x, y}. On this background the following lemma has some
importance.

Lemma 2.7.2. Let (X, %, —) be a Girard algebra. Then the following assertions
are equivalent:

(i) Forallx,y € X the relation (x — y) — y = x V y holds.
(i1) Forallx,y € X the relation (x — y) —> y = (y = x) — x holds.

Proof. Since the binary join V is commutative, the implication (i) = (ii) is obvious.

On the other hand, let us assume that (ii) holds, and let # € X be an upper bound of

{x,y}—ie. T =x > uand T =y — u. By (ii) the relation
u—>y)>y=Q—-ouw—->u=T—>u=u

holds. Hence we apply (2.90) and obtain:

T=u—=>y)—->@x->»N=(w—>*xQy—>L)> (x—>y=*x@y—>1)
=((x—=>»—=>y) = (u—>y —y)

=(x—>y)—>y) > u

Thus (x — y) — y is the smallest upper bound of {x, y}, and (i) follows. O
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Comment. The assertion (ii) in Lemma 2.7.2 is sometimes called Mangani’s axiom
and corresponds to axiom (A.3) in [100].

Theorem 2.7.3. Let (X, *, —) be a Girard algebra. The following assertions are
equivalent:

(1) Forall x,y € X the following equivalence holds:
x <y <<= 3dz€ Xsuchthatx =yx*z. (Divisibility Law)

(ii) Forallx,y € X the relation x x (x — y) = x Ay holds.
(iii) Forall x,y € X the relation (x — y) - y =x V y holds. =~ (MV -Property)

Proof. The equivalence of (i) and (ii) is evident. In order to verify the equivalence (ii)
<= (iii) we proceed as follows. First we fix x, y € X and assume that (ii) holds.
Then we apply (2.91) and (2.90) and obtain:

x\/y=((x—>J_)/\(y—>J_))—>J_
=(0->DLx((G>DL>Gx->1))—>1L

=(x—-y) -y

Hence (iii) is verified. On the other hand, if (iii) holds, then we apply (2.91) and
(2.90) again and observe:

x/\y:((x—)J.)V(y—)L))—)J_
=(6G-LH->E@x>L)> &> 1)—>1L

=xx(x —y).
Hence (ii) is verified. |

An MYV -algebra is a Girard algebra in which one of the equivalent assertions of
Theorem 2.7.3 holds. In this context we prefer the divisibility law and understand
MV -algebras as divisible Girard algebras, while in [21] we find Mangani’s axiom
(cf. Lemma 2.7.2 and Theorem 2.7.3 (iii)) as a discriminating axiom for MV -alge-
bras (cf. (MV6) on p. 7 in [21]), where * plays the rdle of the dual binary operation
corresponding to @ in [21].

If we compare Girard algebras with MV -algebras, then it is important to note
that the partial order of a Girard algebra is determined by the multiplication * and
the involution x —> x* (cf. (GA3)), while in an MV -algebra the partial order is
completely determined by the multiplication (cf. Theorem 2.7.3 (i)). This observa-
tion has dramatic consequences. In Girard algebras the binary meet (and hence the
binary join) is not completely determined by the given algebraic operations and forms
a separate source of information, while in M V -algebras the divisibility law forces a
complete determination of the lattice-theoretic structure by the corresponding alge-
braic operations. Depending on the point of view this observation has its advantages
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and disadvantages. Of course, the axiom system of an M V-algebra is simpler than
that of a Girard algebra, because the lattice structure is a consequence of the algebraic
operations. However, from a lattice-theoretic point of view the divisibility law can
sometimes play the role of an obstacle — e.g. in general the divisibility law is not
preserved under the MacNeille completion.

The aim of this section is to characterize those MV -algebras whose structure
is fortunately preserved under the MacNeille completion. As a corollary we will
show that every simple MV -algebra is an M V -subalgebra of the real unit interval
provided with Lukasiewcz arithmetic conjunction. In this context we will deviate
from the standard proof based on McNaughton functions and give a direct proof
using the MacNeille completion.

We begin with some simple properties of MV -algebras expressed in the language
of Girard algebras.

Corollary 2.7.4. Every MV -algebra (X, %, —) satisfies the following properties
forallx,y, z € X:

1) xx(YAZ)=@xy)AX=*2).

) x > (xxy)=x—> L)Vvy.
(iii) If e is idempotent, then e — L is also idempotent.
@iv) If e is idempotent, then x x e = x A e holds.

W) xxy <((xxx)V(y*y).

Proof. We apply Theorem 2.7.3 (ii) and obtain:

EENAG@xx)=xxyx((x*xy) > @*2))=xxyx(y > (x > (x%2)))
=xx(yA(x > (*2))=x%(x > (x*x2)* ((x > (xx2)) > y)

Sxxzx(z—>y) <xx(ZAY).

Hence (i) holds. Because of the M V-property and (2.90) the property (ii) follows
from

x->Lvy=p>G->L)>@x->D=(xxy)—>1L)> x—>1)
=x — (x *xy).
Let e be idempotent. Then property (ii) implies T = e — ¢ = (¢ — L) Vv e. Hence

e — L is idempotent, and property (iii) is verified. On the other hand, it follows
from Theorem 2.7.3 (ii) that

exx<eAx=ex(e—>x)=exex(e—>x)<ex*xx
holds foreachx € X, and property (iv) is verified. Finally, we conclude from property

(1) that Proposition 2.7.1 (iii) is valid in any M V -algebra. Hence (v) follows from
the following relation:
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x*y:x*y*((y—)x)V(x—)y)):(x*y*(y—>x))\/(x>l<y*(x—>y))
S () V(y*y). o

By the previous corollary the set of idempotent elements of an M V -algebra forms
aBoolean algebra which is an M V -subalgebra of the given M V -algebra. In this sense
an MV -algebra can be understood as a non-idempotent version of a Boolean algebra.

An MV -algebra is complete if the underlying lattice is complete. Hence complete
MV -algebras are integral and commutative Girard quantales.

Theorem 2.7.5. In any complete MV -algebra (X, %, —) the following properties
hold:

(1) (X, <) is a frame and a complete Brouwerian lattice (i.e. the dual lattice is a
frame).
(i) Ifx € X and A is a nonempty subset of X, then (/\ A) xx = N\ eq(a@*x).

Proof. In order to verify (i) we choose x € X, A C X and apply Theorem 2.7.3 (ii):

x/\(\/A) (\/A)*((\/A)—)x):\/(a*(/\(b—>x)))§ \/(a*(a—>x))

acA beA acA
=V (@ Ax).
acA

Hence (X, <) is a frame. Since the universal lower bound is dualizing, (X, <) is also
a complete Brouwerian lattice.

Now we verify (ii). First we use Corollary 2.7.4 (ii) and subsequently apply the
property that (X, <) is a complete Brouwerian lattice:

x—=> (xx(AA) =G> LD V(AA) = A(x— L) Vva)

acA

= NAx—>@x*xa)=x— (A @&=xa).

acA acA

Hence the relation

xx(ANA)=xx(x > (xx(ANA))=xx(x > (A@x*xa))= Ax=*a)

acA acA
follows from Theorem 2.7.3 (ii). |

The next corollary shows that complete M V-algebras have sufficiently many
idempotent elements.

Corollary 2.7.6. Let (X, x, —) be a complete M'V -algebra. Then for every x € X
the element
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ex = N\ x"

nelN

. . n
is idempotent where x"™ = x % - - - x x denotes the n™ power of x.

Proof. By Theorem 2.7.5 (ii), the following relation holds:

exke,=(Ax")x (A x")= A """ =e,.

nelN melN n,melN O

Comment. The element e, defined in Corollary 2.7.6 is also called the idempotent
kernel of x.

Referring to Theorem 2.6.8 it is evident that the MacNeille completion of any
Girard algebra is an integral commutative Girard quantale. This observation implies
that the MacNeille completion of any M V-algebra is always a commutative and
integral Girard quantale.

The next theorem characterizes the property that the MacNeille completion pre-
serves even the algebraic structure of an MV -algebra.

Theorem 2.7.7. Let (X, *, —) be an MV -algebra. Then the following assertions
are equivalent:

(i) The MacNeille completion of (X, x, —) is an M'V -algebra.
(i) For all x € X the following implication holds:

VielN: x" > 1l<x = x=T.
(iii) Forall x,y € X the following implication holds:
VnelN: x<y' = x*xy=x.

Proof. Let Dwn(X) be the complete lattice of all downclosed subsets of X. We
maintain the notation from Example 2.2.13 and Lemma 2.6.7 and consider the nucleus

Dwn(X) - Dwn(X) on the unital quantale (Dwn(X), @) determined by

C(A) = LU, A € Dwn(X)
where U(A) is the upclosed set of all upper bounds of A and L(U(A)) is the down-
closed set of all lower bounds of U(A). The regular quotient of (Dwn(X), &) w.r.t.
C is the MacNeille completion of (X, %, —) and is denoted by (XF, *).

(i) = (ii). Let us assume that (X*, ) is an MV -algebra. Further, we consider an
element x € X such that x" — L < x (or, equivalently, x — L < x") holds for all
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n € IN. Since ({x)" = |x", the meet of {({x)" | n € IN} coincides with the down-
closed set I of all lower bounds of {x" | n € IN}. In particular, | (x — L) C I holds.
Since (X*, %) is an MV -algebra, I is idempotent w.r.t. x (cf. Corollary 2.7.6), and
we conclude from Corollary 2.7.4 (iv) that the relation

We>D=(x—> )+ Sl —> Ly«(x)=|L

holds. Hence x = T follows.

(il) = (iii). Let us consider x, y € X such that x < y” holds for all n € IN. Then
we put z =x — (x % y) and observe y < z. Further, we conclude from Corol-
lary 2.7.4 (ii) and formula (2.91) that the following relation holds:

z>Ll=xA(y—>L)=<x=<y" <"
Now we apply (ii) and obtain z = T —ie. x = x * y.

(iii) = (i). Let us assume that the assertion (iii) holds. Referring to Theorem 2.7.3
it is sufficient to show that (X, ) satisfies the divisibility law. For this purpose we
choose A, B € X* with A C B. Our aim is to construct a downclosed set E € X*
suchthat A = B x E holds. First we introduce a downclosed subset C of X as follows:

C={z€eX|mueUMB),IxcA: z<u— x}.

(1) Let v be an upper bound of A. Then for z € C we choose u € U(B) and x € A
with z < u — x. We obtain for all y € B:

yxz<u*xW—>x)<x=<w

Hence v is an upper bound of B @ C —i.e. U(A) C U(B I C).

(2) In order to verify U(B @ C) € U(A) we consider an element w € U(B @ C).
Then we choose an arbitrary element x in A and show that for all u € U(B) the
element u * (x — w) is also an element of U(B). In fact, since every upper bound
of B is also an upper bound of A, we infer from Theorem 2.7.3 (ii) that the relation
u*x(u— x)=uAx = xholdsforallu € U(B).Henceforally € Bandu € U(B)
the relation

y:u*(u—)y)fu*((u*(u—)x))a(y*(u—)x)))fu*(x—)vv)

follows, where we have used the property that w is an upper bound of B [ C. Hence
u * (x — w) is an upper bound of B —i.e. u x (x - w) € U(B). By recursion we
conclude from the previous observation that u x (x — w)" € U(B) for all n € IN.
Since A is contained in B, the element (x — w)" is a fortiori an upper bound of A
for all n € IN. Hence x < (x — w)" holds for all x € A and n € IN. Now we apply
assertion (iii) and obtain x = x x (x — w) < w for all x € A. Thus w is an upper
bound of A and we have verified U(B @ C) € U(A).
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(3) Finally, we use the property that C is a nucleus and obtain the following relation
from (1) and (2):

A=LUM)=LUBBIEC)=C(BEC)=C(BEC(C)=B+xC(C)=Bx*E,

where E = C(C) € X*. Thus the divisibility law is verified in (X¥, %), and (X¥, #)
is a complete MV -algebra. O

Example 2.7.8. (C.C. Chang’s chain (cf. [20])) Let INy be the set of natural numbers
together with 0. On INy we consider the usual order. Then we put X = INg x {1, 2}
and define a linear order < on X by:

(n,1) < (m, 1) ifm <n,
n,2) < (m,2)ifn <m, n,m € WNy.
(n,2) < (m, 1)

Then (X, <) is a chain with universal bounds T = (0, 1) and 1L = (0, 2). On X we
define two binary operations * and — as follows:

n,D)*x(m,1)=m+m,1),

(n,2) % (m,2) =(0,2),

(n,1)*x(m,2) = (m,2)*(n,1) = (max(m — n, 0), 2),

(n,1) - (m,1) = (max(m — n, 0), 1), n,m € INy.
(n,1) > (m,2) = +m,?2),

(n,2) > (m,1)=(0,1),

(n,2) - (m,2) = (max(n —m, 0), 1),

It is a matter of routine to confirm that (X, %, —) is an M V-algebra. Hence the
MacNeille completion of (X, %, —) is an integral and commutative Girard quantale,
which we denote by (}~( , %). We show that ()? , %) is not an MV -algebra. For this
purpose we write xo for (1, 1). Then x; = (n, 1) follows from the definition of x,
and the following relation holds

xg—~>Ll=01—02)=®2 =<1 =x,

where L = (0, 2). In particular, the relation xo — L < x; holds foralln € IN. Since
xo=(1,1) #(0,1) =T, the asserti~on (i1) of Theorem 2.7.7 is violated. Hence we
conclude from Theorem 2.7.7 that (X, ) is not an MV -algebra.

An MV -algebra (X, %, —) is simple if and only if X contains at least two different
elements and {T} is its only (proper) filter (cf. Exercise 2.7.7). Hence an M V -algebra
is simple if and only if 1 # T and for every element x € X with x # T there exists
an n € IN such that x” = 1 holds.

In the following considerations we prove that every simple M V-algebra is
isomorphic to a MV -subalgebra of the real unit interval provided with Lukasiewicz
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arithmetic conjunction. In contrast to Theorem 3.5.1 in [21] we will not make use
of free MV -algebras and the related concept of McNaughton functions, but we will
give a direct proof based on the MacNeille completion of simple M V -algebras.

Lemma 2.7.9. Every simple M'V-algebra is a chain.

Proof. Let (X,*,—) be a simple MV-algebra. We assume that there exist
elements x,y € X which are not comparable — ie. x £y and y £ x. Then
we have x — y #% T and y — x # T. Since (X, %, —) is simple, there exists m,
nelN such that (x - y)" =1 and (y — x)" = L. Hence the relation
((x -y V(y— x))m+" = 1 follows, which implies (x - y) V(y = x) # T.
Now we apply Proposition 2.7.1 and obtain a contradiction to Corollary 2.7.4 (i).
Thus the assumption is false, and (X, <) is a chain. 0O

Corollary 2.7.10. The MacNeille completion of a simple MV -algebra is again a
simple M'V-algebra.

Proof. Let (X, %, —) be a simple M V-algebra. Then its simplicity implies that
(X, %, —) satisfies assertion (iii) in Theorem 2.7.7. Hence the MacNeille completion
(X*, %) of (X, %, —) is a nontrivial MV -algebra. Moreover, if we choose A € X*
with the property A # X = | T, then U(A) # {T} follows. Thus A has an upper
bound u with u # T. Since (X, %, —) is simple, there exists an n € IN such that
A" C |u" = {1} holds. Hence (X*, #) is also simple. O

The next proposition deals with the cardinality of simple and complete MV -
algebras.

Proposition 2.7.11. Let (X, %, —) be a simple and complete MV -algebra, and let
xo = \{x € X | x £ T}. If the relation xo # T is valid, then the cardinality of X is
finite, and there exists a natural number n € IN such that X has the following form

X={xImef0,1,....,n}}. (2.92)

Proof. Letus assume xo # T. The simplicity of (X, %, —) guarantees the existence
of a natural number n € IN such that
n—1

) 2 0 _
L=xy<xy <--<xy<xo<xy=T.

Since X is a chain (cf. Lemma 2.7.9), for every x € X with x # T there exists

anm € {1,...,n — 1} with the property x(’)’H’l < x < x{'. Hence xo = xj' — x or
T = x5 — x follows. Finally, we invoke the divisibility law of MV -algebras and
obtain x = x2 * (xi' — x). Thus either x = x{"™" or x = x" holds. m

The next important property of a complete M V -algebra (X, *, —) is the fact that
the formation of squares (i.e. x —> x> = x * x) is join-preserving. Indeed, because
of Corollary 2.7.4 (v) the relation



2.7 Complete MV -Algebras 189

(Va) =V«

xXeA

holds for any subset A of X. Since (X, *) is commutative, the formation of squares
also preserves the multiplication. Hence the formation of squares is a strong homo-
morphism from (X, *) to (X, %), and its right adjoint map x — x!/? is determined
by

x?=\/{zeX|zxz<x}, xeX.

Since right adjoint maps of homomorphisms between (pre)quantales are closed maps
(cf. Proposition 2.2.2), the relation

x1/2*y1/2 < (x*y)l/z

follows immediately for all x, y € X. Moreover, if x € X is a square (i.e. there exists
aye X with x = y % y), then x'/? is even the square root of x with respect to *,
which means that the additional property x'/? x x!/2 = x also holds.

The previous observations can be seen as a motivation to characterize those com-
plete MV -algebras in which every element is a square. We shall also say that the
MV -algebra has square roots.

Theorem 2.7.12. Let (X, *, —) be a complete MV -algebra and B be the Boolean
algebra of all idempotent elements of (X, x). The following assertions are equivalent:

(1) Every element of X is a square w.r.t. .
(ii) Ifan element x € X satisfies the condition

lx={enx]|eeB} 1))

then x is idempotent.

The proof of Theorem 2.7.12 will be prepared by the following lemmata.

Lemma 2.7.13. Let (X, %, —) be a complete M'V -algebra such that the assertion
(ii) in Theorem 2.7.12 holds. Then for all x € X with L # x there existsay € X
satisfying the properties:

y#L and (y > 1)? —> 1L <x.
Proof. Without loss of generality, we can restrict our interest to a non-idempotent ele-
ment x € X.Hence x # T. Then we conclude from assertion (ii) of Theorem 2.7.12
that there exists an element z € X satisfying the following properties:

z<x and VeeB: z#eAux. (2.93)

Thus z # L follows. Finally, we consider the element y = z A (x * (z —> 1)) € X.
Step 1. Weclaimy # L.Letusassumey = _L. Thenitfollows from Proposition2.6.2
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and Corollary 2.7.4 (ii) that
T=GC—>LVvEx—->2=z— (25 —>2).

Hence z = z % (x — z), and since * is distributive over nonempty meets (cf. Theo-
rem 2.7.5 (ii)), we obtain:
z=zx(N\ (x—=>2").

nelN

By Corollary 2.7.6 the element ¢y = /\ ,.(x — 2)" is idempotent. Now we apply
Corollary 2.7.4(iv) and obtain the relations

z=z%ey=2zAe<xANey and ey Ax =x *xey < Z.
Thus z = x A eg holds — a statement which is obviously a contradiction to (2.93).
Hence y # L is verified.
Step 2. We claim (y — 1)> — L < x. First we simplify the notation and introduce
the following abbreviation:
wi=(w— 1) > 1, weX.

By Corollary 2.7.4 (v) the following relation holds for all wy, w, € X:

20w Awp) = (w1 = L)V (= 1))’ > L
= (Wi > L)V (wa > 1)?) > L = Q2w A 2w).

After this deviation we refer to Corollary 2.7.4 (i) and Proposition 2.7.1 (iii) and
obtain:

2y = 2y) % (((22) = x) V (x = (22)))
= (Q) A Q2x*(z— 1)) *((22) = x) vV (x > (22)))
<xV(2(xx*@z—> D)) *(x > (22)).

Now we apply frequently (2.90) and establish the following relations:
2xxz> D)= —>2>>L=x—>2 > (xxz—> 1)
and
x> 2)=c>LD'>a->D=c>1D > @2

Finally, we observe:
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2y <xV((2(x*(z = D)) x (x = (22)))
=xV(=>DL > @x—=>2)*((x > 2= (xxz—> 1))
§x\/((z—>L)—>(x*(z—)J_)))szxzx,

where we have used Corollary 2.7.4 (ii). m]

Lemma 2.7.14. Let (X, x, —) be a complete MV -algebra such that the assertion
(ii) in Theorem 2.7.12 holds. If x and y are elements of X with the property y* < x,
then there exists an element z € X satisfying the following conditions:

y <z and zzfx.

Proof. We put w=x % (y> — 1) # L and apply Lemma 2.7.13 to w. Hence
there exists a v € X with v # L and 2v < w. Since (X, %) is integral, the relation
2v < y?> — 1 follows. Finally, we consider the element z = (v — 1) — y € X.
Using again the integrality of (X, %) we obtain y < z.

Step 1. We claim z # y. Let us assume z = y. The relation

T=z>y=(0v>L—>y)>y=@0—>1Lvy

follows immediately from the MV -property (cf. Theorem 2.7.3 (iii)). Now we apply
Corollary 2.7.4 (v) and obtain

T=(v—>DVvy)’ <tv— 1>V

Hence the relation
v<2v=2N A > L) =1

holds. Since the previous relation is a contradictionto v # L, we have verified z # y.
Step 2. We claim z> < x. First we observe z> < (v — 1)?> — y? and recall 2v < w.
Then we apply (2.90) and the MV -property:

125((2v)—>J_)—>y2§(w—>J_)—>y2:(x—>y2)—>y2:xVy2=x.

Finally, it follows from Step I and Step 2 that z satisfies the desired properties. O

Proof of Theorem 2.7.12 (i) = (ii). We consider an element x € X satisfying con-
dition (I) in assertion (ii). We have to show that x is idempotent. Since every element
of X is a square, there exists a y € X with y> = x — L. Because of the integrality
of (X, %) we note that y> < y. Hence y — L < x follows. Then we apply (I) and
select an idempotent element e € 1B with the property y — L = e A x. In particular,
e - 1 < yholds. Since e — L is idempotent (cf. Corollary 2.7.4 (iii)), the relation
e — 1 < y?follows —i.e. y> — L < e. Hence we obtain

y—> L=eAx=er(y?—> L)=y>— 1,
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which means that y is idempotent. Using again Corollary 2.7.4 (iii) we conclude from
x =y>— 1L =y — L that x is also idempotent.

(ii) = (i). Let x — x!/2 be the right adjoint map of the formation of squares
in (X, *). Then x'/2 % x!/2 < x follows. Let us assume x # x!/2 x x!/2. By Lem-
ma2.7.14 there exists az € X suchthat x'/? < zand z? < x, which is a contradiction
to the definition of x!/2. Hence the assumption is false and x'/? % x!/? = x is valid.
In particular, every element of (X, *) is a square. O

Corollary 2.7.15. Every infinite, simple and complete MV -algebra has square
roots.

Proof. Let (X, %, —) be an infinite, simple and complete M V -algebra. In order to
show that (X, %, —) has square roots, we have to verify that every element of X is
a square w.r.t. x. For this purpose it is sufficient to establish assertion (ii) of The-
orem 2.7.12. Therefore we choose x € X satisfying property (I). Since (X, *, =)
is simple, the universal bounds are the only idempotent elements of X —i.e. B =
{1, T}. Thus we obtain:

Jx ={enx|eeB}={l,x}.

Hence M(x — 1) ={T,x — L} follows. Since X is infinite, we conclude from
Proposition 2.7.11 that x — L = T holds. Thus x = L is idempotent. O

It is easily seen that the real unit interval [0, 1] provided with Lukasiewicz arith-
metic conjunction (cf. Sect. 2.3.4) is an infinite, simple and complete M V -algebra
whose square roots are given by:

xl/zz%, x € [0, 1].

The aim of the following consideration is to show that every infinite, simple and
complete M V-algebra is isomorphic to ([0, 1], *¢.).

For this purpose we first summarize some properties which occur in the case of
complete MV -algebras with square roots.

Theorem 2.7.16. Let (X, x, —) be a complete MV -algebra such that every ele-
ment x € X is a square. Then the formation of square roots satisfies the following
properties:

(i) (x = N2 =x"2 5y 2 forallx,y € X.

(i) (xxx)1/2 =112 VX forallx € X.
(iii) The element (L'? — 1) % (LY? — 1) is idempotent.
(iv) For every nonempty subset {x; | i € 1} of X the following relation holds:

(V)2 =V

iel iel

(v) If L'/2 = L, then every element of X is idempotent — i.e. (X, ) is a complete
Boolean algebra.
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Proof. Since the formation of square roots is a closed map, the relation

12 <

()C—)y) X1/2—>y1/2

is evident. On the other hand we conclude from

. (x1/2 N y1/2)2 =12 (12 S Y2 e 12 (12 s 1) <y

172 172

that x!/2 — y!/2 < (x — y)!/2 also holds. Hence (i) follows.
Because of the MV -property and Corollary 2.7.4 (ii) we conclude from (i) that the
following relations hold:

1/2 _ ((x — y) — y) (xl/Z — yl/2) — y1/2 — xl/2 Vyl/2

(x—>(x>kx)) ((x—>J_)Vx)]/zz(x—>J_)1/2Vxl/2.

(x vy

1/2 172 _

X = (x *x)

Now we invoke the divisibility law and obtain:
(x >i<)c)1/2 172 ((x — J_)1/2 V)cl/z) —x1/24 (()cl/2 — J_l/z) \/xl/z) = 1V2yy

Hence (ii) is verified.
From (i) and Corollary 2.7.4 (ii) it is easily seen that the relation

(J_I/Z - J_)I/Z — (J_I/Z)I/Z - J_I/Z

— ((J_I/Z)I/Z — J_) V. (J_1/2)1/2
< (J_I/Z N L)V(J_l/z)l/z

holds. Now we apply Corollary 2.7.4 (v) and take the 4" power on both sides. Hence
L 1< > D)t

follows, and the idempotency of (L!'/2 — 1)? is verified.
In order to establish (iv) we consider a nonempty subset {x; | i € I} of X. Then we
conclude from Corollary 2.7.4 (v) and property (ii):

(\/ )1/2 ((\/Xl/z) (\/ xil/Z))1/2 1/2 (\/xl/Z) — \/xi/ .

iel iel iel iel iel

Finally, for every element x € X the relation x A (x — 1) < L!'/? holds. If we now
assume that 172 coincides with L, then (x — L) v x = T follows from (2.91).
Thus x is idempotent, and assertion (v) is verified. |
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Let (X, *, —) be a complete M V-algebra having square roots. As a preparation for
the following we first define recursively an element L!/?" of X for each n € INy:

1Y% =1 and LV .= (J_I/ZH)I/2 for each n € IN.
Then for any dyadic rational number r of the real unit interval [0, 1] we can define
1%:=T and L' =LYt r=4%#0.
In particular, the expression _L" is always well defined.

Lemma 2.7.17. Let (X, %, —) be a complete M'V -algebra such that every element
is a square and the following property is satisfied:

12 51 =112, (2.94)

Further, let 9 be the MV -subalgebra of [0, 1] consisting of all dyadic rational
numbers of [0, 1]. Then the following properties are valid:

() Forallr € D the relation 1" — 1L = 1" holds.
(i) Forallr € D the relation (L")'/? % 11/? = 15" holds.
(iii) If *¢ is the Lukasiewicz arithmetic conjunction in 9, then for all ri, ry € 9 the
relation (1" — 1) % (1™ — 1) = L"*" — | holds.
@(v) Ifri,ra € 9, thenry <ryifandonly if L™ < 1.

Proof. (a) In order to verify (i) we proceed as follows. If » € {0, 1}, then the relation
(i) is obvious. Therefore we assume 1 # r = % # 0. Then it is sufficient to prove
the following relation

(L) > L= 1Y) k=1,...,2"=1, neN (2.95)

by induction over n and k. In the case of n = k = 1 the relation (2.95) coincides
with (2.94). Now we assume that (2.95) holds for k = 1 and some n € IN. Then we
invoke (2.90) and (2.94) and obtain:

J_1/2n+l _ L1/2n)1/2: ((J_l/zn)2”71 R J_)l/z
J_l/zn)zn—])l/2 N J_1/2
LAY (5 1) > L
LAY S
J_I/Z”H)z"_l « (J_I/ZHI)Z") L

(
(
= (
(
(

on+l

Hence L'/ = (J_l/z"ﬂ) ' 5 1 follows, which means that (2.95) holds for

n+landk =1.
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Now we fix n € IN and assume that (2.95) holds for n and k < 2" — 2. Then we
invoke (2.90) and Corollary 2.7.4 (ii) and obtain:

(J_I/Z”)k‘f‘l_)J_ 1/2") ( 1/2"_)J_)

(L
= (L) (L)

= (L) = )y
( L (J_I/Z")z"—l—k

— (J_I/Z")Z” (k+1).

Hence (2.95) also holds for k 4 1 and n.
(b) Since the relation (ii) is obvious for r = 0, we put r = ZL with 1 <k < 2" and
verify (ii) as follows:

(J_r)l/2 s J_1/2 _ (J_l/2n+l)k % (J_l/2n+l)2" _ (J_l/211+l)k+2n _ J_%

(c) With regard to (iii) we choose dyadic numbers r| = 2"7 and r, = 5= from the unit

interval and apply (i):

2m

(L = Dy (L7 = 1) = (L)) (11277
= ( J_1/2"+”’)2"+m—2"’-k+2"+’”_2ﬂ.g

Now we distinguish the following cases. If 2" - k 4+ 2" - £ < 2" thenr) %, r, =0
and so

(J_rl—)J_)*(J_rz—)J_):J_:J_O_>J_=J_V|*Lr2_)J_

holds. If 27"t < 2™ . k 42" . ¢, then r| %t 1, = 2"*%# and so we apply (i)
again and obtain:

(L7 = Dy (L?— L)y = L7 = jran |

Thus we have established (iii).
(d) The implication r; <r, = 1" < 1" is obvious. On the other hand, if we
assume L < 1" then we apply (i) and (iii) and obtain:

L= 1" % (J_rl N L) — (J_lfrz — 1) % (J_rl N J_) — J_(lfrz)*hrl 1.

Hence (1 — ) % ri =0—1ie.ry <rp. O
Now we are ready to prove the announced characterization.

Theorem 2.7.18. Every infinite, simple and complete M'V -algebra is isomorphic to
the real unit interval provided with the Lukasiewicz arithmetic conjunction.
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Proof. Let (X, %, —) be an infinite, simple and complete MV -algebra. Then every
element of (X, *, —) is a square (cf. Corollary 2.7.15), and the infiniteness and
simplicity of X imply the property L'/ # L (cf. Theorem 2.7.16(v)). Moreover,
we conclude from Theorem 2.7.16 (iv) that \/, .,y L'/%" is idempotent. Hence

VALV =T (2.96)
nelN

follows from the simplicity of (X, %, —). Now we make use of the property that
(LY2 = 1) % (L2 - 1) is idempotent (cf. Theorem 2.7.16 (iii)), apply Corol-
lary 2.7.4(iv) and obtain L2 A ((LY? — 1) * (L2 — 1)) = L. Since L'/ 3
1 and (X, <) is a chain (cf. Lemma 2.7.9), the relation

LS x2S 1)=1

follows — this means
12 =125 1. (2.97)

Thus we can apply Lemma 2.7.17 and define an order-preserving and order-reflec-

ting map & 5 X from the MV-algebra 2 of all dyadic rational numbers of [0, 1]
to X by ¢(r)=1" — 1L forall r € Z (cf. Lemma 2.7.17 (iv)). Obviously, v is an
embedding which preserves the respective multiplications and residuals (cf. Lem-
ma 2.7.17 (i) and (iii)) and satisfies the following important property:

w(r)l/z — (J_r - J_)I/Z — (J_r)l/z — J_I/Z — ((J_r)l/z * J_I/Z) > | = w(%)

Ifri <rpwithr, —r < zi for some n € IN, then it is easily seen that the property

(V) = L) sy () ¥ (5) ie. Y()x LV <y

holds. Because of (2.96) the previous relation implies that ¥ is join-preserving (resp.
meet-preserving) as far joins (resp. meets) exist in . Therefore we can extend ¥ to

an injective join- and meet-preserving map [0, 1] 2, X by

vy =\Vyr) |lre2, r<ty=A\¥@lqe2,t<q}, tel0,1]

Again 1 preserves the algebraic structure. We prove the surjectivity of v. For this
purpose we fix x € X. Since X is a chain, we infer from (2.96) that there exist
dyadic numbers u,v € Z with ¢ (u) < x < ¥ (v). Now we construct recursively
two sequences (1) and (g,)new of dyadic rational numbers such that (7,,) e is
increasing, (g,).<n is decreasing and the following property holds:

V() <x <¥(g) and 0<g,—r, < 5=, nel (2.98)
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Stepl.ri=u,q1 =v,¥(r) <x,x <Y(q1),0<q1—r < L.

Step 2. Let r, and g, be defined such that (2.98) holds. Since X is a chain, we dis-
tinguish the following cases.

If Y (23%) < x, then we put 41 = 232 > r, and gy41 = gy

If x <y (2F%), then we put 7,41 = r, and 0 < g4y = 22 < g,.
- | :
Hence we obtain ¥ (r,41) < x < ¥ (¢gus1) and guq1 — rpg1 = 2572 < 5o — this

means that 7, and g,+1 again satisfy (2.98).
Now we return to the general argumentation. From ¢, ¢, (1 — 2,,%,) < r, we obtain:

V(g) * (1 — 500) = ¥(gn) « LYV <y, n=2.

Hence we conclude from (2.96) and (2.98) that the relation

\/ Y(r) =x= /\ ¥ (qn)

nelN nelN

holds. Finally, we put sup, . 7, = fo = inf,ciy g,. Then the definition of ¥ and
the previous relation imply v/ (fy) = x. Hence the surjectivity of v is verified. In
particular, E is an isomorphism between (X, *, —) and the real unit interval [0, 1]
provided with Lukasiewicz arithmetic conjunction. O

Corollary 2.7.19. Every simple MV -algebra is isomorphic to an MV -subalgebra
of [0, 1].

Proof. Let (X, *, —) be a simple MV -algebra. If X has n elements, then (X, %, —)
is isomorphic to {% | ke{0,1,...,n—1}} (cf. (2.92)). If X is infinite, then we
can construct the MacNeille completion of X (cf. Corollary 2.7.10) and subsequently
apply Theorem 2.7.18.

Since the only MV -algebra automorphism of [0, 1] is the identity map, we can
also express the previous corollary as follows: Every simple MV -algebra admits
exactly one monomorphism to [0, 1].

Exercises

2.7.1. Show that every dualizing element of a Girard algebra coincides with the
universal lower bound.

2.7.2. Let C3 = {L, a, T} be the chain with three elements.

(a) Show that on Cj there exists a unique structure of a Girard algebra whose mul-
tiplication = is determined by (see (9) in Exercise 2.2.1):

I
2 ===
A=

—| || *
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(b) Show that the Girard algebra (C3, %) in (a) is an MV -algebra which is isomor-
phic to the MV -subalgebra {0, %, 1} of [0, 1] provided with the Lukasiewicz
arithmetic conjunction.

2.73. Let C4 = {L, a, b, T} be the chain with four elements such that a < b.

(a) Show that on (Cj, *) there exists only two different Girard algebra structures
whose multiplication tables are given as follows:

*1|Lla|b|T sl Lla|b|T
L)Ll LlL]L|L|L
al|ll{Ll|Ll|a and al|ll|l|Ll|a
b|L|L|b|b b|L|L|la|b
TlLla|b|T T|Lla|b|T

(Hint: Use the fact that there exists a unique order-reversing involution on Cy.)

(b) Show that (Cy, *1) is the semi-unitalization of the two-sided quantale (6) in
Exercise 2.2.1 and (Cy, %) is not an MV -algebra.

(c) Show that (Cy, *;) is the semi-unitalization of the two-sided quantale (2) in
Exercise 2.2.1 and (Cy, *;) is an M V -algebra.

(d) Show that (C4, *;) is isomorphic to the M V-subalgebra {0, _%, %, 1} of [0, 1]
provided with Lukasiewicz arithmetic conjunction.

2.7.4. Let (C3, x) be the MV -algebra considered in Exercise 2.7.2 (see also Exer-
cise 2.2.1(9)), and let (C3 ® C3, %) be the tensor product of (C3, *) with itself. Recall
from Example 2.3.26 that C3 ® C3 consists of six elements:

T=TQT, a=@®T)V(T®a), A=a®T, p=TQRa, B=aRa,
1l=1®1l=1®a=a® 1,

and its lattice structure is determined by the following Hasse diagram:

(a) Show that the multiplication table has the form
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—H R[> | > | *
et B B e Bl Wl Ml W o
ESSY et Bt B e B el B d S

> | | >
—H R[> | > |

R I B
R I HH|R

(b) Verify the relations 8 - L =, 0 > L =8,A— L=Aandp — L = p.

(c) Conclude from (a) and (b) that (C3 ® C3, *) is a commutative integral Girard
quantale which is the coproduct of the MV -algebra (Cs, ) with itself in the
category of commutative and unital quantales (cf. Theorem 2.3.35).

(d) Verify the relation A — p = @ = p — X and conclude from this property that
(C3 ® C3, %) is not an MV -algebra.

2.7.5. Deduce from Proposition 2.7.1 (iii) and Corollary 2.7.4 (i) and (v) that in any
MV -algebra (X, *, —) the relation (x Vv y)? = x? v y? holds for all x, y € X and
p € IN. If in addition (X, %, —) is complete, then show that the correspondence
x —> x? is join-preserving for all p € IN.

2.7.6. Let (X, *, —)beacomplete MV -algebra. Show that for every element x € X
with x % T there exists a natural number n € IN such that (x" — 1) - x # T
holds.

(Hint: If x # T, then first verify that ((x - 1) > ( A x”)) #=T.)
nelN

2.7.7. A filter on an MV -algebra (X, %, —) is an upclosed and nonempty subset F'
of X satisfying the following additional properties:

(Fl) x,ye F = xxyeF.
(F2) L ¢F.

On the set IF'(X) of all filters on (X, %, —) we consider the set-inclusion C as partial
order. Verify the following properties:

(a) The partially ordered set (IF(X), €) has maximal elements.
(Hint: Zorn’s Lemma.)

(b) Afilter U on (X, %, —) is maximal if and only if for every z ¢ U there exists a
natural number n € IN such that 7" — 1 € U.

(c) Everymaximalfilter U € Fisprime —ie.xVyeU = (xeUoryeU).

(d) Let U be a maximal filter on (X, %, —). If x ¢ U, then there exists a natural
number n € IN such that (x* — 1) - x # T.

2.7.8. Let x be an element of an M V-algebra (X, %, —) with the property that
there exists an n € IN such that (x" — 1) — x # T holds. Show that there exists a
maximal filter U on (X, %, —) with x ¢ U.

(Hint: Deduce from Exercise 2.7.5, Proposition 2.7.1 (iii) and Corollary 2.7.4 (i) the
relation
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("= 1) - x)" v "™ - 1) =T.
Now invoke the hypothesis (x” — 1) — x # T and conclude that
F={zeX|IpelN: "> 1) <z}

is a filter on (X, *, — ). Finally, apply the axiom of choice, construct a maximal filter
U containing F and show that x ¢ U.)

2.7.9. Let (X, %, —) be an M V-algebra. An equivalence relation C on X is called
a congruence on (X, %, —) if for (x, y;) € C and (x3, y;) € C the following addi-
tional properties are valid:

(x1%xx2,y1 %) €C, (x; = x2,5 = y)€C and (L, T)¢C.

Show:

(a) Every congruence C on (X, %, —) induces afilter Fc ={x € X | (x, T) € C}
(cf. Exercise 2.7.7).
(b) Every filter F € IF(X) induces a congruence Cr on (X, %, —) by:

Cr={x. ) (x—=>yA(—>x)eF}

(Hint: y1 * (x1 — x2) * (y1 = x1) * (x2 = y2) < y2.)

(c) The quotient of (X, %, —) w.r.t. a filter F' (i.e. w.r.t. the congruence Cr) is an
MV -algebra and the corresponding quotient map ¢ is an M V -algebra homomor-
phism — i.e. g preserves finite joins, the universal upper bound and the binary
operations * and —.

(d) The quotient of an MV -algebra w.r.t. a filter U is simple if and only if U is a
maximal filter. Moreover, the range of the quotient map w.r.t. a maximal filter
is always isomorphic to an M V -subalgebra of the real unit interval (cf. Corol-
lary 2.7.19).

2.7.10. Let (X, %) be a complete MV -algebra. Then for every x € X with x # T
there exists a maximal filter U on (X, %) such that x ¢ U.

(Hint: For x # T choose n € N with (x" — 1) - x # T according to Exer-
cise 2.7.6 and then apply Exercise 2.7.8.)

Comment. Exercise 2.7.10 says that every complete M V-algebra (X, %) is semi-
simple and is therefore isomorphic to an MV -subalgebra of [0, 117, where I is the
set of all maximal filters on (X, %) (cf. Exercise 2.7.9 (d) and [48, Sect. 4]). In this
context it is worthwhile to note that the property

Vx e X\{T}anelN: x" > 1L)—>x #T
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is equivalent to condition (ii) in Theorem 2.7.7, which can also be rewritten as an
infinitary inference rule for the infinite-valued Lukasiewicz predicate calculus (cf.
[46]).

Notes

The fact that the category Sup of complete lattices and join-preserving maps is
isomorphic to the Eilenberg—Moore category of the power set monad (cf. [74, p. 57—
58]) was already well-known to the Ziirich school in the mid 1960s. In this sense
Sup has a long history. A detailed account of the categorical properties of Sup
can be found in [59], also where the importance of closure operators for quotient
constructions in Sup is mentioned. The tensor product in Sup goes back to the
Ph.D. thesis of D.G. Mowat (cf. [81]) and appears for the first time in a general
accessible publication in 1974 (cf. [106, Lemma 1.7]). Only two years later the mon-
oidal category Sup found its appropriate place in the literature when B. Banaschewski
and E. Nelson (cf. [6]) reveal the categorical principles guiding the tensor product
construction. The investigation of permanence properties of the tensor productin Sup
— e.g. the preservation of complete distributivity or continuity of complete lattices
—is due to Z. Shmuely and H.-J. Bandelt (cf. [7, 106]). In this context it might be
interesting to add that the tensor product also exists for join semilattices (cf. [58]),
but this construction is not an extension of the construction given in Theorem 2.1.8
(cf. [33]).

Prequantales/quantales already occur under the name cl-groupoid/cl-semigroup
with zero in the third edition of G. Birkhoff’s book on lattice theory (cf. [14,
Corollary 1 on p. 327]). The simple fact that the multiplication of a prequantale
/quantale is abimorphismin Sup —i.e. every prequantale/quantale is a magma/semi-
group in Sup — has been largely ignored in the literature. Only in [59] we do find the
information that commutative and unital quantales are commutative monoids in Sup.
This observation immediately leads to the insight that the tensor product of commu-
tative and unital quantales is their coproduct (cf. [59]). In the category of semi-unital
and bisymmetric quantales the proof of this fact has a non-commutative extension to
the tensor product of strictly left-sided quantales with strictly right-sided quantales
(cf. Theorem 2.5.9). An analysis of the tensor product of arbitrary quantales is given
in [43]. Here operations defined according to Zadeh’s extension principle (cf. [113])
and the compositions t, of probability distributive functions (cf. [104]) have been
revealed as special instances of the tensor product construction.

The topological representation of left-sided, idempotent quantales and balanced,
bisymmetric quantales goes back to U. Hohle, who realized that in this context
the tensor product of the left-sided, non-commutative, idempotent three-chain with
the right-sided, non-commutative, idempotent three-chain can be understood as the
“smallest” non-commutative quantic frame and acts therefore as the quantization of
1 = {0, 1} (cf. [51, 52]).

The treatment of the law of double negation for quantales is fragmentary in more
than one respect. For example, the question whether the law of double negation
can be expressed in terms of the monoidal category Sup remained open in the lit-
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erature, but has been solved in Sect. 2.6 of this book. Further, we have Frobenius
monoids (cf. [14]), but not Frobenius quantales. L.P. Belluce was the first to inves-
tigate complete M V-algebras from the perspective of semi-simplicity (cf. [11]),
but he did not show that (complete) MV -algebras are divisible and commutative
Frobenius monoids (quantales). The fact that the MacNeille completion preserves
the MV -algebra structure if and only if the given M V-algebra is semi-simple (see
also Theorem 2.7.7) is due to U. Hohle 1995 (cf. [48]).



Chapter 3 ®)
Module Theory in Sup oo

In the following sections we give some applications of the theory of quantales.
Traditionally, this is the field of abstract ideal theory (cf. [14]), but here we will
focus on the impact of the category Sup. Since Sup is a monoidal category and
quantales are semigroups in Sup, the most natural applications of quantales arise in
the theory of left (right) modules on unital quantales. With regard to many-valued
logics it is interesting to see that the left implication plays the rdle of a left action,
while the right implication operates as a right action. In fact, the dual lattice of a
unital quantale' 9 is always a Q-bimodule. As a second important example we refer
to the fact that the algebra of “fuzzy subsets” of a set X (cf. [53, 111]) constitute
the free module generated by X on the real unit interval provided with Lukasiewicz
arithmetic conjunction. Hence it is not surprising that left (right) -modules are
$)-valued complete lattices (see Sect. 3.3).

Further, in the setting of commutative and unital quantales £ the category of
$-modules has a tensor product which is a quotient of the tensor product in Sup.
This important property opens the perspective of £Q-algebras — a theory which
is not developed as yet with the exception of some well-known results related to
descent theory (cf. [59]). Therefore we will draw our attention to non-commutative
applications of left (right) modules.

As a typical field we choose the theory of C*-algebras. It is remarkable to see
that irreducible representations of a C*-algebra A can be rephrased as irreducible
and involutive left modules on a specific involutive and unital quantale given by all
closed linear subspaces of A. The link between this observation and the spectrum of
C*-algebras as a quotient of the tensor product of the quantales of closed left ideals
and closed right ideals (cf. Sect. 2.5.3) is an interesting question which has not been
deeply investigated as yet. In this context Exercise 3.2.8 (b) can be considered as a
first step.

I'Since in this chapter elements of unital quantales are acting on complete lattices, from now on
arbitrary unital quantales will always be denoted by (Q, *, €).
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204 3 Module Theory in Sup

This chapter finishes with a small section on automata in Sup showing that every
automaton gives rise to a right module over the free unital quantale generated by its
input alphabet.

3.1 Modules on Unital Quantales

In any monoidal category C the concept of modules is available — these are objects of

C provided with a left or right action w.r.t. some monoid in C (cf. [73]). Here we recall

the axioms of a left module, right module and bimodule in the special setting where

the monoidal category is given by (Sup, ®, 1, a, ¢, £, r) (cf. Fact Il in Sect. 2.1).
Let (9, *, ¢) be a unital quantale with the corresponding binary operation

20950

determined by the multiplication *. A left action on a complete lattice X w.r.t.

(Q, *, ) is a join-preserving map Q ® X -2 X such that the following diagrams
commute (cf. [73]):

®R1x

QeYX > QR X

uwl l@ (3.1)

Q9@QeX) 2% aex —2 4 x

10X 2% nex

\ l@ (3.2)
X

A pair (X, ©) is a left Q-module if X is a complete lattice and © is a left action on
X wrt. (Q, *, €). Right Q-modules are defined analogously — these are complete

lattices X with right actions X @ Q -2 X.

Because of the universal property of the tensor product in Sup we can simplify our
notation and identify left (resp. right) actions with their corresponding bimorphisms.
Hence instead of O(o ® x) (resp. H(x ® o)) we also write o O x (resp. x [ «).

Since every tensor is the join of an appropriate family of elementary tensors, the
commutativity of the diagrams (3.1) and (3.2) is equivalent to the following axioms:

Ml,) Ifa, BeQandx € X,thena © (BOx) = (¢ * B) O x.
(M2,) If e denotes the unit of £, thene © x = x forall x € X.
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If we consider the transposed version of the previous axioms, then X ® Q B X s
aright action if and only if the following axioms are satisfied:

M1, Ife, e Qandx € X, then x Do) & B =x 1 (a * B).
(M2,) If e denotes the unit of £, then x @ e = x forall x € X.

A left Q-module homomorphism is a join-preserving map X 15 ¥ such that
haOx)=a O h(x)

holds for each & € Q and x € X, which can be expressed by the commutativity of
the following diagram:

Qex 2% qey

o] lo

X —" vy

As usual, left Q-modules and left Q-module homomorphisms form a category
denoted by Mod, (). Right Q-module homomorphisms and the category Mod, ().
are defined analogously.

Even though we essentially restrict our interest to left 2-modules in this section,
we begin with an interesting interrelation between left and right Q-modules.

First we recall that the transposed multiplication of x is givenby « ** 8 = B8 x «
for all @, B € Q. Then QF = (1, *7, e) is the transposed unital quantale of £, and
every left Q-module (X, ©®) can be read as aright Q7 -module where the right action @
isdetermined by x o = o © x foreachx € X and o € Q. Moreover, the following
important properties are valid.

Proposition 3.1.1. (a) If (X, [) is a right Q-module, then the join-preserving map
0 Q X - X°P determined by

a0x=\{zeX|zBa<x}, aeN,xeX (3.3)

is a left action on X°? — i.e. (X°P, ©) is a left Q-module.
() If (X, ©) is a left Q-module, then the join-preserving map X" @ Q -2 X
determined by

xBda=\{zeX|a0z=<x}, aoeQ xeX (3.4)

is a right action on X°? — i.e. (X°P, @) is a right Q-module.

(c) Let (X, @) be a right Q-module. If ® is the left action on X°P determined by [,
then the right action & on X determined by © coincides with .

(d) Let (X, ®) be a left Q-module. If @ is the right action on X°P determined by ©,
then the left action © on X determined by [8 coincides with ©.
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Proof. Since (b) and (d) are the transposed statements of (a) and (c), respectively,
we only verify (a) and (c).

(a) For this purpose we fix x € X and «, 8 € Q. Evidently the correspondence
(o, x) —> a © x is a bimorphism which uniquely determines a join-preserving map

0 ® X -2 X Hence we have only to verify (M1,) and (M2,). By (3.3) and (M2,)
the condition (M2;) is obvious. In order to prove (M1,) we first apply (M1,) and
obtain:

(@@Bex))B@*xf)=(ceBox)Ba)BB<(Box)EA <.

Hence o ® (8 © x) < (« * B) @ x follows. On the other hand we conclude from
(@xpox)Ba)Bp=(@*p)ox)E@*p) <x

that ((a % ) ® x) Ba < B © x andconsequently (« x 8) © x < ® (B © x) holds.
Hence (M1,) follows.
(c) We fixnow @ € 9 and x, z € X. Then the following chain of equivalences holds:

D@ <x < 7<a@x < aO©x <?z
= x <P z70a < z0Ba < x.

Hence & and @ coincide. O

Corollary 3.1.2. Let (, *, €) be a unital quantale. Then the following assertions
hold:

(@) If (X, @) and (Y, @) are right Q-modules and X s yisa right Q-module homo-
morphism, then (X°P, ®) and (Y°P, ®) are left Q-modules and the right adjoint map
yor 15 xor of h is a left Q-module homomorphism.

() If (X, ©) and (Y, ®) are left Q-modules and X > Y is a left Q-module homo-
morphism, then (X°P, @) and (Y°P, 6l) are right Q-modules and the right adjoint

map Y°P iy xop of h is a right Q-module homomorphism.

Proof. Since (b) is the transposed situation of (a), we only verify (a). By Proposi-
tion 3.1.1 it is sufficient to prove that the right adjoint map A" is a left Q-module
homomorphism. For this purpose we choose @ € £, x € X and y € Y. Then the
following chain of equivalences hold:

¥x<a®@h (y) < xBa<h (y) < hxDao)=h(x)Da<y
= h(x)<a@y < x<h (@®y)

Hence o © h'_(y) =h e y) —i.e. K" is a left Q-module homomorphism.

We record the following general fact.
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FACT L There exists a contravariant isomorphism Mod, () -5 Mod,(Q) acting
on objects and morphisms as follows:

FIX,m) = (X?,0), Xy yor-isxoe Fm)=nh.

Now we continue with a characterization of Q-modules which also plays a significant
role from the perspective of applications.

Proposition 3.1.3. Let (Q, *, e) be a unital quantale, X be a complete lattice, and
let [ X, X] be the unital quantale of all join-preserving self-maps of X provided with
the composition as multiplication. Further, let [X, X] @ X =%+ X be the evaluation
arrow — i.e. evx(f @ x) = f(x) forall f € [X, X] and x € X. Then there exists
a bijective map between the set of all left actions © on X in the sense of Sup and

the set of all unital homomorphisms Q -5 [X, X making the following diagram
commutative:

QX "% X, X]® X

Proof. Since Sup is monoidal closed (cf. Theorem 2.1.12) and ev = (evy)x is the
counit of the adjoint situation _ ® X — homy (cf. Sect. 2.1.2), the homomorphism
h coincides with the monoidal adjoint of the left-action ©. The fact that / is a unital
homomorphism if and only if © is a left action can be easily verified by a diagram
chase or by a simple calculation using the axioms (M1,) and (M2;) directly. (Il

The previous proposition says that left Q-modules X can be characterized sim-
ply by unital homomorphisms from £ to [X, X]. This situation also opens a new
perspective, linking an important and application-oriented interpretation to left
Q-modules.

Remark 3.1.4. Let us consider elements of a complete lattice X as states of proper-
ties of some given physical system. The partial order on X reflects a certain hierarchy
among states, and the join operation expresses the superposition of states. The tran-
sition of states is coherent with respect to the given hierarchy and is represented by
join-preserving self-maps of X — so-called transition maps. On this basis Proposi-
tion 3.1.3 says that a left Q-module describes a specific dynamic of some physical
system. Each element of the unital quantale 9 refers to a specific transition map, and
the composition of transition maps is expressed by the multiplication in . In this
context the unit of £ corresponds to the identity map 1x changing nothing.

For the sake of completeness we also present a version of Proposition 3.1.3 for
right Q-modules.

Proposition 3.1.5. Let (Q, %, ¢) be a unital quantale, Q° be its transposed uni-
tal quantale, and let X be a complete lattice. Further, let X ® [X, X] X5 X be
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the evaluation arrow (cf. the Comment after Theorem 2.1.12). Then there exists a
bijective map between the set of all right actions [ on X (w.r.t. ) in the sense of

Sup and the set of all unital homomorphisms QF > [X, X] making the following

diagram commutative:

X009 22 x o[X, X]

e b

Before we investigate the general properties of the category Mod, (L), we first
give some interesting examples of left Q-modules. For this purpose we need some
further terminology.

A triple (X, ©, @) is called a Q-bimodule if (X, ®) is a left Q-module, (X, [)
is a right -module, and the associative law holds, which can be expressed by the
commutativity of the following diagram:

QeX)® — 22 X eQ)
@%l fam (3.5)
X0 —2 3 x 2 9eXx

Due to the associativity of the tensor product in Sup (cf. Lemma 2.1.13), a triple
(X, ®, [) is a Q-bimodule if and only if the following property holds

(Ox)BB=a0 (xEA), a,Be, xeX. (3.6)

Example 3.1.6. Let (£, *, ¢) be a unital quantale. Due to the associativity of its
multiplication, 9 can always be considered as a Q-bimodule with the left action ®
and the right action [ on £ determined by the following relations for all «, 8 € Q:

aOf=axf and BHa =B x*a.

If we apply Proposition 3.1.1 to (Q, @, [), then it is easily seen that (Q°, ®, )
is also a Q-bimodule. In this context the left action ® can be characterized by the
left-implication, while the right action [ plays the rdle of the right-implication (cf.
Sect. 2.2.1) —1i.e.

©@=@ocqa» and B =8ocqrn,

where cqae and cqe g are the respective components of the symmetry in Sup.
A small, but interesting modification of the previous example is the following.

Example 3.1.7. Let (1, %) be an arbitrary non-unital quantale and (@\, *¥) be its uni-
talization (cf. Exercise 2.2.2). Then the underlying complete lattice £ has the form
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53 =) x {0, 1} and (£, *) can be identified Witl/l\a subquantale of (53,?). In this
context £ can be provided with the structure of a Q-bimodule (Q, ©®, @) as follows
(see again Exercise 2.2.2):

@, 00x=0Fx,0)=a*xx, (@, )Ox=(x, D¥(x,0) =(*x)Vx,
X0 (@0 =x0% @0 =x*xa, xEH(1)=x0%(@1)=(x*a)Vx.

The next example shows that the structure of a left -module can be extended
pointwisely.

Example 3.1.8. Let (X, <) be a preordered set and (Y, ®) be a left Q-module. On
the set P(X, Y) of all antitone maps X L5 ¥ we introduce a partial order by

f<g & f(x)<g(x) foralxeX.

Then P(X, Y) is a complete lattice, and the left action on P(X, Y) (which is also
denoted by ®) is given by:

@O fHx)=a O f(x), ae, fePX,Y), xeX. (3.7

Hence (P(X, Y), ®) is again a left Q-module.

If the left Q-module (¥, ©®) coincides with (£, ®) (i.e. the left action is given by
a© B =axpforeacha, B € Q (see Example 3.1.6)), then we simply write IP(X)
for P(X, Q).

For each unital quantale (9, *, ) it is well-known that the forgetful functor
U;: Mody(Q) — Sup has a left adjoint functor F;: Sup — Mod, () sending a
complete lattice X to Q ® X where the left action ® on Q ® X is defined for each
a € 9 and for each elementary tensor 8 ® x € Q ® X by

xOBOX)=(@®@P)Qx = (x*xp)®x,

which can also be expressed by the commutativity of the diagram (cf. [73]):

QAO®X) 22, Q)X
©8ly (3.8)
ARX

For the sake of completeness we recall the proof of this property.

Lemma 3.1.9. Let (9, *, e) be a unital quantale and X be a complete lattice. Then
the join-preservingmap Q ® (Q ® X) -2 Q ® X determined by (3.8) is a left action
onQRX.
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Proof. Since tensors in £ ® X are joins of elementary tensors, we restrict our atten-
tion to elementary tensors and choose x € X and «, B, y € . Since x* is associative,
we obtain:

xOBOYOX))=a0((Bxy)Qx)=(@*x(Bx*y)) ®x
(@xpB)xy)®@x =(a*xp)O(y ®x).

Hence (M1,) is verified. The axiom (M2,) is evident. U

Addition. For @ € 9 and f € Q ® X the expression « © f is explicitly given by
a® f= \/ﬂeg(“ * B) ® f(B) where we have made use of (2.17).

A combination of Lemma 3.1.9 with Example 3.1.8 leads to the following theorem.

Theorem 3.1.10. Let (X, <) be a preordered set, DWn(X) be the complete lattice
of all downclosed subsets of X, (Q, *, e) be a unital quantale, and let P(X) be
the left Q-module constructed in Example 3.1.8. Then there exists an isomorphism

P(X) - Q @ DwNn(X) in the sense of Mod,(Q) satisfying the condition

2(f)=V f®lx, [fePX). (3.9)

xeX
Proof. We define a map IP(X) -2 9 ® Dwn(X) by:

P(fll)=xeX|a=<f®)}, [fePX), aec.

Since X N £ is antitone, @ (f)(«) is adownclosed subset of X forall ¢ € 2. Obvi-
ously @(f) is join-reversing — i.e. @ (f) € Q ® Dwn(X). Further, let us consider

amap Q ® Dwn(X) % P(X) defined by:
U(x)=\V{eeQ|xeg@}, geQ®DwnX), xeX. (3.10)
The following relations hold:

VieeQlxeo(H@}=Vi{eela=< f0)}=f),
reXlas¥(@W}={xeX|xeg@}=gl),

where we have used the property that g is join-reversing. Hence ¥ o @ = idp(x)
and @ o ¥ = idqgbwn(x) follow. Since @ is isotone, @ is an order isomorphism.

In order to verify (3.9) we have to show that @ ( f) is the join of

Bf={f(x)®lx|xeX}
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in) ® Dwn(X). Sincex € @(f)(f(x)),weobtain | x C &(f)(f(x))forallx € X
— this means that @ (f) is an upper bound of B . If g €  ® Dwn(X) is an arbitrary
upper bound of By anda < f(x), then weobtainx € |x C g(f(x)) € g(x). Hence
D (f)(x) C g() follows for all @ € 2, and (3.9) is verified.

Finally, we show that @ is a left Q-module homomorphism. In fact, the following
relation holds (cf. Example 3.1.8):

20@(NH=a0(V f@Welx)=V a0 (f@0) =V (@ f(x)® x

xeX xeX xeX

=V @oNX)RIx=2@@0 f).

xeX
O

Theorem 3.1.11. Let X be a complete lattice, (2, *,e) be a unital quantale

M
and X %5 Q ® X be the join-preserving map determined by n';(" (x) =e®x forall
x € X.2 Then for every left Q-module (Y, ®) and for every join-preserving map

X 15 Y there exists a unique left Q-module homomorphism Q ® X sy making
the following diagram commutative:

Y

X — aO0X

x f/hu (3.11)

Proof. (a) (Uniqueness). Let #” be a left Q-module homomorphism making the dia-
gram (3.11) commutative. Then for all x € X the relation hi(e @ x) = h(x) follows.
By (3.8) (cf. Lemma 3.1.9) we obtain for « € Q and x € X:

HPax)=hf((axe)@x) =h a0 (e®x) =aOh*(e®x) =a O h(x).

Since every tensorin  ® X is ajoin of elementary tensors, 4” is uniquely determined
by the commutativity of the diagram (3.11).

(b) (Existence). We define a join-preserving map Q ® X sy by
h* =00 (lg Qh). (3.12)
Then for every o € £ and for every elementary tensor 8 ® x in Q ® X the relation

R ao (B®x)=h(a*pf)®x)=(a*B)Ohx)
=20 (BOIK) =a®h*(f®x)

2The superscript M refers to the monad defined below Corollary 3.1.12.
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holds. Since h? is join-preserving and every tensor is a join of elementary tensors,
h® is obviously a left Q-module homomorphism.
Finally, since e is the unit of £, we conclude from (3.12) that the relation

e ®x) =e®h(x) = h(x)

holds for all x € X. Hence i* makes the diagram (3.11) commutative. O

Referring to Lemma 3.1.9 and Theorem 3.1.11, there exists a functor
Fi: Sup — Mod, ()

acting on objects and morphisms as follows:

FX)=@Q®X,0), XY, Fh=0Yohf=1a0hr (3.13)

Corollary 3.1.12. If U;: Mod,(Q) — Sup is the forgetful functor, then Fy is left
adjoint to Uy — i.e. F{ 4 Uy.

Proof. The assertion follows immediately from Theorem 3.1.11. O

Let M = (M, nM, u,M) be the monad on Sup induced by the adjoint situation
Fi; 4 U (cf. Sect. 1.2). Obviously, M and ,uM have the following explicit form:

MX)=Q®X, XBY, M) =1a0h plM=0=(@® Ily)oaghy-

From the diagrams (3.1) and (3.2), it is not difficult to see that the Eilenberg—Moore
category Sup™ coincides with Mod, (). Hence the completeness of Mod, () is
inherited by the completeness of Sup. An explicit description of colimits in Mod, (L)
is given in the next subsection.

Since the forgetful functor Sup Y preord also has a left adjoint functor,
namely Dwn (cf. Sect. 1.3.1), we can compose the adjoint situation in Corol-
lary 3.1.12 with Dwn - U and immediately obtain the following result.

Corollary 3.1.13. The forgetful functor from Uy: Mod,(Q) — Preord has a left
adjoint and is given by Fy = F; o Dwn.,

The monad P = (P, n”, 1) induced by the adjoint situation Fy — Uy is called the
monad of Q-enriched presheaves® on Preord. If we make use of the isomorphism

P(X) % Q ® Dwn(X) satisfying (3.9) (cf. Theorem 3.1.10), then the details of
P = (P, 1", uP) are given explicitly as follows:

3 Anticipating Sect. 3.3.2 we view antitone maps X L5 0 as -enriched covariant presheaves
XoP i) 9.
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PX)=P(X), Xy PX P2py), x-5px).
(P(h)(f))(y) =V{f@) |y <hx)}, fePX), yey,

P . . _Je, z=x,
Ny(x) =@ (e ® |x) = 14, 1,(z) = {J_, L £, z,x €X,
WEE)@) =\ F(f)* fo), F e P(P(X)), x€X.

feP(X)

Before we proceed, we confirm the previous formulas. If X £ ¥ is an isotone map,
then for f € IP(X) and yy € Y we observe:

(P)(f))(yo) = @' (14 ® DWN(R)(D(f))) (o)
o7V fx)® Lh(x))(y)

xeX

& (V (VIF@) |y <h()}) ® Ly) (o)

yeY

VAF() | yo < h(x)}

The description of the unit nf} follows immediately from (3.9) and (3.10). In order
to confirm the formula for the multiplication MP, we recall that

P(P(X)) 25 P(X)

is the extension of the identity 1p(x) of IP(X). In fact, the extension

lt
Dwn(P(X)) /=% P(X)
of 1p(x) to Dwn(IP(X)) is given by the formation of arbitrary joins — i.e.
by, (A =V A, AeDwn®(X)).

Then the extension of the join-preserving map lﬁ)( x) to aleft Q-module homomor-

LIRY:
phism @ (P(P(X))) = 2 ® Dwn(P(X)) 225 P(X) is given in part (b) of the
proof of Theorem 3.1.11, where we use the left action on IP(X) (cf. Example 3.1.8).
Hence we obtain the following relation for F € P(IP(X)) and x € X:

(1 (F)) () = (A} (@(F))) (x) = ((I%“Qﬁ(fe}/@) F(f)®Lf))(x)

= V (F(HOolhymUN)w= V F)*f@).
feP(X)

feP(X)
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Theorem 3.1.14. The Eilenberg—Moore category Preord® of the monad P
of Q-enriched presheaves on Preord is isomorphic to Mod, ().

Proof. (a) Let (X, ©) be a left Q-module. Then we define a join-preserving map
P(X) =+ X by
&)=V fxox, [fePX) (3.14)

xeX
and show that (X, &) is aP-algebra. The unit axiom & o 77; = 1y follows immediately

from (M2;). Now we apply (M1,) and notice that for all F € IP(IP(X)) the following
relation holds:

(EoP®)(F) =V (PEF))x) Ox

xeX
= \/X(\/{F(f) | fePX), x <E(f)}) Ox
= \V F(H)OEY)

feP(X)
= V F(HOUK Ox)

xeX, feP(X)
= V FH*fx)oOx

xeX, feP(X)
= (& o k) ().

Hence the associativity axiom also holds. So (X, &) is a P-algebra.
Further, let (X, ©®) and (Y, ©®) be left 2-modules with the corresponding P-alge-

bras (X, &) and (Y, ¢), and let X L5 ¥ be aleft Q-module homomorphism. Then

(ho®)(f)=V f@Ohx) =\ (V{fx)|xeX, y<h()})Oy=(oP)(f)

xeX yey

for each f € IP(X). Thus & is a P-homomorphism.

(b) Let (X, &) be a P-algebra. Then (X, <) is a preordered set, and P(X) £ X is
an isotone map. Since & o n}P( = lyx, the preordered set (X, <) is antisymmetric and

hence a partially ordered set. Further, let Dwn(X) 5 X be the restriction of & to
Dwn(X) —i.e. £(A) = £(1,), where 1, = @~ '(e ® A). Explicitly 1, is given by:

e, x€A,
lax) = 1 ox¢A

x € X, AeDwn(X).

Since ¢({x) = x for all x € X, we conclude from Lemma 1.3.3 and Theorem 1.3.4
that the partially ordered set (X, <) is a complete lattice. In particular, the join of a
subset A of X is given by ¢ (] A). We show that & is join-preserving. For this purpose
we choose a subset B of IP(X) and define an element F of IP(IP(X)) by:
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e, felb,

F =
o L. f¢IB,

f e P(X).

Then we observe:

ECVB) = (& o uf)(F) = (£ o P(&))(F) = £ e(s) fem) = f\/]BS(f).

Hence £ is join-preserving.
After these preparations we define the structure of a left Q-module on X as
follows:
aQx =E@*1y), ae, xeX.

Since & is join-preserving, the operation © is evidently join-preserving in its first
variable. In order to show that © is also join-preserving in its second variable, we

choosea € Qand A C X and introduce the following antitone maps P(X) LBy .
F1 =O{>I<]1M and F2= 1¢{u¢*lx\xeA}~
Explicitly F; and F> have the form:

<1 E A : < l,n
R =10 TN g = | EATS =
L, f£1a, 1, VxeA: f£axl,.

Then we observe MJP((FI) =axlj= M)P((Fz). Further, we note:

V @ ©x =§(1jwoxxea)) = (§ 0 PE))(F),

xeA

a®(VA)=&@x*1ya) = (&0 PE)(F).

Hence \/,., @ © x = o © (\/ A) follows from the associativity axiom. To sum up,
we have shown that © is a bimorphism.
The axiom (M2;) is evident. In order to verify (M1;) we choose «, 8 € Q and

x € X. Now we consider an antitone map P(X) <> Q defined by:

B, f<axl;

FO =171 fiaxl,,

f e P(X).

Since M)P((F ) = (B x ) * 1, we conclude again from the associativity axiom that
the relation

(Bxa) ©x = (§ o puy)(F) = (o P®)(F) =§(B * luex) = BO (@ O x)

holds. Hence (X, ®) is a left Q-module.
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Finally, let (X, &) and (Y, ¢) be P-algebras and X 15y be a P-homomorphism.
Then it is easily seen that the following relations hold for all « € , x € X and
ACX:

h(V A) =h(E1,4) = (€ o PM))(114) = £(Lynw) =V h(A),
ha ©x) = (ho&)(a*1ly) = (L oPh)(ax*1) =¢(a*lyw) =a®h(x).

Hence £ is a left -module homomorphism. ]

Remark 3.1.15. By Theorem 3.1.14 the left Q-module (IP(X), ®) (cf. Example
3.1.8) is the free left -module generated by the preordered set X. If we identify
arbitrary sets X with discrete ordered sets, then P(X) and Q¥ coincide. Therefore
QX is the free left Q-module generated by the underlying set X (cf. p. 10 in [59]).
From the point of view of fuzzy set theory the free left Q-module Q¥ is understood
as the algebra of Q-fuzzy subsets of X (cf. [39]). Hence, in general, fuzzy set theory is
module theory in Sup. As a confirmation of this insight we point out the well-known
fact that every left Q-module (X, ©) is a quotient (see Fact II infra) of the free left
Q-module QX (cf. [59] and Exercise 3.1.9).

3.1.1 Linear Closure Operators and Colimits in Mod, (%))

The construction of coproducts in Mod,(Q) is straightforward. Indeed, let
IF = {(X;,®;) | i € I} be a family of left Q-modules. Then we provide ]_[iel X;
with the following left action:

@ O ((x)ier) = (@ O xi)ier, a €9, (x)ier € [ X5,

iel

and consider the coproduct injections X ; Ay [1..; X;i determined by:

iel
'xj’ l:]’

i(Xi) = (Zi)iel, i = x; € X;

‘Zj( _]) (z)ier i L i J J

where L is the universal lower bound in X;. Evidently, ([]; e1 Xi» (giier) is the
coproduct of I in Mod, ().

Since surjective left -module homomorphisms are always epimorphisms, the
next proposition can be seen as a characterization of epimorphisms in Mod, ().

Proposition 3.1.16. Let X % Y be an epimorphism in the sense of Mod,(Q). Then
h, viewed as map, is surjective.

Proof. (a) By Example 3.1.6 the left-implication on 9 can be considered as a
left action ® on Q% determined by « ©® 8 = 8 / «. Further, each element y € Y
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induces a left £2-module homomorphism Y Ly 0 as follows:
hy() =\{eeQla0z=<y}, zeV.

In fact, h, is join-reversing, and the relation %,(z) © z < y holds. Further, we
observe:

(hy(@ @) *xa) Oz=hy(@O2)O(@Oz) <y.

Hence hy (o © z) * o < hy(z) follows —i.e. hy(a © z) < hy(z) . On the other
hand, we obtain:

(hy(z) /" @) O (@O 2) = ((hy(2) /" @) %) Oz = hy(z) Oz = y.

This means h,(z) ,/ @ < hy(a © z). So, we have verified that &, is a left Q-module
homomorphism.

(b) Let X 5 ¥ be an epimorphism in Mod, (L) and 4" be its right adjoint map. Then
forall € Q, x € X and y € Y we obtain the following chain of equivalences:

a < (hyoh)(x) & h(@Ox)=aQh(x) <y
— aOx <h(y)
= aOx < (h"ohoh")(y)
= aOh(x)=hl@Ox) < (hoh")()
= o < (Nponryy) © M) (X).

Hence iy o h = hopry(y) © h follows forall y € Y. If & is an epimorphism, then &,
and % (05 () necessarily coincide. In particular, we obtaine < 1, (y) = hon)() ()
and e < R oy ((h 0 B () = hy((h o h™)(y)), which means (hoh")(y) <y
and y < (h o h")(y). Hence a left Q-module homomorphism % is an epimorphism
if and only if 4 o h™ = 1y if and only if % is surjective (cf. Exercise 1.3.2(a)). O

The next property can be derived from general principles of category theory (cf. [47,
Proposition 21.16]), but we give here a direct proof.

Proposition 3.1.17. Let (X, ©) & (Y, ®) be an epimorphism inMod, (Q). Further,
let (P, ®) :;)? (X, ®) be the kernel pair of h. Then the diagram

P21y Xx
r| b

X Llyy

is a pullback square and a pushout square — i.e. a pulation square.
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Proof. By definition, the diagram is a pullback square. In order to verify that it is

also a pushout square we choose a pair (X, ©) :];? (Z, ®) of left Q-module homo-

morphisms with k o p =1 o g. Since the forgetful functor from Mod,(£Q) to Sup
preserves pullbacks, we conclude from Theorem 2.1.2 that there is a unique join-
preserving map Y <= Z such that k = 7 o h = [ holds. We have to show that 7
preserves the respective left actions. For this purpose we fix @ € Q and y € Y. Since
h is surjective (cf. Proposition 3.1.16), there exists an x € X with h(x) = y. Now
we obtain:

T(a®Oy)=n(@d©hx)) = n(h(ot @x)) =k(@Ox)=aQkx) =000 r(y).

Hence 7 is a left Q-module homomorphism. O

As an immediate corollary we obtain from Proposition 3.1.17 that every epimor-
phism in Mod, is the coequalizer of its kernel pair. Hence we can summarize the
previous results as follows.

FACT II. Surjective left Q-module homomorphism, epimorphism and regular epi-
morphism are equivalent concepts in Mod, ().

A closure operator ¢ on a left Q-module (X, ®) is linear if ¢ is compatible with
the left action in the following sense:

a®clx) <cla®x), aefN, xeX. (3.15)

Obviously, every linear closure operator ¢ on a left -module (X, ©®) determines a
left action © on the quotient (c(X), x) of X w.r.t. c by

a®c(x) =cla®cx)) =cla®x), aeN, xeX

such that the quotient map X - ¢(X) is transmitted to a left Q-module homomor-
phism.

Proposition 3.1.18. The coequalizer of every pair of parallel left Q-module homo-
morphisms exists in Mod, ().

Proof. If we replace nuclei by linear closure operators, the proof of Theorem 2.2.6
can be repeated verbatim. (]

Further, the associated closure operator ¢, = A" o i of every left Q-module homo-
morphism X - ¥ is linear. In fact, the following relation holds:

a O cp(x) < cpla@ ©ep(x)) =h"(ha@ © (h" o h)(x))) =h (@ ® (hoh™ o h)(x))
=h" (@O hx) = 0" oh) (@O x).



3.1 Modules on Unital Quantales 219
Hence every left Q-module homomorphism X % ¥ has a decomposition

X % ch(X)

into an epimorphism 5, of Mod,(£Q) determined by ¢;, and followed by a monomor-
phism m;, of Mod,(£Q) defined on ¢, (X) by my (x) = h(x) for all x € ¢;(X). Since
this decomposition is unique up to isomorphism, Mod, (L) is an (epi, mono)-category.
Hence the class of quotient objects of a left Q-module (X, ®) is a partially ordered
set and is order isomorphic to the complete lattice of all linear closure operators on
(X, ©).

To sum up, we record the following important fact.

FACT M. The category Mod, () of left Q-modules is a complete and cocomplete
(epi, mono)-category. The same results hold for right Q-modules.

Since the forgetful functor from Sup to Set has a left adjoint functor given by
the power set functor, we derive the following important result from the previous
Facts II and III and Proposition 3.1.18.

Corollary 3.1.19. The category Mod, () (resp. Mod, (Q)) is algebraic.

3.1.2 Annihilators and Generators in Left Q-Modules

Let (X, ®) be a left Q-module and x be an element of X. The annihilator ann (x)
of x is an element of £ defined by

ann (x) = \/{e € Q|aOx =1}

Obviously, any annihilator of some element of a left 2-module is left-sided.

An element x € X is said to be invariant if T © x < x holds. Obviously the
universal bounds of a left -module are invariant. Moreover, if ¢ is a linear closure
operator on (X, ®), then c(L) is always invariant.

A left Q-module (X, ©) is called irreducible if the subset of all invariant elements
of X coincides with {_L, T}. Every linear closure operator ¢ on an irreducible left
Q-module is either trivial (i.e. ¢(1L) = T) or satisfies the property ¢(L) = L.

Finally, an element x of a left Q-module (X, ®) is a generator of (X, @) if the
following relation holds

X={aOx|aec}

Theorem 3.1.20. Let (9, *, ¢) be a unital quantale and x be a generator of a left
Q-module (X, ®). If ann (x) is a maximal left-sided element of 2, then (X, ®) is
irreducible.
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Proof. Letuschoose aninvariantelementz € X withz # _L. Since x is a generator of
(X, ©) there exists an « € £ such that z = o © x. Then the property z # L implies
T *xo £ ann (x). Infact, wehave (T xa) Ox =T Qz>e®z=2z % L.

Since the annihilator of x is a maximal left-sided element of £, it follows that
T = (T %) Vann (x). Now, we use again the property that x is a generator of
(X, ®) and obtain:

T:T@x:((T*a)vann(x))Ox:(T*a)@x:TOz.

Hence an invariant element z € X with z # L necessarily coincides with T. (]

The aim of the following considerations is to explain the role of annihilators in
some more detail. For this purpose we first need an example.

Example 3.1.21. Let (X, ®) be a left Q-module and x be an invariant element of
X. Then x induces a linear closure operator ¢, with ¢,(z) = z vV x forall z € X, and
the quotient of (X, ®) w.r.t. ¢, coincides with the upsegment tx equipped with the
following left action:

a@;z=(@®2)Vx, a €, z€tx. (3.16)

Obviously, the corresponding quotient map X —=* 1x has the form 7, (z) =z V x
forall z € X.

Further, we recall that the underlying unital quantale can always be considered
as a left Q-module where the left action is determined by the multiplication in £
(cf. Example 3.1.6). Then we can make the simple observation that every element

x of a left Q-module (X, ®) induces a left Q-module homomorphisms Q Sy x

by h,(a) = @ © x. Further, let ann (x) be the annihilator of x and Q Ty fann (x)
be the quotient map constructed in Example 3.1.21 — i.e. by abuse of notation m,
has the form 7, (@) = « V ann (x). Since A, (@ Vann (x)) = o O x = h,(a), it is
easily seen that h, factors though 7, — i.e. there exists a unique left £-module

homomorphism fann (x) R ¢ making the following diagram commutative:

9O — tann (x)
" (3.17)

hy ~

X

Finally, we determine the image of &,. For this purpose we construct the closure
operator ¢y, corresponding to /. Since the right adjoint map h'; of i, has the form

K=y /x=\{eeQlaox <y}, yeX,

the image of &, (i.e. the quotient of Q w.r.t. ¢;,) is the left Q-module (Z, 6), where
the underlying set
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Z={(a0®Ox)/ x|ac)}
is provided with the partial order inherited by £ and the left action © is given by:

BO(@0x) /x)=(B*xa)Ox) /x, BeA.

By diagram (3.17) the left Q-module (Z, 6) is a quotient of the upsegment 1ann (x).
If in addition x is a generator of (X, ©) — this means that /4, is an epimorphism (cf.
Proposition 3.1.16), then (Z, Q) is isomorphic to (X, ©).

3.1.3 Modules on Involutive and Unital Quantales

In this subsection we always assume that Q is an involutive and unital quantale
(9, *,e,). If X is a complete lattice, then every left action ® on X induces a right
action [0 on X by:

xHa=ad Ox, aef, xeX. (3.18)

Analogously, every right action [ on X also induces a left action on X by:

aOx=x00d, ae, xeX. (3.19)

Obviously, these observations give rise to isomorphisms Mod, () ey Mod, (Q)

and Mod, () oy Mod,(£Q) which leave morphisms invariant, but act on objects as

follows:
T¢(X,®) = (X,E) where & is determined by (3.18),

T.(X,3) = (X,®) where ® is determined by (3.19).

Hence we conclude from the previous Fact I that Mod,(£Q) and Mod, () have self-
dualities given by S, = FT, and S, = F~'T,. In particular, S, and S, have the
following explicit form:

Si(X,0) = (X?, %) where a @ x=\/{ze X |a' ®z=<x}, (3.20)
S, (X,3) = (X, @) where xBPa=\/{zeX|zma <x}, 3.21)
Xy, yor s xor Suh)=h", S.(h)=h".

The next example is a first simple application of the formulas (3.20) and (3.21).

Example 3.1.22. Let (2, *,e,’) be an involutive and unital quantale. Then the
involution and the left- and right-implications of £ induce the structure of a
0-bimodule on Q% by:
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a@?B=ad\\B and BEPa=8d, aecQ, e’

Referring to Example 3.1.6 it is easily seen that the involution ’ is a Q-bimodule

isomorphism (Q%, ®, ) = (Q°P, ©°, [@°P). In fact, because of (2.35) the follow-
ing relations hold:

@op) =/ o) =d \p=a0”f
BEa) =@\ pB) =8 /d=p1"a

The next example reveals that Q-bimodules determine contravariant endofunctors
of Mod, () (resp. Mod, (Q)).

Example 3.1.23. Let (2, *, e,’) be an involutive and unital quantale. Further, let
(X, ®) be a left Q-module, and let (Y, ©, 1) be a Q-bimodule. Then the set [X, Y]

of all left Q-module homomorphisms X Lryisa complete lattice with respect to
the pointwisely defined order. Since Y is a £2-bimodule, we can introduce the left
action ® on [X, Y] as follows:

@O fH)=fxEa, «aeQ, fe[X, Y], xeX. (3.22)
In fact, if f is a left Q-module homomorphism, the associativity axiom (3.6) implies:

@O NBOx)=(fBON)Bd =(B0O fx)Ba
=O(fM)Bd)=B0 (@0 fx)
for each B € Q and x € X. Hence a © f is again a left Q-module homomorphism.
The proof of the left action axioms (M1,) and (M2,) is obvious. Thus ([ X, Y], ®) is
a left -module.

Finally, on this basis it is easily seen that every 2-bimodule (¥, ®, &) induces a
contravariant endofunctor Gy of Mod,(£Q) as follows:

Gy(X) =[X, Y],

(X2.0) 5 (x1.0), X1, Y18 %, v1. Gy()(f) = foh. felX).Y].

In the following considerations we will show that the -bimodule Q°” constructed
in Example 3.1.22 is a dualizer in Mod, ().

Lemma 3.1.24. Let (X, ©) be a left Q-module. Then for every left Q-module homo-

morphism X & Q°P there exists a unique element zj, € X such that the following
relation holds:

hx) =\{eeQ|laOx <z}, xeX, (3.23)

where ' is the involution in .
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Proof. (a) (Uniqueness) If z; and z, are elements of X such that the relation (3.23)
holds, then we obtain ¢ < h(z;)’ and e < h(z,)’, where e is the unit of ). Hence the
relation z; = e © z; < h(z1) © z1 < z; follows. Interchanging the réle of z; and z,
we also have z, < z;. Thus z; and z; coincide.

(b) (Existence) For every left -module homomorphism X 5 P we define an
element z;, € X by
u=V{yeXle<h(}

Since h, viewed as map from X to £, is join-reversing, e¢ < h(z;) holds. Now
we choose x € X and put 8, = \/{a €eN]a®x < zh}. Since B, © x < z;, we

obtain e < h(zp) < h(By O x). Since X - Q is a left Q-module homomorphism,
e < By @ h(x) = B, \ h(x) follows — this means B, < h(x)’.

On the other hand, we observe e < h(x) \/1(x) =h(x)’ O h(x)=h(h(x)' © x).
Then the definition of z; implies h(x)’ ® x < z;,. Hence h(x)" < B, holds. To sum
up, we have shown h(x)" = B, forall x € X. This means that z, satisfies the condition
(3.23). 0

Lemma 3.1.25. Let (X, ©) be a left Q-module. Then every element 7 € X induces
a left Q-module homomorphism X ey qor by

h.x)=\V{eeQ|ad'Ox <z}, xeX (3.24)

Proof. Evidently, X 2 Qs join-reversing —i.e. X ey Qor s join-preserving. In
particular, i,(x)’ © x < z for all x € X. Now we fix ¢ € £ and observe:

@O h,(x)) (@O x)= (' \ h,(x)) O(@O®x)=(h,(x) /) ® (xOx)
=((h,(x) /@) xa) Ox < h(x) Ox <z

Hence o ©°? h,(x) < h,;(a ® x) follows. On the other hand, the relation
(h(@Ox) *)Ox =h(@Ox) O@Ox) <z

implies (h,(a¢ © x) *a) < h,(x) — i.e. h(@ © x) *a < h,(x)". Therefore we
obtain A (¢ © x) < h,(x) / o —i.e.

ho(e©x) < (h.(0) /@) =o' N h:(x) = a O h.(x).

Hence £ is a left Q-module homomorphism. (]

Theorem 3.1.26. Let S, be the self-duality of Mod,(Q) and G be the contrava-
riant endofunctor induced by the Q-bimodule Q°P. The correspondence 7 —> h,
determined by (3.24) is a natural isomorphism I' = (I'x)x: Sy — Ggaor.

Proof. (a) Let (X, ©®) be a left Q-module. With regard to Lemma 3.1.24 and Lem-
ma 3.1.25 we know already that the map X°” 2% [X, Q°7] defined by
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Ox(@)=h,, h(x)=V{eeQ|dOx=<z}, xz€X

is bijective. Now we show that @y is a left 2-module homomorphism. Obviously,
Oy is join-preserving, which means in this context:

hpnzx)=V{eeQlaox < ANZ}) = A h.(x), Z CX.

zeZ

Now let ©®° be the left action on X (cf. (3.20)). Then for o € £ we obtain:
o' O (haow:(x) Ox) <’ O (@O 2) <z, x€X.
Hence o' * hogor,(x) < h,(x)" follows — i.e.
Rooor:(x) < (@' 1 (x)) =h(x) /¢ = (@ Oh)(x), x€X
(cf. Example 3.1.22 and (3.22) in Example 3.1.23). On the other hand we observe:
o' O (@ \h(x)) O x) = (' x (@ \(h(x)) Ox <h,(x) Ox <z
Then (o' \( h;(x)) © x < @ ©°P 7 holds, and the following relation follows:

(@@ h)(x) =h(x) /@ = (& \ h(x)) = haeo(x).

Thus we have shown @ © h, = hyge, —i.e. Oy is aleft Q-module homomorphism.

(b) In order to verify the naturality of (I'x)x we consider a further left -module

(Y, ®) and a left Q-module homomorphism X -y If K is the right adjoint map
of k, then for all ¢ € Q, x € X and y € Y the equivalence

o Ok(x) =k(@ Ox)<y < o Ox <k (y)

holds. Hence we obtain £, (k(x)) = hy-,(x) forall x € X and y € ¥ — this means
the commutativity of the following diagram:

X0 % yop

@Xl l(“)y

[X, Q%] M [Y, Q°] O

As an immediate corollary of Theorem 3.1.26 we record the following:
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FACT 1IV. Inthe case of involutive and unital quantales the Q-bimodule Q°7 defined
in Example 3.1.22 is the dualizer in the category Mod, () of left Q-modules. An
analogous result holds for Mod, ().

3.1.4 The Tensor Product in Mod ()

In this subsection (1, *, ¢) always denotes a commutative and unital quantale. Due
to the commutativity of Q left Q-modules can always be viewed as Q-bimodules.
Thus we will only speak of £-modules and $£-module homomorphisms and the
corresponding category is denoted by Mod(£Q). In this context we will always apply
actions as left actions. Moreover, the left- and right-implication of £ coincide and
are denoted by —.

The aim of the following considerations is to show that, in the case of commutative
and unital quantales, the tensor product of Q-modules (X, ®) and (¥, ®) exists and
is given by the Q-module [X, Y°P]°? of join-reversing Q-module homomorphisms
up to an isomorphism. Referring to Example 3.1.23, we first recall the action © on
[X, Yor]:

(@O fHx) =a 0% f(x), ae, fel[X, Y], xeX,

where ©O°” denotes the action on Y7 and is given by (3.20). Now we apply (3.20)
again and note that the action on [X, Y°P]°P attains the following form:

a? f=NgelX,YP"I? | f<a®g), acf, fel[X, Y77 (3.25)

Further ® always denotes the tensor product in Sup. Since meets in [X, Y°7]P
are computed pointwisely, [ X, Y°P]°? is obviously the quotient of X ® Y w.r.t. the
closure operator ¢y on X ® Y defined by:

() =NgelX. Y"1 | f=<g}, feX®Y. (3.26)

We begin with a characterization of £2-module homomorphisms in X ® Y.

Lemma 3.1.27. Let (X, ©) and (Y, ®) be Q-modules. Further, let f be a tensor of
X ® Y. Then the following assertions are equivalent:

1 X Ly yor is a Q-module homomorphism — i.e. f € [X, Y°P]°P.
(ii) Forallx € X,y € Y and o € Q the following equivalence holds:

@OX)®Y<f < xQ(@®y) < f

Proof. (i) = (ii). Since X L yor is a 2-module homomorphism, the following
chain of equivalences hold forallx € X and y € Y:
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(@OX)®y=f & y= fl@Ox)=a 0 f(x)
= aOy=fx)
= xR @Oy < f.

(i) = (i). Let us fix x € X and « € Q. Because of (ii) we conclude from
(@Ox)® f(@a®x) < f that x ® (¢ © f(a ©x)) < f holds. Consequently we
obtain ¢ © f(a ® x) < f(x). In particular, the relation f(o © x) <a O% f(x)
follows.

On the other hand, itis easily seen thatx ® (¢ © (¢ O f(x))) <x® f(x) < f
holds. Now we apply (ii) again and obtain (¢ O x) ® (¢ O f(x)) < f.
In particular, o O f(x) < f(e« ©x) follows. Hence we have verified
fl@aOx)=a0” f(x). O
Definition 3.1.28. Let (X, ®), (Y, ®) and (Z, ®) be Q-modules. A bimorphism
X x Y -2 Z in Sup is a bimorphism in Mod(RQ) if b satisfies the following property

baOx,y) =a@®blx,y) =bkx,a0Qy), aeN, xeX,yeY
— this means that b is a $-module homomorphism in each variable separately.

A pair (by, (M, ©)) is called a tensor product of (X, ®) and (Y, ®) if (M, ©) is
aQ-module and X x ¥ 2% Misa bimorphism in Mod(£Q) such that the following

universal property holds:

For every Q-module (Z, ©) and every bimorphism X x Y Ly 7 in Mod(£) there exists a

unique -module homomorphism M twy 7 making the following diagram commutative:

XxY 2y M
hl L""'hb
z

Comment. The tensor product of Q-modules is unique up to isomorphism. In this
context by is called the universal bimorphism in Mod(£).

In order to prove the existence of the tensor product of 2-modules we begin with
an example showing that universal bimorphisms in Sup induce specific bimorphisms
in Mod(Q).

Example 3.1.29. Let (X, ®) and (Y, ®) be Q-modules. Since T =« @ T, the
universal upper bound T ® T is always a 2-module homomorphism. Further, let ¢
be the closure operator on X ® Y determined by (3.26). Then for all (x,y) € X x Y
we define an element x Qg y of [X, Y°P]°P by:

Xay=c(x®y)=A{felX,YP]1” |x®y < f}. (3.27)

Since ® is a bimorphism in Sup, the correspondence (x, y) —> x ®gq y is also
a bimorphism in Sup. We show that (x, y) —> x ®q y is even a bimorphism in
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Mod(£). For this purpose we fix (x,y) € X x Y and o € £ and conclude from
Lemma 3.1.27 and (3.25) that the following relation holds:

(@OxX)®ay=NfelX,Y?P]" | (aOx)®y =< f}
=N\felX. P | x®@ @Oy < f}
=xQa (@ OYy)
=ANIfelX.YP]7 a0y < f(x)}
=/N\felX.YPI? |y <aO” f(x)}
=NMfelX,YP]"|x®y<a0O f}
=ANIfelX.YP]? | x®qy<a0 [}
=a 0% (x ®q y).

Hence the correspondence (x, y) —> x ®¢q y is abimorphism in Mod(L). By abuse
of notation we also denote this correspondence by ®g.

Theorem 3.1.30. If (X, ®) and (Y, ©) are Q-modules, then ([X, Y°P]°P, ®q) is the
tensor product of (X, ©) and (Y, ©).

Proof. Let (Z,®) be a further Q-module and X x Y £ 7 be a bimorphism in
Mod(L). Since the quotient map from X ® Y to [X, Y??]°? is join-preserving, every
element f € [X, Y°P]°P is a join of an appropriate family {x; ®q y; | i € I}. Hence
the uniqueness of the 2-module homomorphism [X, Y717 vy 7 with the property
b(x,y) = hp(x ®q y) is evident. In order to verify the existence of /1, we proceed as
follows. Since b is also a bimorphism in Sup, there exists a unique join-preserving
map X QY -+, 7 such that b(x,y) =ky(x ® y) forall (x,y) € X xY.Letc, be
the closure operator associated with k;, — i.e. ¢k, = k'b" o kp. Since every tensor of
X ® Y is a join of elementary tensors, the closure operator ¢, has the following
form:

() =Vx®ylbx.y) =k(f)}, [feX®Y.

We show that ¢y, (f) is a Q-module homomorphism from (X, ®) to (Y, ©°”) for
all f € X ® Y. In fact, the following chain of equivalences holds foro € Q,x € X
andy € Y:

@OX)®y <c,(f) &= k(l@Ox)®Y) <ky(f)
= b(aOx,y) =bx,a®@y) <ky(f)
= x®@0OYy) =cx(f).

Thus we conclude from Lemma 3.1.27 that ¢, (f) € [X, Y°7]°?. Hence ¢y < ¢,
follows. This means that k;, factors through the quotientmap X ® ¥ — [X, YP]P —

i.e. there exists a (unique) join-preserving map [X, Y] P55 7 Such that ky(f) =
(hp 0 co)(f) holds. In particular, the subsequent relation follows:
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bx,y) =ky(x®y) =hp(colx ® ) =hp(x ®aqy), x€X,yeY.

In completing the proof we show that A, is a Q-module homomorphism. Therefore
we choose @ € Q and f € [X, Y°P]°? and consider a family {x; ®q y; | i € I} with
the property f = \/;.; xi ®q y;. Then we obtain:

hy(e O% ) = hy(\V @ O% (x; ®q ¥i))
iel
=V h((@Ox)®qy)=\Vblaox,y)=\aObx,y)
iel iel iel

=a0 (\/1 b(xi, y)) =a © (\/1 hy(x; @q ¥i)) = & © hy(f).

Hence 4y, is in fact a Q-module homomorphism. O

Motivated by the previous theorem we introduce the following notation and ter-
minology.

Notation. The Q-module [X, Y°P]° is denoted by X ®¢ Y and is called the tensor

product of the Q-modules (X, ®) and (¥, ®). In this context X x Y Ba, x RaY
is called the universal bimorphism in Mod(£Q). Further, every element of X ®¢q Y is
said to be a tensor, and tensors of the form x ® ¢ y withx € X and y € Y are called
elementary tensors. In this context we note the important fact that every tensor is a
join of an appropriate family of elementary tensors.

In the following considerations we briefly describe algebraic properties of the
tensor product in Mod(£Q).

By the universal property of the tensor product the object function
(X,Y) — X ®gq Y can be completed to a bifunctor, also denoted by ®g¢. In fact,

for every pair of -module homomorphisms X U Y, and X, 2y Y, there exists
a unique -module homomorphism

X ®QXZM>Y1 Ra Y

making the following diagram commutative:

X1XX2&>X1®QX2

/11><h2l §h1®9h2
\:/

Y]XY2&>Y1®QY2

We show that for every Q-module (X, ®) the endofunctor X ®q _ of Mod(£Q) has
aright adjoint functor. For this purpose, we fix (X, ®) and introduce an endofunctor
homy of Mod(£Q) as follows:
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homy(Y) = [X, Y],

Yi By, (X, 7] 222 (X y,], homy(W)(f) =ho f, f€[X, Y]

Corollary 3.1.31. For every Q-module (X, ®) the functor homy is right adjoint to
the functor X Qgq _.

Proof. Let (X, ®) be a fixed Q-module. Then for every further Q-module (¥, ©®)
there exist a Q-module homomorphism ¥ 2 [X, X ®¢ Y] defined by:

(X)) =xQ®qay

forall x € X and y € Y. Itis easily seen that n = (ny)y is a natural transformation
from idyoq(n) to homy o (X ®g _). We show that 7 is the unit of the adjoint situ-
ation (X ®¢q _) 1 homy. For this purpose we first notice that for every 2-module

(Z, ®) every Q-module homomorphism Y Ly [X, Z] can be identified with a bimor-
phism X x Y iy 7 in Mod(£) as follows:

by(x,y) =h(y)(x), xeX,yecY.

By the universal property of the tensor product in Mod(£Q) (cf. Definition 3.1.28
and Theorem 3.1.30) the proof of Theorem 2.1.12 can be transferred to the setting
of 9-modules. Hence the unique Q homomorphism X ®g ¥ — Z making the
diagram

— 5 X, X®q Y]

Y
h
l ﬁmxm

[X, Z]

commutative is the unique extension of b, to a 2-module homomorphism. (]

Let (X, ®), (Y, ®)and (Z, ©®) be Q-modules.Forx € X,y € Y,z € Zanda € Q
it is easily seen that the following relation holds:

x®a (Y®a (@0 2) =x®q (¢ 07 (y®a2) =2 07 (x ®a (y ®a 2)).

Hence by analogy with Lemmas 2.1.13 and 2.1.15 we conclude from the univer-
sal property of the tensor product ® (cf. Definition 3.1.28 and Theorem 3.1.30)
that the bifunctor ® is associative and symmetric. Finally, by Theorem 3.1.26 the
Q-module £ is obviously the unit object of ®gq.

To sum up, we have established the following important

FACT V. If (Q, *,e) is a commutative and unital quantale, then the category
Mod(R) is a symmetric and monoidal closed category provided with a self-duality
turning Mod(Q) into a star-autonomous category.
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By Fact V we can apply the constructions in Sect. 1.1 to Mod(£). Hence in the
case of commutative and unital quantales we have (free) magmas in Mod(£Q) — these
are (free) algebras — and semigroups in Mod(£Q) — these are associative algebras.
Even though the study of these structures is beyond the scope of this book, we finish
this subsection with an example related to the ideal theory of C*-algebras.

Example 3.1.32. Let (A, +, -) be a unital C*-algebra, R(A) be the quantale of all
closed right ideals of A, and I[(A) be the subquantale of all closed two-sided ideals
of A (cf. Sect. 2.5.3). Then R(A) is obviously an I(A)-module. In particular, the
corresponding left action ©® and right action [ are givenby l O R= R I =R x I,
where * denotes the ideal multiplication. Since the ideal multiplication of closed right
(left) ideals is idempotent (cf. Corollary 2.4.5), R(A) is right-symmetric and I(A) is
a frame (cf. Lemma 2.4.3). Thus the following relation holds:

(Ri*R)B I =R *(RBI)=(R EI)* Ry, I €I(A), R, Ry € R(A).

This means that the ideal multiplication in R(A) is a bimorphism in the sense of the
category Mod(Il(A)). Hence there exists a unique extension of * to the tensor product
of I(A)-modules making the following diagram commutative:

Qra)

R(A) x R(A) —= R(A) Qra) R(A)

R(A)
We can summarize the previous observations in the following statement: The pair
(R(A), ®) is an idempotent and in general not commutative semigroup in Mod(I(A))

— i.e. a non-commutative I(A)-algebra in Sup. For more details on right (left)
Q-modules, we refer to Sects. 3.3.3 and 3.3.4.

Exercises

3.1.1. Let X be a complete lattice and [X, X] be the unital quantale of all join-
preserving self-maps of X provided with the multiplication given by the composition
of maps. Show that the evaluation arrow induces the structure of a left [ X, X ]-module
on X.

(Hint: Proposition 3.1.3.)

3.1.2. LetC3 = {_L, a, T} be the chain with three elements and Cf = (Cs, *;) (resp.
C} = (Cs, *,)) be the non-commutative, idempotent and left-sided (resp. right-sided)
quantale on Cs (cf. Example 2.3.26). Then 1, is an anti-isomorphism between C}

and C; —i.e. C} is the transposed quantale of Cj. Further, let C} be the unitalization
of Cf, Cj be the unitalization of Cj (cf. Exercise 2.2.2), and let ([C3, C3], o, 1¢;) be
the unital quantale of all join-preserving self-maps of C3 (cf. Example 2.3.31).

(a) Show that there exist exactly six unital homomorphisms E\f Ly [C3, C3].
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(b) Conclude from (a) that there exist exactly six right @-modules on Cj (cf. Prop-
osition 3.1.5). Describe explicitly the corresponding right actions on C3 with
respect to C3.

3.1.3. Let (X, ®) be aleft Q-module, and X - X be an order-preserving involution
on X. Show that Q ® X - X given by

aOx=1@0(x)), aeQ xeX

is again a left action on X.

31.4. Let Q be a frame (ie. *x =A) and o —> o’ be an order-reversing

involution on Q. Further, let Q ® Q% -2 9 be a join-preserving map given by
a®pB=atvpforalla,p e Q. Show that (Q%, ©) is a left Q-module.

Comment. If Q = [0, 1] and ot = 1 — «, then the left action O is also known as
Kleene—Dienes implication.

3.1.5. Let (9, *,d,’) be an involutive Frobenius quantale. Further, let (Q, ®) and
(2, ©) be the left Q-modules constructed in Examples 3.1.6 and 3.1.22, respec-
tively. Show that the join-preserving map £ -2+ Q° given by §(8) = g’ \, d for
each 8 € Q is a left Q-module isomorphism.

3.1.6. Let (9Q, %, ¢) be a unital quantale viewed as a left Q-module (cf. Exam-
ple 3.1.6). Further, we choose a left-sided (i.e. invariant) element z € £ and con-
sider the left Q-module 1z constructed in Example 3.1.21. Show thatx =z Veisa
generator of 1z and its annihilator coincides with z.

3.1.7. Let M, be the C*-algebra of all square matrices of order 2 with real coeffi-
cients, and let (IMAX, %, {e),’) be the involutive and unital quantale of all linear
subspaces of IM, (cf. Example 2.5.5). We view IMAX as a left MAX-module (cf.
Example 3.1.6) and consider a left ideal L and a linear subspace U of M, defined as

follows:
t={(s8)1aver}. v=|{(;?)1abcer]

Show that the following properties hold:

(a) IfW e 1L with L # W # IM,, then there exists aunique real number o € [0, )
such that W = L + V,,, where the 1-dimensional linear subspace V,, of IM; is

given by:
Vo= {r-(S5me) 12 eR).

Inparticular, LV L* =L+ L*=L+ VpandU =L + V%.
(b) Let 1L be the left MAX-module with the left action ® defined by (3.16) —
ie.
MO, W=M=x%xW)VL, M e MAX, W e L
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(cf. Example 3.1.21). Show that the linear subspace U is a generator of (1L, Or)
and its annihilator ann (U) coincides with L (cf. Exercise 3.1.6).

(¢) Deduce from (b) that the left MAX-module (1L, ®r) is irreducible.
(Hint: Exercise 2.4.4(b).)

3.1.8. Let (9, *, ¢) be a commutative and unital quantale. Further, let (X, ®) and
(Y, ®) be Q-modules. Show that every tensor f € X ®q Y satisfies the following
property:

f)=VlyeY|x®ay=f} xeX

(Hint: If X L yorisaleft Q-module homomorphism, then by definition of the tensor
product ®» the equivalence x  y < f <= x ®q y < f holds forall x € X and
yevY)

3.1.9. Let (9, *, ¢) be a unital quantale, (X, ®) be a left Q-module, and let (X, <)
be the underlying partially ordered set of X. Show that (X, ©) is a quotient of the
free left Q-module (IP(X), ®) generated by (X, <) in the sense of Mod, (L) (cf.
Remark 3.1.15). More precisely, show that the following diagram is commutative:

s P(X) ——

N Tﬂx/

where nx and the epimorphisms 7 and & in Mod, () are determined as follows:

(1x () (2) = {i :i X zeX,

(TN =V{f@|lx=<z}, xeX fe QF,
E(f) = \/Xf(x)ex, f e P(X).

3.1.10. (Cf. [86]) Show that in Mod,(£Q) the amalgamation property holds — this
means that for any monomorphism (¥, ®) > (X, ®) in Mod(£Q) the pushout square

Y~ X

"]

X 2, p

S

2}

is also a pullback square.
(Hint: First notice that Proposition 3.1.17 also holds for right 2-modules and
subsequently apply Fact I 'in Sect. 3.1.)
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3.2 Involutive Left $)-modules

3.2.1 2-Forms in Sup

Let ® be the tensor product in Sup and 1 be the unit object in Sup (cf. Sect. 2.1.2).

A 2-form on a complete lattice X is a join-preserving map X ® X = 1. A 2-form
¢ on X is symmetric if
P(x1 ® x2) = p(x2 ® x1)

holds for each x;, x, € X, which can be expressed by the commutativity of the
following diagram:

XX X XX
X)l“’
1

where cyy is the X X-component of the symmetry in Sup (cf. Fact Il in Sect. 2.1.2).
In order to give a characterization of 2-forms we recall that 1°7 is the dualizing
object of Sup (cf. Lemma 2.1.14). Since 1 and 1°” are isomorphic in Sup, for

every complete lattice Z there exists a join-preserving bijective map Z° Ly [Z, 1]
determined by:

07 < 9
97(2) = h <= h(u) = =z

z€”Z.
1, ufz,

In the case of X ® X this means that for every 2-form X ® X - 1 there exists

a unique join-reversing map X oy x (i.e. f, € [X, X°P]) such that the following
relation holds for all x{, x, € X

Xy < f(p()ﬂ) < x1Q®x < f(p — o(x; ®x) =0. (3.28)

A 2-form ¢ is symmetric if and only if the pair (f,, f,) is a contravariant Galois
connection —i.e. x; < fy(x2) <= x2 < f,(xy) forall x;, x; € X.

Definition 3.2.1. A pair (X, ¢x) is called a symmetric lattice if X is a complete
lattice and ¢y is a symmetric 2-form on X. Now let (X, ¢x) and (Y, ¢y) be symmetric

lattices. A join-preserving map X - Y is said to be orthogonal if
oy (h(x1) ® h(x2)) = px(x1 ® x2)

holds for each x;, x, € X, which can be expressed by the commutativity of the
following diagram:
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XX ¢ yev

m fy

Symmetric lattices and orthogonal and join-preserving maps constitute a category
which we denote by O(Sup).

Before we proceed, we first give a characterization of orthogonal maps in terms
of the category Sup.
Lemma 3.2.2. Let (X, ¢x) and (Y, py) be symmetric lattices with the correspon-

ding join-reversing maps X tex, XandY ory Y in the sense of (3.28). Further, let

X 15 Y be ajoin-preserving map and h™ be its right adjoint map. Then the following
assertions are equivalent:

(1) The map h is orthogonal.
(ii) The following diagram is commutative:

X —" sy

fox| L for

xor (M yop

Proof. Tt follows from (3.28) that a join-preserving map X - Y is orthogonal if and
only if the equivalence

X2 < for (X)) = h(x2) < fy, (h(x1))

holds for all x;, x» € X.If we now apply the right adjoint map 4" of 4 to the previous
relation, then we obtain for all xq, x, € X:

X2 < fpe (1) = x2 < (h" 0 f,, o h)(x)).

Hence the assertion follows. |

In order to construct the tensor product of 2-forms, we need the isomorphism
114 1 and the isomorphism (X @ Y) @ (X ® ¥) Barxry XX)(¥Y QYY)
interchanging the second and third factor in the tensor product (cf. Appendix A.2).

Hence we proceed as follows. If X ® X L% Jand Y @ Y 25 1 are 2-forms, then
Oxey = {1 0 (px @ py) o Oxyxy is a 2-form on X ® Y and is called the fensor
product of the 2-forms ¢x and @y.

Lemma 3.2.3. Let (X, ¢x) and (Y, ¢y) be symmetric lattices. Further, let X % X

andY Loy y be the join-reversing maps corresponding to ¢x and @y in the sense
of (3.28). Then (X Q Y, pxgy) is again a symmetric lattice and the join-reversing
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map X @ Y Loxer, X ® Y corresponding to ¢xgy attains the following values on
elementary tensors:

for @@ = (fry@)®T)V(T® f,, (), xeX,ye¥. (329

Proof. Since every tensor is a join of elementary tensors, the symmetry of ¢xgy
follows immediately from that of ¢x and @y . Further, the join-reversing map corre-
sponding to the tensor product pxgy of ¢x and ¢y is given on elementary tensors
x ® y as follows:

Foror@@N =V{u@veX®Y | ta(ex(x ®u) ®py(y @) = 0}.
Since
L(oxx @ @er(Y®V) =0 <= (px(x@u) =0 or ¢y(y®v) =0),

the relation (3.29) follows. O

The next proposition shows that the tensor product of orthogonal maps is again
orthogonal.

Proposition 3.2.4. Let (X;, ¢x,) and (Y;, ¢y,) (i = 1, 2) be symmetric lattices. If

X1 5 X5 and Yy % Y, are orthogonal maps, then h ® k is orthogonal with respect
to the tensor product of the respective 2-forms — i.e. with respect to ¢x, gy, and

PX,8Y,-

Proof. Let X, Ly X, and Y, - Y, be orthogonal maps. Since the exchange of the
second and third factor of the tensor product is a natural transformation (see (1.13)),
the following diagram is commutative:

(h®k)®(h®k)

X197 ® X ®Y) » (X2 ®12)®(X2®71)

@Xﬂlxml l@)(zyzxzyz

(h@h)®*kK)
XiXNeY1eY) » (X2 ®X2)® (Y2 ®Y))

I®1l

Jo
1

Hence h ® k is orthogonal. ([

The previous results can be summarized as follows. The tensor product of sym-
metric lattices exists always. Moreover, in the presence of symmetric lattices the
components of the natural isomorphisms occurring in the coherence conditions of
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Sup are orthogonal (cf. Exercise 3.2.1). Hence O(Sup) is a symmetric and monoidal
category.
Since Sup is monoidal closed (cf. Theorem 2.1.12), every 2-form ¢ on X can be

identified with its monoidal adjoint map X —£ [X, 1], which is obviously deter-
mined by (’_goj(xl))(xz) = ¢(x; ® x,) for each x1, x, € X. This way of looking at
2-forms suggests to introduce the following terminology.

A symmetric 2-form ¢ on X is

— dense if its monoidal adjoint map preserves the respective universal bounds — i.e.
(M) =T.

— faithful if its monoidal adjoint "¢ is a monomorphism in Sup — this means an
injective and join-preserving map.

Proposition 3.2.5. Let X be a complete lattice, ¢ be a symmetric 2-form on X and
X L% X be its corresponding join-reversing map. Then the following hold:

(i) ¢ is dense if and only if f,(T) = L.
(i) ¢ is faithful if and only if f, is an involution on X — i.e. f, o f, =idx.

Proof. Let X R [X, 1] be the monoidal adjoint map of ¢. Since the chain of
equivalences

(M7 (x))(x2) =0 = 91 ®x) =0 & x;®x < f, < x2 < f,(x1)

holds for all x;, x, € X, we can express "¢ ' in terms of f,, as follows:

("o (x1) (x2) = 0. = folxn), X1, % € X. (3.30)

L, x2 £ fo(x1),

Obviously ¢ is dense if and only if f,(T) = L. Since (f,, f,,) is a contravariant
Galois connection, we obtain f, o f, o f, = f,. Hence "¢ is injective (i.e. ¢ is
faithful) if and only if f, is an involution. O

By Proposition 3.2.5 (i), a symmetric 2-form ¢ on a complete lattice X is dense
if and only if for all x € X the implication

p(TRx)=0 = x=1

holds. Obviously every faithful 2-form is dense.

Referring again to Proposition 3.2.5 (i) it follows immediately from formula (3.29)
that the density of symmetric 2-forms is preserved under their tensor product. How-
ever, in the case of faithful and symmetric 2-forms the situation changes, and we
refer to the following:

Warning. In general the tensor product does not preserve faithful and symmetric
2-forms (see: Exercise 3.2.5).
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The next result goes back to P. Resende [97] and is an immediate corollary of
Proposition 3.2.5 (ii).

Corollary 3.2.6. Let X be a complete lattice. There exists a bijective map between
the set of all symmetric and faithful 2-forms ¢ on X and the set of all order-reversing
involutions x —> x* on X such that the following condition is satisfied

Pp(x1 ®x2) =0 & x <xi", x1,x€X.

From the previous corollary we gain the important understanding that order-
reversing involutions on complete lattices are not only related to non-classical nega-
tions, but they play also an important geometric rdle expressed by the so-called
orthogonality relation:

x| Lx &= ngxf, X1, x2 € X. (3.31)

Further, let (X, px) be a symmetric lattice, and X % X be the join-reversing
map corresponding to the 2-form ¢y in the sense of (3.28). Using again the
fact that (f,,, foy) is a contravariant Galois connection it is easily seen that ¢x
induces a closure operator ¢, on X by ¢, (x) = f,, (fy, (x)) foreach x € X. Since
Jox © fox © fox = fox,the map f, restricts to an order-reversing involution on the
quotient ¢y, (X) of X w.r.t. ¢, . Hence the quotient map is obviously orthogonal, and
the quotient of (X, ¢x) W.I.t. ¢, is a symmetric lattice with a faithful 2-form.

In the next proposition we present some properties of orthogonal and join-
preserving maps.

Proposition 3.2.7. Let (X, ¢x) and (Y, ¢y) be symmetric lattices and let X Loxy x

andY Loy y be the join-reversing maps corresponding to ¢x and @y in the sense
of (3.28). If X 1 Y is ajoin-preserving map, then the following assertions are valid:

(1) If h is orthogonal and @x is faithful, then h is injective (i.e. a monomorphism

in Sup).

(ii) Ifhisinjective and preserves the respective join-reversing maps—i.e. h o f,, =
foy © h, then h is orthogonal.

(iii) If h is surjective (i.e. an epimorphism in Sup) and orthogonal, then h preserves
the respective join-reversing maps f,, and f,, .

(iv) If px is faithful and h is surjective and orthogonal, then h is an order isomor-
phism.

Proof. Let h™ be the right adjoint map of h. If & is orthogonal and @y is faithful
(i.e. fyc is an order-reversing involution), then we infer from Lemma 3.2.2 that
the relation 1y = f,,, o f,, = fyx ©h" o f,, oh holds. Hence h has a left inverse
map and assertion (i) is verified. Further, since the injectivity of A is equivalent
h" o h = 1x (cf. Exercise 1.3.2(a)) and h preserves the respective join-reversing
maps f,, and f,, , we apply Lemma 3.2.2 and conclude from
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= F
Jox =h"ohof, =h"of, oh

that assertion (ii) holds. Finally, since the surjectivity of 4 is equivalenttoh o h™ = 1y
(cf. Exercise 1.3.2(a)) and £ is orthogonal, we apply Lemma 3.2.2 again and obtain
the following relation:

hofp =hoh"of, oh=f, oh.

Hence assertion (iii) follows. Since every injective and join-preserving map reflects
the order — i.e. h(x;) < h(xy) implies x; < x,, the assertion (iv) is an immediate
corollary of assertion (i). O

Example 3.2.8. Let 57 be a Hilbert space and &(.7¢) be the complete lattice of all
closed linear subspaces of .7. Then the orthogonal complement determines an order-
reversing involution * and consequently a faithful symmetric 2-form on 2 (7). Itis

not difficult to verify that every surjective and unitary transformation 7 -2 7 in

¢ induces an orthogonal order isomorphism & (.7) oy g (J€) by the formation
of (direct) images — i.e.

hy(W) ={UWw) |we W}, W e P(0).

The next example shows that there exist orthogonal order isomorphisms between the
ortho-lattices of closed linear subspaces of Hilbert spaces which are not induced by
unitary/orthogonal transformations.

Example 3.2.9. Let R? be the 2-dimensional real Hilbert space and Z(IR?) be the
complete lattice of all linear subspaces of R?. Then every 1-dimensional linear sub-
space W can be identified with a unit vector (cos ¢, sin «) such thata € [0, ). More
precisely, for each o € [0, ) we define

W, = {r(cosa, sina) | r € R}.

Now let [0, Z) 1L [0, Z) be a bijective self-map of [0, Z). Then f determines a
bijective self-map g of [0, 7) as follows:

fla), a€l0,7)

Iy f@—2), aelZ, ), a € [0, 7).

gla) =
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We introduce an order isomorphism 22 (IR?) Ly 2 (R?) in the following way:
hp({0) = {0}, hr(R*»=R* and h;(W,) = W, foreacha €0, 7).

Obviously, h, is isotone and surjective. We verify that A, is orthogonal. Since
hr({0}) = {O}and h f(IRz) = IR?, it is sufficient to consider 1-dimensional subspaces
W, and Wg with o, 8 € [0, ). First we make the trivial observation:

W, LWy < |B—al=1. (3.32)

If W, L Wpg, then without loss of generality we can assume o« < 7 and 8 = & + 7.
Hence the relation g(8) = 7 + f(a) = 7 + g(a) holds —i.e. hy(Wy) L hp(Wp).

On the other hand, if 4 ;(Wy) = Wy L W) = hr(Wp), then we conclude
from (3.32) that |g(B) — g(a)| = 5. Without loss of generality we can assume
g(a) < Zand g(B) = 7 + g(a). Thena < 7 < B and so

fl)=gl@)=gB)—7=fB-7).

Since f is injective, we obtain @ =  — 7, and W,, L Wy follows from (3.32).

To sum up, we have verified that & () N P (H) is an orthogonal order iso-
morphism. If f # 1o 7/2), then h ¢ is not induced by some orthogonal transformation
in R? (cf. Example 3.2.8).

3.2.2 Involutive Left Q-Modules

Let (9, %, e,’) be an involutive and unital quantale. We enrich left Q-modules by
symmetric 2-forms (cf. [97]).

Definition 3.2.10. A triple (X, ®, ¢x) is called an involutive left Q-module if
(X, px) is a symmetric lattice, (X, ®) is a left Q-module and the following rela-
tion holds for all & €  and x1, x; € X:

ox ((@ O x1) ® x2) = px(x1 @ (&' O x2)). (3.33)

Before we proceed, we first give a characterization of property (3.33) in terms of
left Q-module homomorphisms.

Lemma 3.2.11. Ler (X, ®) be a left Q-module and ¢x be a symmetric 2-form on
X. Further, let f,, be the join-reversing map corresponding to ¢x in the sense of
(3.28). Then the following assertions are equivalent:

(i) The relation (px((oz Ox)® xz) = (px(x1 ® (&' © xz)) holds for all x1, x, € X
and o € Q.
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(ii) The join-reversing map f,, is a left Q-module homomorphism X Loxy xop
where the left action O°° on X°P is defined in (3.20).

Proof. Letx; and x, be arbitrary elements of X . Since (i) is equivalent to the following
chain of equivalences

0= fo(@Ox) <= &' Ox; < fo,(x1) <= x2 <O f,, (x1), (3.34)

the assertion follows. O

Example 3.2.12. Let (9, %, e,’) be an involutive and unital quantale and & be a
hermitian element of ) — e.g. § = L. Then we introduce a join-reversing map

Q-5 by £(B) = B\ 8 forall B € Q. Since the relation

B=@ L/ BHNS=E L BINS=B"\ \ds=f(f(B)

holds, f determines a symmetric 2-form ¢ on Q with the following explicit form:

_J0, Bxy <4,
pa(BYy) = L By s B.y € Q. (3.35)

Hence (9Q, ¢q) is a symmetric lattice. Further, we consider £ as a left 2-module
with the left action @ © B = « * 8 (cf. Example 3.1.6). Then it follows immediately
from (3.35) that (9, ®, ¢g) is an involutive left Q-module.

If (Q, ,e,’,d) is an involutive Frobenius quantale with a hermitian dualizing
element d, then d induces even the structure of an involutive left Q-module on
with a faithful 2-form (cf. Examples 2.6.17, 2.6.5 and Exercise 2.6.5 (c) and (e)).

The next proposition explains that Example 3.2.12 describes all possible involu-
tive left -module structures on (2, ©).

Proposition 3.2.13. Let (Q, *, e,’) be an involutive and unital quantale viewed as a
left Q-module (2, ©) in the sense of Example 3.1.6. Further, let pq be a symmetric
2-form on Q and f,, be the join-reversing map corresponding to ¢q. Then the
following assertions are equivalent:

(1) (Q, O, ¢q) is an involutive left Q-module.
(il) foq (e) is hermitian and f,, has the following representation:

foa@) =o' \( foale), ae€Q. (3.36)

Proof. Let ©° be the left action on Q% according to Example 3.1.22 (see also
(3.20)). With regard to Lemma 3.2.11, the triple (Q, ®, ¢q) is an involutive left

-module if and only if Q Seay 0 is a left Q-module homomorphism. In partic-

ular, this means that the following relation holds:
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Joalaxp)y=a N fya(B) a peq. (3.37)

Now let us assume that (i) holds. Then (3.37) obviously implies (3.36). In order to
verify that f,, ., (e) is hermitian we refer to (3.36) and observe:

¢ < fya (fpa (@) = (fpa (@) \ fya ().

Hence (fq(€)) < foq (e) follows.
On the other hand, if (ii) holds, then for all @, 8 € Q we obtain:

Joa(axB) =o' (B N fpa(€) =a O fuq (B).
Hence f,,, is a left Q-module homomorphism. O

Example 3.2.14. Let (X, ¢x) be a symmetric lattice, (2, *, e, ) be an involutive and
unital quantale provided with the left action « © 8 = « * B, and let (Q, ©, ¢q) be
the involutive left Q-module introduced in Example 3.2.12.

Now we consider the tensor product (Q ® X, pqgx) of the symmetric lattices
(X, ¢x) and (9Q, ) (cf. Lemma 3.2.3) and observe that the underlying complete
lattice is the free left Q-module generated by X (cf. (3.8)). In this context we recall
that the left action on Q ® X has the form

2O BRx)=(exp)Rx, a,eN, xeX.

Since (Q, ®, ¢g) is an involutive left Q-module, (Q ® X, ©, pagx) is also an in-
volutive left Q-module. In fact, for all «, By, B, € Q and for all x;, x, € X the
following relation holds:

Paex (@O (B ®x1) ® (b2 @ x2)) = vasx((@* 1) @ x1) ® (B, ® x2))
=10 (pa((@* B1) ® B2) ® px(x1 ® x2))
=10 (pa(B1 ® (@ % B2)) ® px(x1 ® x2))
= 0aex((B1 ® x1) ® (@' * B2) @ x2))
= ¢aex((B1 @ x1) @ (@' © (B2 ® x2))).

Morphisms between involutive left $2-modules are orthogonal left 3-module ho-
momorphisms, and the associated category of involutive left Q-modules is denoted
by I(Mod,(Q)).

Referring to the self-duality S, of Mod,(Q) (cf. Sect. 3.1.3) we infer from
Lemmas 3.2.2 and 3.2.11 that morphisms / in [(Mod(£Q)) are characterized by the
commutativity of the following diagram in Mod,(£):
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X " sy

Wl e

hF
X I yer

where f,, and f,, denote the join-reversing maps corresponding to the respective
symmetric 2-forms in the sense of (3.28).

It follows immediately from Example 3.2.14, Proposition 3.2.4 and (3.13) that
there exists a functor F: O(Sup) — I(Mod,(£)) defined by:

FX)=Q®X, XY, Fh)=1a®h.

In this context the symmetric 2-form ¢q on £ is determined in Example 3.2.12
where the hermitian element § is chosen as the universal lower bound —i.e.§ = L.

If U: I(Mod,(Q)) — O(Sup) is the forgetful functor, then there exists a natural
transformation idpsup) — UF (cf. Exercise 3.2.2), but in general U is not right
adjoint to F (cf. Exercise 3.2.3). We leave the details of this situation to the reader
and return to general properties of involutive left Q-modules.

Let f, be the join-reversing map corresponding to a symmetric 2-form ¢ in the
sense of (3.28). If (X, ®, ¢) is an involutive left Q-module, then we infer from Lem-
ma 3.2.11 that the closure operator ¢, (i.e. ¢, = f, o f,) is linear (cf. Sect. 3.1.1).
Hence the quotient of (X, ©, ¢) w.r.t. ¢, is again a left Q-module and a symmetric
lattice (cf. Sect. 3.2.1). Obviously, the quotient map is a morphism of I(Mod,(£2)).
Since the 2-form on the quotient of (X, ®, ¢) w.rt. ¢, is faithful, this approach
always leads to involutive left Q-modules with a faithful 2-form. A characterization
of this type of module is given in the next theorem, which is a refinement of Propo-
sition 3.1.3.

Theorem 3.2.15. Let x —> x* be an order-reversing involution on a complete
lattice X and ([X, X], 0, 1x,") be the involutive and unital quantale of all join-
preserving self-maps of X constructed in Example 2.3.31. Further, let ¢ be the 2-form
on X determined by the same order-reversing involution (cf. Corollary 3.2.6).

(1) If©isaleft action on X such that (X, ©, @) is an involutive left Q-module, then

there exists a unique involutive and unital homomorphism Q & [X, X| making
the following diagram commutative:

Qe X 2% X, X]1® X

where evy is the evaluation arrow.

(i) IfQ s 1X, X1 is an involutive and unital homomorphism, then h induces a left
action © on X by the following diagram
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QX 2% (X, X9 X

levx
o -

.,;X

such that (X, ©, @) is an involutive left Q-module.

Proof. Let © be a left action on X. Referring to the proof of Proposition 3.1.3 it is
sufficient to show that © satisfies (3.33) if and only if the monoidal adjoint map of
©® is an involutive (unital) homomorphism.

(i) Let us assume that O satisfies (3.33) and 4 is the monoidal adjoint of ©. We
maintain the notation of Example 2.3.31. Then we obtain the following chain of
equivalences for all @ € 9 and xq, x; € X:

x1 < (h(@)")(x3) & aOx; =h(@)(x) < x5
= (1 ® (@ Ox) =9(@Ox)®x) =0
= h@)(x)=d Ox < xi

= x = (h@)(x)".

Hence (h(a)")(x5) = (h(oe’)(;@))l follows for all x, € X. Since x —> x* is an
involution, A is involutive.

(ii) Let us assume that £) Ly [X, X]is an involutive and unital homomorphism. Since
the left action © on X is determined by (cf. Proposition 3.1.3):

o O x = h(a)x), aeN, xeX, (3.38)
we obtain for all @« € Q and x1, x, € X:

P(@Ox)®x) =0 & h(@)(x) =a Qx| <x3°
= x1 < (@) )(3) = (h@)(x2) "
= o Ox =h@)(x) < xi
= ¢ ® (@ ©x2) =0.

Hence (X, ©, ¢) is an involutive left Q-module. O

We finish this subsection with a special construction of involutive left Q-modules
which will play a prominent role in the theory of irreducible representations of
C*-algebras.

Theorem 3.2.16. Let (Q, *, e,’) be an involutive unital quantale and q be a max-
imal left-sided element of Q with the property q v q" # T. Further, let ©, be the
left action on the upsegment 1q constructed in Example 3.1.21. Then the 2-form

1g9) ® (1¢9) 2 1 determined on elementary tensors by
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0, x)*xx1<qVq,

X1, Xy €
1, xb*x1£qVq, 12 € 19

p(x; ® xp) =

is symmetric and dense. Moreover, (1q, Oy, @) is an involutive left Q-module.

Proof. 1t is evident that ¢ is a symmetric 2-form and (1¢, ©,, ¢) is an involutive
left Q-module. Therefore we only show that ¢ is dense. For this purpose we choose
x € 1¢q such that (T ® x) =0 holds — i.e. x' * T < g V ¢’ which is equivalent
to Txx <qVq' Letus assume x % g. Then T * x is left-sided, and T *x £ ¢
holds, because £Q is semi-unital. Now we invoke the maximality of ¢ and obtain

T=(T*x)VgVvqg <qVvq,

which is a contradiction to ¢ V ¢’ # T. Hence the assumption is false and x < ¢
follows — this means that x coincides with the universal lower bound in 1¢. (I

3.2.3 Representations of C*-Algebras and Involutive Left
Modules

Let 7 be a Hilbert space and & (5¢) be the complete lattice of all closed linear
subspaces of 7. On P () we always consider the 2-form corresponding to the
order-reversing involution induced by the orthogonal complement. Further, let L (5¢)
be the C*-algebra of all bounded linear operators on 5 in which the involution * is
determined by the formation of adjoint operators.

A pair (7, 7)) is a representation of a unital C*-algebra (A, +, -, e) if 77 is a
Hilbert space and A ™ L(#) is a x-homomorphism (cf. Sect. 2.4). Further, let
(MAX, *, {e),”) be the involutive and unital quantale of all closed linear subspaces
of A (cf. Example 2.5.5), and let ([P (), P ()], o, L »),") be the involu-
tive and unital quantale of all join-preserving self-maps of &(J#°) constructed in
Example 2.3.31. We show that every representation (77, ) of a unital C*-algebra

induces an involutive and unital homomorphism MAX Lz, [P, P ().
Since A % L(5¢) is continuous and linear, every closed linear subspace U of A

determines a join-preserving map () Lo, P(I) as follows:
fu(P) = top. hull (lin. hull {w (a)(x) | a € U, x € P}), P e P(). (3.39)

Further, 7 is a continuous algebra homomorphism. Hence the following relations
hold:
flo =1lowry, fvsv = fvofu, V,UeMAX. (3.40)

Finally, we prove that for any closed linear subspace U of A the relation (fy) = fu
holds. First we compute the right adjoint map fL'7 of fy. For this purpose we denote
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the inner product of JZ by (, ) and recall U’ = {a* | a € U}. Since 7 is a *-homo-
morphism, we obtain for P € L (57F):

fE(PYH =\(S e 2) | fu(S) € P}
={yeH |YaecU,Vx € P: (n(a)(y),x) =0}
={yeH |VaeU VxeP: (yn@)(x) =0}

= (fu(P)".

Hence (fy)'(P) = fy (P) follows. We summarize the previous results in the follow-
ing lemma, which goes back to C.J. Mulvey and J.W. Pelletier (cf. [84]).

Lemma 3.2.17. Let (7w, ) be a representation of a unital C*-algebra (A, +, -, e).
Then the map MAX iy (P (), P(I)] defined by

h(U)= fu, UeMAX (3.41)

is an involutive and unital homomorphism.

Now we apply Theorem 3.2.15 and construct a left action ®, on & (), which
is determined by the following commutative diagram:

2@z )

MAX ® () 225 (2 (), P (A @ P(A)

lev,y(,y)
On ey
P(IH)

Hence (2 (), Oy, @) is an involutive left MA X-module. Since in the following
considerations we need a special name for this module, we call (£ (), O, @)
the canonical left MAX -module associated with the representation (i, .7). In this
context the 2-form ¢ is always determined by the orthogonal complement in &2 (.77).

It is easily seen that for all closed, linear subspaces U of A and all closed, linear
subspaces P of . the left action © is explicitly given by

U Oy P = fy(P) wherefy is defined in (3.39) . (3.42)

In order to explain the role of involutive left modules in the representation theory
of C*-algebras we need some more terminology.

Definition 3.2.18. Let (7, ) be a representation of a C*-algebra (A, +, -) with
unite. A vector x € S is called cyclic if the topological closure of {7 (a)(x) | a € A}
coincides with 7. A representation is called cyclic if there exists a cyclic vector. A
representation is called irreducible if every non-zero vector is cyclic.

Theorem 3.2.19. Let (v, 7) be a representation of a unital C*-algebra. Further,
let (P (), On, @) be the canonical left MAX-module associated with (i, 7).
Then the following assertions hold:
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(1) The representation (rw, 7€) is cyclic if and only if there exists an atom P of
P () suchthat T O, P = T, where T denotes the respective universal upper
bound in MAX and P (7).

(ii) The representation (7, 7€) is irreducible if and only if the canonical left MAX-
module (P (H), Oy) is irreducible.

Proof. First we note that & () is a complete atomic lattice. In particular, atoms
of H () coincide with 1-dimensional linear subspaces of .77, which we denote
by (x). In this context x plays the role of some unit vector of # generating the
corresponding 1-dimensional subspace.

Further, it follows immediately from (3.42) that the equivalence

TOr{x)=P &= falix)) =P (3.43)

holds for all closed linear subspaces P of 5¢. Hence with regard to (i) and (ii) it is
sufficient to establish the following properties:

(1) A non-zero vector x € S is cyclic if and only if T ©, (x) = T.
(2) The canonical left MAX-module is irreducible if and only if every non-zero
vector x € S is cyclic.

In fact, (1) is a direct corollary of (3.43). With regard to (2) we can argue as follows.
If every non-zero vector is cyclic, then we infer from (1) that (£ (), ©,) is irre-
ducible. On the other hand, let us assume that (% (), ©, ) is irreducible. Then we
choose a non-zero vector x € .7 and consider the following closed, linear subspace
P=T0O; (x).Since TO, P=(Tx*xT) Oy (x) =P, the closed subspace P is
invariant. Since (£ (J), ©,) is irreducible, P = T follows. Hence x is cyclic. [J

In the next subsection we recall some fundamental constructions and properties
of C*-algebras.

3.2.4 Sketch of the Gelfand—Naimark-Segal Construction

Let (A, +, -) always be a C*-algebra with unit e. A linear functional A % C is
said to be positive if 0 < p(a) holds for all positive elements a of A (cf. [60, p. 44
and p. 255]). A positive linear functional is a state of A if p(e) = 1. In the case of

A = L(#) every unit vector x € J# induces a state L(J7) = C by:
oy (T) =(T(x),x), T €L(H).
Moreover, since x-homomorphisms preserve positive elements of C*-algebras, every

representation (77, 5¢°) of a unital C*-algebra A and every unit vector of ¢ induces
astateof Aby p = w, omr —ie. p(a) = (m(a)(x), x), a € A.
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In what follows we show that the converse situation also holds — i.e. for every
state p of A there exists a cyclic representation (7, #¢,) and a cyclic vector x,, for i,
such that p = w,, o 7, holds. This construction is known as the Gelfand-Naimark—
Segal construction or GNS construction for short. For details the reader is referred
to [60]. In what follows we give only a sketch of this method and begin with the
observation that the self-adjoint element a* - a is positive for every a € A (cf. [60,
Theorem 4.2.6 ]). Hence every state p of A induces a semi-scalar product (, ) by

(a,b) = p(b* - a), a,be A

on A — this means that { , ) is a hermitian bilinear form satisfying the condition
0 < {a,a) for all a € A. It is well-known that for every semi-scalar product the
Cauchy-Schwarz inequality holds. Hence every semi-scalar product induces a semi-

norm A 2 R by

1/2, aeA.

pla) = (a,a)

Lemma 3.2.20. Let p be a state of a unital C*-algebra (A, +, -, ¢). Then the left
kernel L, = {a € A | p(a* - a) = 0} of p is a closed left ideal of A.

Proof. Let (, ) be the semi-scalar product on A induced by the given state p. Then
L, coincides with the kernel of the associated semi-norm p —i.e. L, = (o).
Hence L, is a linear subspace of A. In order to show that L, is a left ideal, we
conclude from the Cauchy—Schwarz inequality that for all b € A and a € L, the
relation p(b* - @) = 0 holds. If we now replace b by the expression b* - b -a in
p(b* -a) =0, then we obtain 0 = p((b* -b-a)*-a) = p((b-a)* - (b -a)). Hence
b-a e L, follows, and L, is a left ideal. Since p is continuous, L, is obviously
closed. ]

Corollary 3.2.21. Let (7w, ) be a representation of a unital C*-algebra and x be a
unit vector of F€. Further, let (x) be the 1-dimensional subspace of 7 generated by
x and (P (), ©r) be the canonical left MAX-module associated with (rt, 7).
Then the left kernel of the state p = w, o w coincides with the annihilator ann ({x)).

Proof. Since 1 is a x-homomorphism, we obtain the following relation for an element
a of the given C*-algebra A:

p(a*-a) = (m(@" -a)(x),x) = ((w(a)" omw(a))(x), x)
= (m(a)(x), 7(a)(x))
= |l (@) @) 3-
Hence {a € A | p(a*-a) =0} = {a € A | w(a)(x) = 0} follows. [

Now we fix a state p of the unital C*-algebra and consider its left kernel L, and
the associated semi-scalar product (, ). Then the quotient A/L, of A w.r.t. L, isa
pre-Hilbert space with the norm
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lg®)l2 = p®*-b)'?,  beA,

where A -5+ A/L, denotes the quotient map. Further, every element a € A deter-

mines a linear operator A/L, Joy A/L o by
T.(q()) =q(a-b), beA. (3.44)

As a next step we compute the completion of A/L ,. This approach leads to a Hilbert
space 77, Because of

ITa(@®)l2 < llall - 11Bll2,  a,b € A,

every operator 7, has a unique extension to a bounded operator T, on J,. As aresult
of this construction we obtain a map sending an a € A to the operator 7, — i.e.

7,(a) = T, (3.45)

which is in fact a *-homomorphism A =% L (). Hence (1,, /) is a represen-
tation of (A, +, -). In particular, if e is the unit of A, then the vector x,, viewed as
the vector ¢ (e) in the completion 4%, is a cyclic vector. To sum up, (7,, J%,) is a
cyclic representation of A, and the following relation holds

(wx, omp)(a) = (mp(a)(xy), Xp) = (Tu(e),e) = {a-e,e) = pa), acA.

The representation (7, #,) with the cyclic vector x, of 7, is also called the cyclic
representation produced by the GNS construction and is one of the basic tools in the
theory of C*-algebras.

The next theorem explains, in what sense the GNS construction is essentially
unique.

Theorem 3.2.22. (cf.[60,4.5.3]) Let p be a state of a unital C*-algebra (A, +, -, e)
and (rt, ) be a cyclic representation with some cyclic vector x € 7 such that
p = wy o holds. Further, let (7, 7¢,) be the cyclic representation of A produced
by the GNS construction with the cyclic vector x,,. Then there exists an isomorphism

— i.e. a surjective and unitary transformation J¢, U S such that the following
properties hold:

x=U(x,) and mw(a) =Uomy(a)oU*, ac€A.

Motivated by the previous theorem we introduce the following terminology. Two
cyclic representations (771, #4) and (715, 5%) of a unital C*-algebra (A, +, -, e) are

equivalent if there exists an isomorphism .77 -2 % such that

7'[2((1): UOTL’]((,I)O(]#<
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holds for all a € A. Then the previous theorem means the following property.

Every cyclic representation (7, .7#) with a cyclic vector x € ¢ is equivalent to the cyclic
representation produced by the GNS construction from the state p = wy o 7.

If we consider a C*-algebra A as a Banach space, then the set .#'(A) of all states
of A is a convex and weak* compact subset of the topological dual space of A. By
the Krein—-Milman theorem .#(A) is the closed and convex closure of its extreme
points. In this context extreme points of .’ (A) are called pure states.

In what follows we summarize some fundamental properties of pure states and
their various relationships to irreducible representations. The proofs of the following
results can be found in [61, Sect. 10.2]

— The representation produced by the GNS construction from a state p is irreducible
if and only if p is pure.

— If (7, ) is an irreducible representation, then for all unit vectors x € J# the
state p = w, o 7 is pure.

— The left kernel of a state p is a maximal left ideal if and only if p is pure.

— For every maximal leftideal L there exists a unique pure state such that L coincides
with the left kernel L, of p.

— Let L, be the left kernel and N, be the kernel of p —ie. N, = o~ (0N If p is
a pure state, then the following properties hold:

(@ Ny=L,VL,
(b) The quotient A/L, is complete — i.e. the pre-Hilbert space A/L,, is already a
Hilbert space.

The previous property (b) motivates us to study the topology on the (pre-)Hilbert
space A/L, in some more detail.

Lemma 3.2.23. Let p be a pure state of a unital C*-algebra A, and let L, be its
left kernel. Then the topology on the Hilbert space A /L, coincides with the quotient
topology induced by the topology on A.

Proof. Let ( , ) be the semi-scalar product on A induced by p — ie.
(a,b) = p(b* -a) foralla, b € A, and let p be the corresponding seminorm — i.e.

p(a) = p(a* -a)'/*foralla € A. Further, let || || be the norm on A and A 4 A/L,
be the quotient map. We fix a € A. Then the quotientnorm || || and the norm induced
by p on A/L, are given by:

lg(@)| = in{a) lull and llg(@)ll2 = p(u) forsomeu € q(a).

ueq

Further, we recall the rdle of the C*-property and the property that the left ker-
nel L, coincides with the kernel of the seminorm p. In particular, the values p(u)
coincide for all # € g(a), and the following relation holds:

—~ —~ . . 12
lg@] = inf [ul|= inf [u*-ul'>.
ueq(a) ueq(a)
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Hence we obtain

12 =Tg(@)].

lg@@ll, = inf p) = inf (p@*-u)'? < inf [u*-ul
ueq(a) ueq(a) ueq(a)

Since the quotient topology induced by a Banach space is always complete and the

completeness of the topology induced by || ||, follows from the fact that p is a pure

state, we conclude from the Open Mapping Theorem (cf. [77]) in connection with

the previous relation that the Hilbert space topology on A/L, coincides with the

quotient topology induced by the topology of A. (I

Theorem 3.2.24. Let p be a pure state of a unital C*-algebra (A, +, -, e) and L,
be its left kernel. If (7, 7¢,) is the cyclic representation of A with the cyclic vector
x, induced by the GNS construction, then the following assertions hold:

(1) In the sense of I(Mod,(IMAX)) the canonical left MAX-module associated
with (1, J,) is isomorphic to the involutive left MAX-module given by the
upsegment t L, in MAX (cf. Theorem 3.2.16).

(ii) The 1-dimensional linear subspace (x,) generated by x, is a generator of the
canonical left MAX-module associated with (r,, F¢,). Further, the annihilator
ann ({(x,)) of (x,) coincides with the left kernel L, of p.

Proof. (a) Let p be a pure state of A. By Lemma 3.2.23 we identify A/L, with J7,.
In particular, the quotient map g can be viewed as a surjective and continuous map
from A to 7. Since for every closed linear subspace U of the upsegment 1L, the

image of U under ¢ is closed, g induces an order isomorphism 1L, -2, P(H;,) as
follows:
QW) =qWU):={q(@) |acU}, UerLl,

We show that @ is an orthogonal left MA X-module isomorphism. For this pur-
pose we first choose U, V € 1L,. Since p is pure, the kernel of p coincides with
L,V (L,). Hence we obtain the following chain of equivalences:

qU) Lq(V) < YueU,VweV: (qu),qv)=p0V -u)=0
— V' xUCL,Vv(L) < U.LV.

Thus @ is orthogonal. In order to verify that @ is also a left MAX-module homo-
morphism we proceed as follows.

First we choose an atom of MAX and an atom of $L, —i.e. a 1-dimensional,
linear subspace (a) generated by some a € A and an element b € A with b ¢ L.
Further, let us consider the 1-dimensional linear subspaces (a - b), {q(b)) and
(q(a-b)) generated by a-b, q(b) and g(a-b), respectively. We recall
T,(g(b)) = g(a - b) (cf. (3.44)) and conclude from (3.39), (3.42) and (3.45) that
the following relation holds:

(@) Ox, (q(D)) = fy({g(D))) = (q(a - b)) = q({a - b)). (3.46)

Since the left action on 1L, has the form (cf. Example 3.1.21),
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(@) O, ((b) V L,) = ((a) % (b)) V L, =(a-b) V L,,
we obtain from (3.46):

q((a) O, ((b) v Ly)) = q({a - b)) = (a) Ox, (q(b)) = (@) Ox, q((b) V L,).

Finally, we use the fact that both complete lattices MAX and 1L, are atomic.
In particular, every atom of 1L, has the form (b) vV L, where b ¢ L,. Since left
actions can be considered as bimorphisms, the previous relation implies that @ is a
left M A X-module homomorphism.

(b) In order to show that the 1-dimensional, linear subspace (x,) is a generator
of (P (H), ©n,) we argue as follows. Since & () is atomic, it is sufficient to
consider a 1-dimensional, linear subspace (g (a)) generated by g (a) for some a € A.
If we now replace the element b by the unit e of A in (3.46) and recall g(e) = x,,
then (3.46) implies:

(@) O, (xp) = (@) Ox, (q(e)) = (g(a - e)) = (q(a)).

Hence (x,) is necessarily a generator and its annihilator ann ({x,)) obviously coin-
cides with L. So assertion (ii) is verified.

As an immediate corollary of Theorem 3.2.24 (i) we obtain the following im-
provement of Theorem 3.2.16 in the case of the Gelfand quantale IMAX, x, (e}, ).

Corollary 3.2.25. Let L be a maximal left ideal of a unital C*-algebra. Then the
symmetric 2-form (1 L) ® (AL) % 1 determined on elementary tensors by

0, UjxU CLVL,

Uy @ Uy) =
el =1, Uy« Uy ¢ LV L,

U], U2 S TL

is faithful.

3.2.5 Irreducible Representations and Irreducible Involutive
Left Modules

In this subsection we consider involutive left MA X-modules having a generator x
such that its annihilator ann (x) is a maximal left ideal. Hence these left modules are
always irreducible (cf. Theorem 3.1.20).

Theorem 3.2.26. Let (X, ©, ¢) be an involutive left MAX-module where ¢ is a
dense 2-form. Further, let x be a generator of (X, ®, ¢) such that its annihilator
ann (x) is a maximal left ideal. Then (X, ©, @) is isomorphic to the involutive left
MAX-module given by the upsegment 1ann (x) in the sense of I(Mod,(IMAX)).
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Proof. Let x be a generator of (X, ®) and ann (x) be its annihilator. Since ann (x)
is a maximal left ideal, x cannot be the universal lower bound of X —i.e. x # L.

Now we define a surjective and join-preserving map fann (x) X by:
{(B) =B O x, B € tann (x).
If Oanny) 18 the left action on fann (x) (cf. Example 3.1.21), then the relation

¢(A Oannx) B) = (AxB) Vam (x)) Ox = (A*B)Ox =AO (BOx) = A0 {(B)
holds for all A € MAX and B € tann (x). Hence ¢ is a left MAX-module homo-
morphism. In order to show that ¢ is an isomorphism in the sense of [(Mod, (IMA X))

we proceed as follows. Since ¢ is surjective, we conclude from Corollary 3.2.25 and
Proposition 3.2.7 (iv) that it is sufficient to show that ¢ is orthogonal.

(a) We choose A, B € tann (x) with A | B—i.e. B’x A C ann (x) Vv ann (x)’ (cf.
(3.31) and Theorem 3.2.16). Since (X, ®, ¢) is an involutive left MA X-module, we
apply (3.33) and obtain:

0<9l(A)®L(B) =9(B'OAOX)Qx)=9((B'xA)Ox)®x)
< ¢(((ann (x) v ann (x)") ® x) ® x) = ¢((ann (x)’ © x) @ x)
=¢(x ® (ann (x) O x)) = p(x ® L) = 0.

Hence ¢(A) L ¢(B) follows.
(b) First we put x* = \/{z € X | z L x} and define an element D of tann (x) by
D=\/{C e MAX |COx < x*}.
Since x is a generator of (X, ©®), the relation D ® x = x* follows. Now we show
D C ann (x) Vv ann (x)’.

Since ann (x) is a maximal left ideal, we first note that there exists a unique pure
state p of A such that the left kernel of p coincides with ann (x). Hence

ann (x) V ann (x)’

is the kernel of p and has codimension 1. If we now assume D g ann (x) V ann (x)’,
then T = A = D Vv ann (x) V ann (x)’ follows. Hence we obtain:

(T OX) ®x) =¢(((DOx)V (@am (x) vam (x)) O x) ® x) = p(x= @ x) = 0.
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This means (T ® x) L x. Since (X, ®) is irreducible (cf. Theorem 3.1.20), T ® x
necessarily coincides with the universal upper bound of X. Hence T _L x holds, and
the density of the 2-form ¢ implies x = L, which is a contradiction to x 7% L. Thus
the assumption is false and the property

D C ann (x) Vv ann (x)’ (3.47)
holds. Finally, we choose A, B € tann (x) with £(A) L ¢(B) — this means
0=9(AOX)®(BOX) =p(B'O(AOX)®x)=¢(((B'*A) Ox)Qx).

Hence we obtain (B’ * A) O x L x —ie. (B« A) O x < x*,and B« A C D fol-
lows. By (3.47) the relation A L B holds.
To sum up, we have shown that ¢ is an orthogonal homomorphism. ]

Corollary 3.2.27. Let (X, ®, ¢) be an involutive left MAX-module, and let x be
a generator of (X, ©, @) such that its annihilator ann (x) is a maximal left ideal. If
the 2-form ¢ is dense, then ¢ is faithful.

Proof. Since every maximal left ideal is the left-kernel of a pure state, the assertion
follows from Corollary 3.2.25 and Theorem 3.2.26. (]

Corollary 3.2.28. Let (X, ®, @) be an involutive left MAX-module with a faithful
2-form . Further, let x be a generator of (X, ©, ¢) such that its annihilator ann (x)
is a maximal left ideal. There exists an irreducible representation (7w, 7€) of the given
unital C*-algebra (A, +, -, €) such that the canonical left MAX-module associated
with (7, ) is isomorphic to (X, ®, ¢).

Proof. Let p be the pure state whose left kernel coincides with the annihilator
of the generator x of (X, ®, ¢). By Theorems 3.2.24 and 3.2.26 the irreducible
representation produced by the GNS construction from p satisfies the desired
property. (]

The next theorem gives a characterization of equivalent irreducible representa-
tions in terms of involutive left modules.

Theorem 3.2.29. Let (A, +, -, ¢) be a unital C*-algebra. Then two irreducible
representations are equivalent if and only if their associated canonical left MAX-
modules are isomorphic in the sense of 1(Mod,(IMAX)).

Proof. Let (w1, 74) and (m,, 7%) be irreducible representations of A, and let
(P(FA), On,, ¢) and (F(F5), On,, ¢) be the corresponding canonical left MA X-
modules.

(a) If (s, #4) and (7,, 54) are equivalent, then there exists a surjective unitary
transformation .54 -2 54 such that 7(a) = @ o 7 (a) o ®@* holds for all a € A,
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where @* is the adjoint operator of @. We define a surjective and join-preserving
map P(H) = P () by

T(P)=®(P)={P(x)|x P}, PePHA),

and show that 7" is an orthogonal left MA X-module homomorphism. Since @ is
unitary, 7" is evidently orthogonal. Further, we fix U € MAX and P € & (74).
Then we obtain (cf. Sect. 3.2.3):

T (U Oy, P) = 7 (top. closure (lin. hull {mr;(a)(x) | a € U, x € P}))
= top. closure (lin. hull {®@ (71 (a)(x)) | a € U, x € P})
= top. closure (lin. hull {® (77, (a)(@* (P (x)))) | a € U, x € P})
= top. closure (lin. hull {m,(a)(y) |a € U, y € T(P)})
=U Oy, T(P).

Hence 7 is a left MAX-module homomorphism. So we have shown that 7" is an
isomorphism in the sense of I(Mod,(IMAX)).

(b) Let Z(J4) L+ (%) be an isomorphism in the sense of I(Mod, (IMAX)).
Then 7 is an order isomorphism and maps atoms of &2 (J#) to atoms of L (I5).
Therefore, if we fix a unit vector x € %], then we can choose a unit vector y € %
with y € T ((x)), where (x) is the 1-dimensional, linear subspace generated by x.
Since both representations are irreducible, we can consider the following pure states
of A:

pr=wyom and p) =w, oms.

Then we infer from Corollary 3.2.21 that the left-kernel of p; coincides with the
annihilator of (x) —i.e. L, = ann ({x)), and the left-kernel of p, coincides with
the annihilator of (y) = 7" ({x)) —i.e. L,, = ann ({y)). Since 7" is a left MAX-
module isomorphism, the relation ann ({x)) = ann ({y)) follows —i.e. L, = L,,.
Hence the pure states p; and p;, coincide. Now we consider the irreducible represen-
tation (77,, #4,) produced by the GNS construction from the pure state p = p; = p;.
Then the essential uniqueness of the GNS construction (cf. Theorem 3.2.22) says
that (7, ) and (7,, %) as well as (7, 7,) and (7,, %) are equivalent, and
consequently (1, ##]) and (7, J45) are equivalent. O

Let (A, +, -, e) be a unital C*-algebra. If we read irreducible representations
up to (unitary) equivalence and involutive left MA X-modules up to isomorphism
in the sense of I(Mod,(IMAX)), then the previous results mean that irreducible
representations of (A, 4+, -, e) can be identified with involutive left M A X-modules
(X, O, ¢) satisfying the following conditions:

(1) The 2-form ¢ is faithful.
(2) (X, ®) has a generator whose annihilator is a maximal left ideal of (A, +, -, e).
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Exercises

3.2.1. Let (X, ¢x), (Y, py) and (Z, ¢z) be symmetric lattices. In this context £1 is
the 2-form on the unit object 1. Further, let

XQY)®Z ™ML XQ(Y®Z), XQVLYeX

19X -5 X, Xl %X

be the components of the natural isomorphisms occurring in the coherence condi-
tions of the monoidal category Sup. We recall that the tensor product of symmetric
lattices is constructed as the tensor product in Sup provided with the respective
tensor product of 2-forms. Show:

(a) The isomorphism (X ® ¥) ® Z % X ® (Y ® Z) is orthogonal.
(Hint: Apply Proposition A.2.1 in Appendix A.2.)

(b) The isomorphism X ® ¥ <> ¥ ® X is orthogonal.
(Hint: First verify the following relation for objects X and Y in a symmetric
monoidal category

Oyxyx o (cxy ® cxy) = ¢(xex)ray) © Oxyxy,

where @y xyx and Oxyyy are defined in Appendix A.2.)

(c) The isomorphism 1 ® X 45 X is orthogonal.
(d) The isomorphism X ® 1 %+ X is orthogonal.

3.2.2. Let (1, %, e,’) be an involutive and unital quantale and (X, ¢x) be a sym-
metric lattice. We choose the universal lower bound in £ as a hermitian element
—i.e. § = L, and consider the symmetric 2-form ¢ on £ constructed in Exam-
ple 3.2.12. Then (Q ® X, paex) is a symmetric lattice. Further, let X 500X
be the X-component of the unit of the adjoint situation between Sup and Mod,(Q)
(cf. Sect. 3.1) — i.e. nx(x) = e ® x for all x € X. Show that 5y is an orthogonal
map from (X, ¢x) to (Q ® X, ¢aex)-

3.2.3. Let Q = ([0, 1], *.) be the real unit interval provided with the Lukasiewicz
arithmetic conjunction. Then ([0, 1], ¢ ) is a complete M V-algebra (cf. Sect. 2.7)
and an involutive left $3-module with the order-reversing involution « — 1 — ¢ in
the sense of Example 3.2.12 (§ = 0). Further, let ([0, 1] ® [0, 1], ®, ¢j0.112[0.17) be
the involutive left 2-module constructed in Example 3.2.14 and

[0, 1] 25 [0, 11 ® [0, 11, non(@) =1®«, a€[0,1]

be the orthogonal embedding (cf. Exercise 3.2.2).
Show that the identity map of [0, 1] does not have an extension to an orthogonal left
-module homomorphism — i.e. there does not exist an orthogonal left Q-module
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homomorphism [0, 1] ® [0, 1] Ly [0, 1] making the following diagram commutative

in O(Sup):
110,11

[0,1] —— [0,1]® [0, 1]

h
o~

[0, 1]

(Hint: By Theorem 3.1.11 the identity map 1jo 1} has a unique extension to a left

$Q-module homomorphism [0, 1] ® [0, 1] Ly [0, 1]suchthat 19 1] = h o njo,1; holds
in Sup. In particular, /4 is given by the Lukasiewicz arithmetic conjunction as multi-
plicationin [0, 1] —i.e. h(e ® B) = « *¢ B. Since the right adjoint map 4" of / has
the form 4" (y)(«) =« — y = min(1 — « + y, 1) (cf. Theorem 2.2.10), k cannot
be orthogonal.)

3.2.4. A 2-form ¢ on a complete lattice is called non-trivial if (T ® T) = 1 holds.
Now let (X1, ¢x,), (X2, ¢x,), (Y1, ¢y,) and (Y2, ¢y, ) be symmetric lattices with non-

trivial 2-forms and X; & ¥, X, - ¥, be join-preserving maps with the property

(M) =Tand k(M =T.If X, 01 Lok, X> ® Y, is orthogonal with respect to

¢x, oy, and ¢x,gy,, then show that 4 and k are also orthogonal.

3.2.5. Let B be acomplete Boolean algebra. On B we introduce a symmetric 2-form
¢ as follows:

0, x;Axp =1,
X1 ®x2) = x1, X € B.
eB(x1 ® x2) {1’ Y At L 1, X2

Further, let ppgp be the tensor product of the 2-form ¢p with itself. Show:

(a) ¢p is faithful and the corresponding order-reversing involution f,, coincides
with the formation of complements in IB.

(b) The join-reversing map f,,, corresponding to ¢pgp coincides with the forma-
tion of pseudo-complements in B ® B viewed as a frame (cf. Corollary 2.4.13).
(Hint: Lemma 3.2.3 and formula (2.77), resp. (2.78).)

(c) If B is atomless, then the 2-form ¢pgp is not faithful.

(Hint: Use Exercise 2.6.4 (a).)

3.2.6. Let (£, *, e,’) be an involutive and unital quantale and (Q, ©, ¢q) be an
involutive left Q-module such thate © § = « * g forall o, B € Q. Further, let f,,
be the join-reversing map corresponding to ¢g. Show that ¢gq is faithful if and only
if (Q, *, fy, () is a Frobenius quantale (cf. Example 3.2.12).

(Hint: Proposition 3.2.13.)

3.2.7. Let X be anonempty set and (£, *, e, ") be an involutive and unital quantale.
We view X as a preordered set provided with the discrete order. Then Dwn(X) is the
power set Z(X) of X. Further, we consider the symmetric 2-form ¢ on £ defined
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in Example 3.2.12 and the symmetric 2-form ¢4 x) on &?(X) corresponding to the
complementation in & (X). Then (Q ® Z(X), O, pag (x)) is an involutive left
$)-module (see Example 3.2.14).

Further, let § be the hermitian element occurring in the construction of g (cf.
Example 3.2.12). We introduce a symmetric 2-form ggx on the complete lattice %
corresponding to the following join-reversing map

fr— f% where f(x)=f(x)\8, xeX, feQ¥

Finally, we recall the left action ® on Q¥ determined by (@ © f)(x) = a * f(x) for
all x € X (cf. Example 3.1.8).

(a) Show that (Q%, ®, pax) is an involutive left Q-module.

(b) Show that (Q¥, ®, pqx) and (Q ® Z(X), ©, pag» (x)) are isomorphic in the
sense of I(Mod,()).
(Hint: Apply Theorem 3.1.10, (3.9) and Lemma 3.2.3.)

3.2.8. Let (A, +, -, e) be a unital C*-algebra and IMA X be the involutive and unital
quantale of all closed linear subspaces of A (cf. Example 2.5.5). We maintain the
notation from Sect. 2.5.3 and recall that the spectrum sp(A) of (A, +, -) is given
by the quantic frame P(IMAX) associated with IMAX. Further, let (¢, 57) be a

representation of A and MAX oy [P (7)), P ()] be the involutive and unital
homomorphism determined by (3.41) (cf. Lemma 3.2.17). Show:

(a) The involutive and unital homomorphism /Ay is a strong homomorphism if and
only if (9, #Z) is an irreducible representation.

(b) If (¢, #) is an irreducible representation of A, then there exists a unique invo-
lutive homomorphism 4 from P(IMAX) to the semi-integral regularization of
[P (), P ()] satisfying the condition A(pax (L ® R)) = hy(R * L) for
all closed left ideals L and all closed right ideals R.
(Hint: Let MAX ; and [P (), P(H)] s be the semi-integral regulariza-
tions of MAX and [Z (5¢), P ()], respectively. Then conclude from (a) that
hy is also an involutive homomorphism from MAX ; to [P (), P ()] &.
Further, let I(A) & L(A4) & MAX i and I(A) 2 R(A) & MAX ,; be
the respective embeddings. Now we infer from the universal property of the
pushout square (cf. Definition 2.5.13 (c), see also the proof of Theorem 2.5.12)

that there exists a unique involutive homomorphism P (IMAX) oy MAX sr
such that /g o py, = (1, and kg o pr = tr hold. Moreover, the relation

ho(mmax(L ® R)) =R+ L, L eL(A), R € R(A)

follows from the construction of hy. Thus & := hy o h satisfies the desired
properties.)
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3.3 £-Modules and (Co)Complete £)-Preordered Sets

Let Q = (9, *, ) be an arbitrary unital quantale and Q7 be its transposed quantale.
Since every right action over £ can be read as a left action over QF, there exists a
(covariant) isomorphism between the category Mod, (Q) of right 2-modules and the
category Mod, () of left Q7 -modules. Hence this situation suggests to restrict our
interest to one of these categories. We decide to focus first on right Q-modules and
begin with a remarkable theorem.

Theorem 3.3.1. Let (X, ) be a right Q-module. Then the map X x X £ Q
defined by
px,y)=V{eeQ|xga<y}, x,yeX (3.48)

satisfies the following properties:

(O1) e < p(x,x) foreachx € X, (Reflexivity)
(02) p(x,y)*p(y,z) < p(x,z)foreachx,y,z € X. (Transitivity)

Proof. The property (O1) follows immediately from axiom (M2,). In order to verify
(02) we use the right Q-module axiom (M1, ) and observe that the following relation
holds for x, y, z € X:

x B (pl,y)*xp(y,2) =8 pk, y)Bply,2) <ydply, =z
Hence (02) follows from (3.48). (Il

Amap X x X 2 Qis called a Q-valued preorder on X (or Q-preorder for short)
if p satisfies the conditions (O1) and (02). A pair (X, p) is a Q -valued preordered
set (or £ -preordered set for short) if X is a set and p is a Q-preorder on X.

If we read preordered sets as thin and small categories, then unital quantales £
are monoidal biclosed and complete categories (cf. [63]), where the tensor product
is given by the multiplication * in £. In this sense Q-preordered sets and -en-
riched categories (cf. [63]) are equivalent concepts. Obviously, the reflexivity axiom
(O1) means the existence of Q-enriched identities, and the transitivity axiom (02) is
equivalent to the Q-enriched composition law in the following sense. With every map

X x X 2 9 we can associate a map X x X 2 £ defined by p*(x, y) = p(y, x)
for all x, y € X. Then p is transitive (i.e. satisfies (02)) if and only if p* satisfies the
following condition for each x, y, z € X:

(02Y p*(y,2) % p™(x,y) < p*(x, 2). (Q-Enriched Composition Law)

Hence, in the language of enriched category theory, the statement of Theorem 3.3.1
says that every right 2-module has an intrinsic structure of a Q-enriched category.
The aim of this section is to characterize right (left) Q-modules in terms of
) —preordered sets. For this purpose we make a digression on £-preorders and
develop 9Q-valued analogues of some significant properties explained in Sect. 1.3.
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3.3.1 $Q-Preorders and Cocompleteness

As a first important observation we note that every Q-preorder p on a set X has an
underlying preorder <, given by

X<py & e=<px,y). (3.49)

Since this preorder will play an important rdle in the context of p, we introduce a
special name and call <, the intrinsic preorder underlying p. In order to simplify the
notation we will sometimes suppress the index p and will denote an intrinsic preorder
by <, if a confusion is not possible. From the perspective of enriched category theory
the intrinsic preorder obviously plays the rdle of the underlying ordinary category
(cf. p. 26 in [63]).

A Q-preorder is antisymmetric if its intrinsic preorder is antisymmetric.

Let (X, p)and (Y, ¢) be Q-preordered sets. A map X < Y is a Q-homomorphism
(also called Q-functor (cf. [63])) if h satisfies the following condition forall x, z € X:

p(x,2) < q(h(x), h(z)).

Obviously Q-homomorphisms are always isotone w.r.t. the underlying intrinsic
preorders. Moreover, Q-preordered sets and Q-homomorphisms form a category
denoted by Preord(Q).

It is easily seen that Preord(£) is topological over Set. Hence Preord() is
complete and cocomplete. But in the general setting of non-commutative and unital
quantales it is an open question whether Preord(L) is a monoidal biclosed category
(see Exercise 3.3.9 in the case of commutative quantales). Finally, we note that the
category of preordered sets is isomorphic to a full and coreflective subcategory of
Preord(£). In this sense Preord (L) is an extension of Preord.

We begin with a property which forces maps to be 2-homomorphisms.

Lemma 3.3.2. Ler (X, p) and (Y, q) be Q-preordered sets, and let X Z%Z Y be a
pair of maps. If h and k satisfy the following property forall x € X andy € Y:

q(h(x), y) = p(x, k(y)), (QAD)
then h and k are Q-homomorphisms.

Proof. Wefixxy, x, € X and conclude from (O1), (02) and (QAD) that the following
relation holds:

p(x1, x2) < p(xi, x2) * q(h(x2), h(x2)) = p(x1, x2) * p(x2, k(h(x2)))
< p(x1, k(h(x2))) = q(h(x1), h(x2)).
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Hence £ is a Q-homomorphism. If we interchange the role of p and g, then it is
easily seen that & is also a Q-homomorphism. O

Motivated by the previous lemma we make the following definition (cf. [63]). A
pair of -homomorphisms (X, p) Z%l (Y, q) is called Q-enriched adjoint if (h, k)
satisfies the condition (QAD) in Lemma 3.3.2. In this context 4 is left adjoint to &,

k is right adjoint to &, and we write h — k.
A characterization of £Q-enriched adjointness is given in the next lemma.

Lemma 3.3.3. Let (X, p) and (Y, q) be Q-preordered sets. Further, let <, and <,

denote the respective underlying intrinsic preorders. A pair X Z%Z Y of
Q-homomorphisms is a Q-enriched adjoint pair if and only if the following rela-
tion holds forallx € X andy € Y

x <p k(h(x)) and h(k(y)) <4 y. (QAD")

Proof. The properties (O1), (3.49) and (QAD) immediately imply (QAD’). On the
other hand, because of (3.49), the condition (QAD’) is equivalent to the conjunction
e < p(x,k(h(x))) and e < g(h(k(y)), y). Now we apply (O2) and obtain:

q(h(x), y) < plk(h(x)), k() < p(x,k(y)) < q(h(x), h(k(¥))) < q(h(x), ).
Hence (QAD) follows. O

By the previous lemma, Q-enriched adjointness and adjointness in the sense of
the respective intrinsic preorders are equivalent concepts. Hence we suppress the
adjective “QQ-enriched” and speak of an adjoint pair of Q-homomorphisms. Referring
to Sect. 1.3, it is evident that adjoint 2-homomorphisms are uniquely determined by
each other up to equivalence.

Comment. The connection of Lemmas 3.3.2 and 3.3.3 goes back to a theorem due
to H. Lai and D. Zhang. In this context the superfluous assumption of commutativity
is present (cf. [71, Theorem 2.10]).

Before we can introduce “cocomplete” $Q-valued preordered sets, we have to
define the concept of a Q-valued downclosed subset. It is well-known that a down-
closed subset A of a preordered set X can be viewed as a contravariant 2-functor
from X to 1 = {0, 1}. If we replace 1 by £, then a “Q-valued downclosed subset”
of a Q-preordered set (X, p) is a Q-enriched contravariant presheaf f on (X, p)

—i.e.amap X L9 satisfying the following condition:
p,x)* f(x) < f(z), x,zeX. (Left Extensionality)

The set of all Q-enriched contravariant presheaves on (X, p) is denoted by IP(X, p).
Obviously, every element x of X induces a Q-enriched contravariant presheaf X by:
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X)) =p(z,x), z€X.

The next example describes the structure of a right 2-module on P (X, p).

Example 3.3.4. Let (X, p) be a Q-ordered set. On P(X, p) we define a partial order
as follows:
f<g & f(x)<gkx) forallx e X. (3.50)

Then (P(X, p), <) is a complete lattice. On P(X, p) we introduce a right action [0
determined by:

(fRa)(x) = f(x)*a, aeq, fePX,p), xeX. (3.51)

It is easily seen that the Q-preorder d on P(X, p) induced by [ in the sense of
Theorem 3.3.1 has the following form for each f, g € P(X, p):

d(if.9)=V{eeQ|VxeX: f*ra<g)}= A (fx)\ gk)).

xeX

Obviously, the intrinsic preorder underlying (IP(X, p), d) is antisymmetric and coin-
cides with the partial order defined in (3.50). Moreover, the Q-enriched Yoneda

embedding (X, p) SU G (P(X, p), d) is the Q-homomorphism given by:
n(x,p)(x)zf x e X.
In this context, the following relation holds for all x € X and f € P(X, p):

d(x.p (), ) = f(x). (3.52)

The next lemma is a £2-valued version of Lemma 1.3.3 and explains under which
condition the £-enriched Yoneda embedding 7 , has a left adjoint
$)-homomorphism.

Lemma 3.3.5. Let (X, p) be a Q-preordered set and P(X, p) X be a
Q-homomorphism. Then the following assertions are equivalent:

(i) & is left adjoint to nx, p).
(ii) & o nx,p) and 1x are naturally equivalent in the sense of the underlying intrinsic
preorders.

Proof. Let <, be the intrinsic preorder underlying (X, p). By Lemma 3.3.3 it is
sufficient to establish the following equivalence:

(Vx € X, x <, Ex. (1)) = (Y[ € PX, p), [ < nxpnE))

In order to verify the necessity we choose f € IP(X, p) and apply (3.52) and (02):
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f@)=d@, ) = pE®,E() = p(r, E@) * p(ED), £(f) < p(x, £(f), x € X.

Hence f < n,p)(§(f)) follows. In order to show that the condition is also sufficient
we consider the special case f =X = 1(x, ) (x) and obtain:

e <X(x) < (nx.p X)) (x) = plx, EX)).
Hence x <, £(nx, ) (x)) follows for all x € X. O

Motivated by the previous lemma we introduce the following terminology and
notation.

Definition 3.3.6. A Q-preordered set (X, p) is cocomplete (or Q-enriched join-
complete) if the Q-enriched Yoneda embedding X —2% P(X, p) has a left adjoint

$Q-homomorphism P(X, p) %5 X. Since & is uniquely determined up to equiva-
lence, we also write Sup y , instead of § and call supy , the formation of joins of
$Q-enriched contravariant presheaves on (X, p).

A join-complete Q-valued lattice is a cocomplete Q-preordered set (X, p) with
an antisymmetric Q-preorder p.

Before we proceed, we give a characterization of cocomplete Q-preordered sets.
For this purpose we need some further terminology.

Definition 3.3.7. Let (X, p) be a Q-preordered set. An element xo € X is called an
upper bound of a Q-enriched contravaraint presheaf f on (X, p) if f < nx,p)(xo)
holds. An upper bound x, of a Q-enriched contravariant presheaf f is called a join
of f ifforall « € 9 and for all x € X the following additional implication is true:

(VzeX: f(@)xa < p(z,x)) = a < p(xg, x).

From (O2) it is easily seen that an element xy € X is a join of some £Q-enriched
presheaf f on (X, p) if and only if the equivalence

(VzeX: f(@)xa < p(z,x)) & o =< p(xp, x) (3.53)

is valid for all @ € Q and all x € X. Moreover, if the underlying Q-preorder is
antisymmetric, then joins of £Q-enriched contravariant presheaves are unique.

Theorem 3.3.8. For every Q-preordered set (X, p) the following assertions are
equivalent:

(1) (X, p) is cocomplete.
(ii) Every Q-enriched contravariant presheaf on (X, p) has a join.

Proof. Let f be a Q-enriched contravariant presheaf on a Q-preordered set (X, p).
By (3.53) an element xy € X is a join of f if and only if p(xp, x) = d(f, N(x,p) (x))
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holds for all x € X. Hence (i) implies (ii).

On the other hand, if (ii) holds, then for every Q-enriched presheaf f on (X, p) the
set A ¢ of all joins of f is nonempty. By the axiom of choice we now select a choice

function P(X, p) £ X such that£(f) is contained in A f forall f € IP(X, p). Since
p(E(f).x) =d(f. nix.p(x)) holds for all x € X and f € P(X, p), we infer from
Lemma 3.3.2 that £ is a Q-homomorphism which is left adjoint to n(x, »). Thus (X, p)
is cocomplete, and (i) is verified. (I

The next lemma shows that cocompleteness of Q-preordered sets can be con-
sidered as an enrichment of the traditional concept of complete preordered sets.

Lemma 3.3.9. Let (X, p) be a cocomplete Q-preordered set and <, be its under-
lying intrinsic preorder. Then (X, <)) is a complete preordered set.

Proof. Letsupy ,, be the formation of joins of Q-enriched contravariant presheaves
on (X, p). Since for all x, x, € X the chain of equivalences

X1 <X <= e<plx,x) <= x1<,x0

holds, we can identify downclosed subsets A of X with Q-enriched contravariant pre-
sheaves fs = \/,., @. Hence we can restrict SUpy ,, to Dwn(X). In this situation
the assertion follows from Lemmas 3.3.5, 1.3.3 and Theorem 1.3.4. O

Comment. If we anticipate Exercise 3.3.8, then Lemma 3.3.9 is obviously a special
case of the general property that cocompleteness is inherited under a change of base.

The next example plays a strategic role in the theory of join-complete Q-valued
lattices.

Example 3.3.10. Let (X, p) be a Q-preordered set and (IP(X, p), d) be the Q-pre-
ordered set of all Q-enriched, contravariant presheaves on (X, p). Then d is anti-
symmetric (cf. Example 3.3.4), and (IP (X, p).d ) is a join-complete Q-valued lattice.

In fact, let us consider the 2-homomorphism P(P(X, p)) =*2> P(X, p) given
by:

pxpy(F)x) =\ f)xF(f), FeP®PX,p),d),xeX (3.54)
feP(X,p)

It is easily seen that for every Q-enriched contravariant presheaf f on (X, p) the
relation

((mx.py o nex ) (D)) =\ gx)*d(g, f) = f(x)

geP(X,p)

holds for all x € X. Hence (IP(X, p), d) is a join-complete Q-valued lattice. In
particular, we will also denote w(x, p) by SUPp(x, ).a)-
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As the next step we complete the object function (X, p) — P(X, p) to an end-
ofunctor of Preord(L) by:

X, p) g, P p) PP, g), (PO = V gy, h(x) * Fx),

xeX

where f e P(X,p)andy € Y.
Having made these preparations the next lemma reveals an important property of
Q-homomorphisms.

Lemma 3.3.11. Let (X, p) and (Y, q) be cocomplete Q-preordered sets. Then every
0-homomorphism X & Y satisfies the condition:

(Sup(Yq) ° ]P(h))(f) = (h o Sup(X,p))(f)ﬂ f € ]P(X7 p)7
where < is the intrinsic preorder underlying q.

Proof. Let f be a Q-enriched, contravariant presheaf on (X, p). Referring to (3.52)
and Lemma 3.3.5 we obtain for all x € X:

F@) < p(sUp(x. p) (@), SUP(x. p) () < p(x, SUP(x. py () < q(h(x), h(SUP(x. p) (/).

Hence the relation

PO = V g @) % q(h(x), h(SUp () < (v, h(SUPx ) (1))

xeX

follows for all y € Y. Since Q-homomorphisms are isotone w.r.t. the underlying
intrinsic preorders, we apply again Lemma 3.3.5 and obtain:

(8Up(y.q) © P(1))(f) < (SUP(y,4) © N(v.q)) (B o SUP(x, 1)) (f)) < (R osUP(x, ) (f)-
Hence the assertion is verified. O
Motivated by the previous lemma we introduce the following terminology.

Definition 3.3.12. Let (X, p) and (Y, g) be cocomplete Q-preordered sets. Further,

let <, be the intrinsic preorder underlying g. Then a Q-homomorphism X Iy y s
cocontinuous (or Q-enriched join-preserving) if the following relation holds:

(h o SUp(x,p))(f) <q (SUp(Y,q) o P(h))(f), feP(X, p).

Lemma 3.3.13. Ler (X, p) and (Y, q) be cocomplete Q-preordered sets. Every
cocontinuous (Q-enriched join-preserving) Q-homomorphism X %Y is join-pre-
serving w.r.t. the underlying intrinsic preorders.
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Proof. Letsupy ,, and supy ., be the respective formations of joins of Q-enriched
contravariant presheaves. Since / is cocontinuous, forall A € Dwn(X) the following
relation holds:

\/Zi)):sup(yyq)< \/ Z).

h(S“pOf,p)( V 5)) =q SUP(y.q) (P(h)(
acA acA be|h(A)

Hence £ is join-preserving w.r.t. the underlying intrinsic preorders. (I

Comment. There exist join-preserving maps which are not Q-enriched join-preser-
ving (cf. Exercise 3.3.6). Hence cocontinuity is a smoothness property, which is
stronger than join preservation in the traditional sense.

The next theorem is a Q-valued version of Theorem 1.3.7.

Theorem 3.3.14. Let (X, p) and (Y, q) be cocomplete Q-preordered sets, and let

X Y be a Q-homomorphism. Then h is cocontinuous if and only if h has a right
adjoint Q-homomorphism.

Proof. Every Q-homomorphism (X, p) Ay (y, q) induces a further Q-homomor-
phism (Y, ¢) -2 P(X, p) as follows:

e(y)(x) =q(h(x),y), yeY xeX.

Since (X, p) is cocomplete, we introduce a Q-homomorphism (Y, ) > (X, p) by
k =sup, , o @. Since

e < d(%., ®(h(x0))) < p(xo, k(h(x0))), X0 € X,

the relation xg <, k(h(xp)) follows for each xy € X, where <, is the intrinsic
preorder underlying p.

Let us now assume that % is cocontinuous. It is easily seen that the following
relation holds for all yy € Y:

h(k(y0)) <q SUPy,q) (P (M) (P (30))) <4 Yo

Thus k is a right adjoint to . On the other hand, if ~# has a right adjoint
9-homomorphism A", then we observe

p(x0, x) < q(h(xp), h(x)) = p(xo, h" (h(x))),  xo,x € X.

Hence the relation f < P(h" o h)(f) follows for each f € P(X, p). Now we apply
Lemma 3.3.11 to 4" and obtain:

SUP(x. ) () <p SUPx ) (P(h" 0 B)(f)) <, h"(supy.,, (P(R)(f))).
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Using again the right adjointness of A", we infer from the previous relation that
h(Sup(X”,,)(f)) <y Sup(Y,q)(IP(h)(f)) holds. Hence / is cocontinuous. [l

If a Q-preordered set (X, p) is cocomplete, then we infer from Theorem 3.3.14
that sup x ,) is always cocontinuous. A further application of Theorem 3.3.14 is the
following proposition.

Proposition 3.3.15. Let (X, p) and (Y, q) be cocomplete Q-preordered sets, and
let X 15 Y be a Q-homomorphism. Then P(X, p) L, P(Y, q) is cocontinuous.

Proof. If f € P(X, p) and g € P(Y, q), then it is easily seen that the following
relation holds:

A (P@DE)0) N 50)) = A A (a0 =G @) N 50))

yey xeX yeY

= A A(FO N (00 b N g)))

xeX yeY

= A (F0) N\ gthan).

xeX

Hence we conclude from Lemma 3.3.2 that the map g+——> goh is a
$Q-homomorphism which is right adjoint to P (k). Hence P (k) is cocontinuous. [J

The composition of cocontinuous 2-homomorphisms is evidently cocontinuous.
Moreover, in the case of antisymmetric -preorders we can characterize cocontinuity
as follows.

Let (X, p) be a cocomplete Q-preordered set and (Y, ¢) be a join-complete

-valued lattice. By Lemma 3.3.11 a Q-homomorphism X - Y is cocontinuous if
and only if the following diagram is commutative:

P(h
P(X, p) —25 P(Y,q)

supwml lsupm” (3.55)
X h Y

In the case of & = supy,, the previous diagram attains the following form:

P(SUp,y )
P(P(Y, q)) —% P(Y, q)
m.,)l lsup(m) (3.56)
SUP(y.q)
P(Y. q) Y

which expresses the associativity of supy ,, in the case of join-complete Q-valued
lattices.

The next theorem can be understood as an extension theorem and is a Q-valued
analogue of Corollary 1.3.11.
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Theorem 3.3.16. Let (X, p) be a Q-preordered set and (Y, q) be a join-complete
D-valued lattice. Then for every Q-homomorphism X > Y there exists a unique co-

continuous Q-homomorphism P(X, p)h*%Y making the following diagram
commutative:

x 252 P(X, p)
; ” (3.57)

Proof. (Uniqueness) Let f be a Q-enriched contravariant presheaf on (X, p). Then
f induces a Q-enriched contravariant presheaf ¥y on (P(X, p), d) by

Fr(g) =\ d(g, %)= f(x), gePX, p).

xeX

Then we conclude from the left extensionality of f that the following relation holds

(SUPP(x, py.a) (F))(2) = \/X g(2)*d(g,X)* f(x) = \/X p(z,x) x f(x) = f(2)
geP(X,p)

for each z € X. Hence SUP(p(x, ) 4)(Fr) = f follows.
Now we assume that /2* is a cocontinuous 2-homomorphism making the diagram
(3.57) commutative. Since ¢ is antisymmetric, we obtain:

hE(f) = (h* o SUPp(x, py.a)) (Fr) = (SUPy,q) © P(h")) (Fy)
=supyy( Vg h (@) xd(g, %) * f(x))
xeX
geP(X,p)

=supy.,,(V g K@) * f(x))
xeX

= SUPy.4(V 7 h(x) * f(x))
xeX

= supy,, P ) (f).

Hence h¥ = SUP(y,q) © P(h) follows. Since g is antisymmetric, SUPy ,) is the unique
formation of joins of Q-enriched contravariant presheaves on (Y, g). This means that
h* is uniquely determined by 4 and the commutativity of (3.57).

(Existence) The uniqueness proof and Proposition 3.3.15 suggest to introduce a

cocontinuous Q-homomorphism P (X, p) L5y by h* = SUpy 4 © P(h). Since for
all x € X the relation

(SUPy4) © P())(X) = SUPy. (¢ (_, h(2)) * p(z,x)) = (SUP(y 4) © N(v.g)) (A (X))
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holds, h* o 5(x., = h follows from the antisymmetry of ¢. Hence h* satisfies the
desired properties. O

Let Sup() be the category of join-complete $Q-valued lattices and cocontin-
uous Q-homomorphisms. Then Theorem 3.3.16 means that the forgetful functor
from Sup() to Preord() has a left adjoint functor. The monad on Preord (L)
induced by this adjoint situation has already appeared implicitly in the previous
considerations and is given by the triple P(Q) = (IP, n, ), where the endofunctor IP
is defined before Lemma 3.3.11, the components of the unit n are given by the respec-
tive Q-enriched Yoneda embeddings (cf. Example 3.3.4) and the components of the
multiplication p coincide with the formation of joins of £Q-enriched contravariant
presheaves (cf. (3.54) in Example 3.3.10). The monad P(£Q) is also called the monad
of Q-enriched contravariant presheaves on Preord(Q). The monad of downclosed
sets is obviously a submonad of P(9).

It follows immediately from Lemma 3.3.5 and the diagrams (3.55) and (3.56) that
the Eilenberg—Moore category of P(£Q) coincides with Sup(£Q).

3.3.2 Complete Q-Preordered Sets

In order to introduce a concept of a complete (i.e. Q-enriched meet-complete)
N-preordered set, we need a Q-valued version of upclosed subsets (cf. Sect. 1.3).
Since in the general, non-commutative setting of unital quantales £ a principle of
Q-valued duality is not available, we can now simply replace £ by its transposed
quantale ° and transfer Q-preorders to °-preorders by interchanging their argu-
ments. If in Sect. 3.3.1 we proceed in this way, then 3.3.4 — 3.3.16 can obviously be
rewritten. Hence this approach leads to the following terminology, definitions and
results.

If (X, p) is a Q-preordered set, then a map X L5 9 is called a Q-enriched
covariant presheaf on (X, p) if f satisfies the condition:

f@) *p(x,2) < f(z), x,z€ X. (RightExtensionality)
On the set PT(X, p) of all Q-enriched covariant presheaves we introduce the point-

wise order. Then PT (X, p) is a complete lattice, and the left action ® on Pi(X, p)
is determined as follows:

(x©® Hx) =ax* f(x), aef, feP(X, p), xeX.

Hence (P(X, p), ®) is a left Q-module. If we now anticipate the formula (3.64),
then the corresponding Q-preorder d' on P7(X, p) is given by

d'(f,.e) = N(f(x) / g(x), fgeP'(X, p).

xeX
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.
Finally, the -enriched Yoneda embedding (X, p) Jony (pix, p),d") has the
form: ,

Ny py® =%, ¥@)=px2, z€X

In this context, the relation d7(f, X7) = f(x) holds for each Q-enriched covariant
presheaf f and for each x € X.

A Q-preordered set (X, p) is complete (or Q-enriched meet-complete) if the
$Q-enriched Yoneda embedding UZX, 1 has a right adjoint $Q-homomorphism — i.e.

there exists a -homomorphism P (X, p) -5 X such that the relation
d*(nix @), f) = p(x. £(f)

holds for all x € X and f € P"(X, p). Obviously, £ is right adjoint to ”jx, » if and

only if £ o nIX’ ) 18 equivalent to 1. Since right adjoint -homomorphisms of a
given Q-homomorphism are unique up to equivalence, we denote & by inf(x ,) and
call inf(x p the formation of meets of Q-enriched covariant presheaves on (X, p).

A meet-complete Q-valued lattice is a complete Q-preordered set with an anti-
symmetric £-preorder.

Definition 3.3.17. Let (X, p) be a Q-preordered set. An element xo € X is called
a lower bound of a Q-enriched covaraint presheaf g on (X, p) if g(z) < nZX!p) (x0)
holds. A lower bound x of a Q-enriched covariant presheaf g is called a meet of g
if for all « € 9 and for all x € X the following additional implication is true:

(Vze X : axg(2) < p(x,2)) = a < p(x, x).

Again by (02), an element xy € X is a meet of a covariant presheaf g on (X, p)
if and only if the equivalence

(VZ eX:axgz)=< p(x,z)) — o < p(x, xg)
holds for all x € X and o € £Q — this means the validity of the following equation:

dT(n(TX,p)(x), g) =p(x,x), x€X.

Hence a Q-preordered set (X, p) is complete if and only if every Q-enriched covari-
ant presheaf on (X, p) has a meet, where we apply of course the axiom of choice.
The next proposition is a -valued analogue of Proposition 1.3.5.

Proposition 3.3.18. A Q-preordered set (X, p) is complete if and only if (X, p) is
cocomplete.

Proof. Let us consider the following Q-homomorphisms P (X, p) -4 P(X, p) and
P(X, p) 45 P (X, p) defined by
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A(f)(x) = /\)((p(x, v f@), [feP'(X,p), xeX,
AT(HE) = AN(f@) N\ pzx), [fePX, p), xeX.

zeX

Since ¥ = AGXT) and X7 = AT(X) for all x € X, the assertion follows. a

Because of the previous proposition it is not necessary to distinguish between
completeness and cocompleteness of £Q-preordered sets. Hence a complete Q-val-
ued lattice is either Q-enriched meet-complete or Q-enriched join-complete.

An example of a complete Q-valued lattice is (]P*(X , P, dT). In this context
the formation of meets of $Q-enriched covariant presheaves on (IP*(X ,P), dT) is
determined by:

sz,m(F)(x) =infpix pan(F)X) =\ F(f)* f(x),
FEPT(X,p)

where F € PT(PT(X, p), d").

At this point it is worthwhile to recall that in a strict sense the formation of meets
of Q-enriched covariant presheaves is not a Q-valued dual concept of the formation
of joins of Q-enriched contravariant presheaves. We can solve this problem if we
add an involutive anti-endomorphism on the given quantale.

Remark 3.3.19. Let (£, %, e,”) be an involutive and unital quantale. Then with every
Q-preordered set (X, p) we can associate the dual Q-preordered set (X, p°”), where
the dual Q-preorder p°” is given by:

pP(x1,x2) = p(xz, x1)',  x1,x € X.

Further, we consider £ as a right Q-module (£, () in the sense of Example 3.1.6.
Then the Q-preorder on £ coincides with the right-implication \ of Q. Finally, if

XL Qisa map, then its conjugate map X L5 9 has the form f'(x) = f(x) for
all x € X. Now we make the following observations:

(i) A Q-enriched contravariant presheaf on (X, p) is equivalent to a -homomor-
phism from (X, p°P) to (Q, \\) —i.e. f is a Q-enriched contravariant presheaf

on (X, p) if and only if its conjugate map (X, p°’) L5 @, N\ is a 9-
homomorphism.
(i1) The right extensionality of a Q-enriched covariant presheaf f on (X, p) is equiv-

alent to the requirement that (X, p) £ (2, \) is a Q-homomorphism.

Hence f is a Q-enriched contravariant (covariant) presheaf on (X, p) if and only if
its conjugate map f” is a Q-enriched covariant (contravariant) presheaf on (X, p°P).
Based on this interrelationship we formulate the Principle of Q-Enriched Duality
as follows:
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If P is a property (notion) in a Q-preordered set (X, p), then its Q-enriched dual property
(notion) P°P in (X, p) is the property (notion) P phrased in (X, p°”) modulo involution —
this means that -enriched contravariant (covariant) presheaves on (X, p) are expressed by
their conjugate Q-enriched covariant (contravariant) presheaves on (X, p°r).

Having made these preparations we are now in a position to prove that joins and
meets of Q-enriched presheaves are -valued dual notions.

In fact, let g be a Q-enriched covariant presheaf on a given Q-preordered set
(X, p), and let xq be a join of its conjugate map — i.e. the Q-enriched contravariant
presheaf g’ on (X, p°”). Then x, is obviously a meet of g, because the following
chain of equivalences holds for all « € Q and x € X:

(Vz €X: axg) < p, z)) — (Vz €eX: gd@x*a < p””(z,x))
= o < p?(x0,x)
— a =< p(x, xo).

Finally we complete the object function (X, p) — P(X, p) to an endofunctor
P’ of Preord(f) as follows:

. ¥ . .

X. p) > (v.g), PTx, p) T PR ), (PT0(H) ) = V£ % q(h(x). y),
xeX

where f € PT(X, p) and y € Y. If (X, p) and (Y, q) are complete $)-preordered

sets, then every Q-homomorphism X Iy y satisfies the condition:

(hoinfix ) (f) < (infirg o PT(W)(F). [ eP (X, p),

where < is the intrinsic preorder underlying g.

Moreover, a Q-homomorphism (X, p) Ly (Y, q) is called continuous (i.e. Q-en-
riched meet-preserving) if for all Q-enriched covariant presheaves f on (X, p) the
following relation holds:

(infy.g) o P (M) (f) < (hoinfx ) (), feP(X, p),

where < is again the intrinsic preorder underlying q.

Every continuous $£2-homomorphism is meet-preserving with respect to the un-
derlying intrinsic preorders. As a further important property we point out that a -
homomorphism # has a left adjoint Q-homomorphism if and only if / is continuous.
Hence inf(x, , and P (h) are continuous. Finally, the following extension theorem
holds.

Theorem 3.3.20. Let (X, p) be a Q-preordered set and (Y, q) be a meet-complete
Q-valued lattice. Then for every Q-homomorphism X Y there exists a unique

continuous Q-homomorphism P (X, p) Ay making the following diagram com-
mutative:
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f
X % PR(X, p)
h i (3.58)
Y

In particular; h* coincides with inf(y ,, o P (h).

By analogy with Sect. 3.3.1 we can summarize the situation as follows. The
triple PT(Q) = (P', »’, 1) is a monad on Preord() and is called the monad of
-enriched covariant presheaves. The Eilenberg—Moore category of P'(£) coin-
cides with the category Inf(£Q) of meet-complete Q-valued lattices with continuous
Q-homomorphisms.

3.3.3 Right Q-Modules and Join-Complete £]-Valued
Lattices

Theorem 3.3.21. Let (X, @) be a right Q-module and p be the Q-preorder on X
determined by (3.48). Then (X, p) is ajoin-complete Q-valued lattice and the intrin-
sic preorder underlying p coincides with the given partial order on X. Moreover,
the formation of joins of Q-enriched contravariant presheaves on (X, p) attains the
following form:

SUpx () =V x& f(x), fePX, p).
xeX

Proof. Since x [ p(x, y) <y, the intrinsic preorder <, coincides with the partial
order < on X. In particular, the intrinsic preorder is antisymmetric. Further, let us

define a map P(X, p) 5 X by

EfH=Vxafx), [fePX p), (3.59)

xeX

and conclude from (3.48) and the relation

VEsf)odfio)=\Vxa8(fx)xd(f.9) <V xEgx)

xeX xeX xeX

that £ is a Q-homomorphism. Further, we observe:

EXN) =V zBRp@x)=x, x€X,
zeX
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where we have used (M2,) and (3.48). By Lemma 3.3.5 the 2-homomorphism & is
left adjoint to 7(x, ) — i.e. (X, p) is join-complete -valued lattice and £ coincides
with SUpx ,)- (]

The next theorem shows that the converse of Theorem 3.3.21 also holds.

Theorem 3.3.22. Let (X, p) be ajoin-complete Q-valued lattice and < be the intrin-
sic partial order underlying p. Then (X, <) is a complete lattice and there exists a
unique right action [ on X satisfying the following properties:

px,2)=\V{eeQ|xma<z}, x,z€X, (3.60)
supx(f) = \/XX B fx), [fePX,p). (3.61)

Proof. Let <be the intrinsic partial order underlying p, and letsup y ,, be the forma-
tion of joins of Q-enriched contravariant presheaves on (X, p). By Lemma 3.3.9 the
pair (X, <) is a complete lattice, and SuUp y ) is join-preserving w.r.t. the underlying
intrinsic partial orders. Moreover, we know from Sect. 3.3.1 that ((X, p), sup ,,))
is a P(£Q)-algebra of the monad of Q-enriched contravariant presheaves.

Based on these properties we construct the structure of a right 2-module on X as
follows.
(a) Let us consider a map X x Q -2 X defined by x B = SUpx ) (X * ) for
each x € X and @ € . We show that [ is a bimorphism in the sense of Sup. Since
SUpx, ) is join-preserving and P(X, p) is a right Q-module (cf. Example 3.3.4), it
is evident that [ is join-preserving in its second argument. In order to show that [
is also join-preserving in its first argument we begin with a general property which
is related to the associativity of forming £Q-enriched joins.

For each o € 9 and for each f € P(X, p) we introduce a Q-enriched con-
travaraint presheaf Fsq) on (IP(X, p), d) by:

Fa(g)=d(g, f)*xa, geP(X,p).

Then f * « is the join of F(y,) —i.e. ,u(x,p)(F(f,a)) = f * a. Further, we apply the
associativity of supx , (cf. diagram (3.56)) and obtain:

SUP(x. ) (f * @) = (SUpx ,(f)) D e (3.62)
Now we distinguish the following cases.

Case 1. Let L be the universal lower bound in IP(X, p). Since supy , is join-
preserving, SUP(x, ) (L) is the universal lower bound in (X, <), which we also denote
by L. Then 1 @ o = L follows from (3.62).

Case 2. Let A be a nonempty subset of X. Then we put f =\/,_, @ and observe
SUp(x, ) (f) = \/ A. Using again the property that supy. p) is join-preserving we
derive the following relation from (3.62):
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VaBa=supyx , (f*a)=(VA)Ba

acA

Hence [ is also join-preserving in its first argument.

(b) We show that [ satisfies the axioms (M1,) and (M2,). Because of the unit axiom
of P(Q)-algebras (see also Lemma 3.3.5), the condition (M2,) is evident. In order
to verify (M1,) we choose @, B € Q, x € X and f € P(X, p) such that f =X %
holds. Referring again to (3.62) we obtain:

(@B Fa = (supy,,(f)) D
= sup(xyp)(f * o)
= SUP(x. ) (X * (B *a))

=xB0(B*a).

Hence (M1,) is verified, and (X, &) is a right 2-module.
(c) Wefix x, z € X and observe that7 * p(z, x) < X.Hence z @ p(z, x) < x follows
from the isotonicity of SUP(x, )- On the other hand, if x @ « < y, then we obtain:

X(@)xa=dZ ¥xa) <pz,xBa) < pz,xBDa)*pxDe,y) < p(z, ).

Hence the relation o < /\zex(p(z, x) \ p(z, y)) = p(x, y) holds, and (3.60) is
verified. Since every Q-enriched contravariant presheaf f on (X, p) is left exten-
sional, we obtain f = \/ .y X * f(x), and obviously the relation (3.61) follows.

Finally, the uniqueness of [ is an immediate corollary of (3.60) and (3.61). ([l

In the following propositions we investigate the behaviour of certain morphisms
between right Q-modules

Proposition 3.3.23. Let X and Y be complete lattices and X -+ Y be an isotone
map. Further, let Qx and [y be right actions on X and Y respectively, and let px and
py be the corresponding Q-preorders. Then h is a Q-homomorphism from (X, px)
to (Y, py) if and only if h satisfies the following condition for all « € Q and x € X:

h(x) By o < h(x BOx a). (3.63)
Proof. If h is a Q-homomorphism, then we conclude from

a < px(x,x Bx @) < py(h(x), h(x By @)

that the relation s (x) By o < h(x @y «) holds. Hence (3.63) is necessary. In order
to show that (3.63) is sufficient we use the isotonicity of & and observe:

h(xy) By px(x1,x2) < h(x) By px(x1, x2)) < h(xz),  x1,x € X.

Hence px(x1, x2) < py(h(x1), h(x,)) follows. O
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Proposition 3.3.24. Let X and Y be complete lattices and X > Y be a join-
preserving map. Further, let Oy and Fy be right actions on X and Y, respectively.
If (X, px) and (Y, py) are the corresponding join-complete Q-valued lattices (cf.
Theorem 3.3.21), then the following assertions are equivalent:

(i) The relation h(Sup(X’pX)(f)) < SUPy,py) (IP(h)(f)) holds for all Q-enriched
contravariant presheaves f on (X, px).
(i1) The relation h(x Bx a) < h(x) By o holds for all @ € Q and x € X.

Proof. 1f (i) is valid, then we apply Theorem 3.3.21 and obtain:
h(xBxa) = h(SUPx .\ (X * @) < SUPy ,,,(P(h) (X *a))
= SUpPy, ) (h(x) x o) = h(x) By a.
Hence (ii) follows. On the other hand, we choose an Q-enriched contravariant

presheaf f on (X, px). If (ii) holds, then we make use of the join preservation
of h and apply again Theorem 3.3.21:

h(SUP(x. () = h(V x Ex f(0) = V h(x Bx f(x) = V h(x) By fx)

xeX xeX xeX
=V V(b &y pr(y. h(x) By f(x)
xeX yeY
=V y By (PN =80y, (PIS)).
ye
Hence (i) follows. O

As an immediate corollary of Propositions 3.3.23 and 3.3.24 we obtain that right
$)-module homomorphisms and cocontinuous £-homomorphisms are equivalent
concepts. Hence we can summarize the previous results as follows:

FACT 1. The category Sup(Q) of join-complete Q-valued lattices is isomorphic to
the category Mod, (Q) of right Q-modules. Therefore right Q-modules play the réle
of join-complete Q-valued lattices.

3.3.4 Left Q-Modules and Meet-Complete $Q-Valued Lattices

Let (X, ®) be a left Q-module. Then the corresponding Q-preorder p on X attains
the following form:

px,y)=\V{eeQlaGy=<x}, x,yeX (3.64)
Obviously, the relation p(x, y) ® y < x holds for all x, y € X. In this context it is

important to note that the intrinsic preorder underlying p coincides with the dual
order of X.
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Having made these observations we can rewrite 3.3.21 — 3.3.24 as follows. Let
(X, ©) be a left Q-module and p be the Q-preorder on X determined by (3.64).
Then (X, p) is a meet-complete lattice and the formation infix ,y of meets of
N-enriched covariant presheaves is given as follows:

infx »n(g) =V gx)0x, geP(X,p).
xeX

On the other hand, if (X, p) is a given meet-complete Q-valued lattice, then we
introduce on X the partial order < defined by the dual intrinsic order underlying p
—1i.e. 5:5;” . Then (X, <) is a complete lattice. Further, there exists a unique left
action © on (X, <) such that the following relations hold:

- p,y)=V{eeQlaoy=x},
- infxp@ =V egx)ox, geP'(X,p).
xeX
Finally, left -module homomorphisms and continuous £-homomorphisms are
equivalent concepts. Hence we can summarize the situation as follows.

FACT II. The category Inf(9Q) of meet-complete Q-valued lattices with contin-
uous Q-homomorphisms is isomorphic to the category Mod, () of left Q-modules.
Therefore left Q-modules play the rdle of meet-complete Q-valued lattices.

We finish this subsection with a general remark related to the monadic basis of
right (left) Q-modules.

Remark 3.3.25. The composition of the monad P(£Q) of contravariant presheaves
with the monad P’ () of covariant presheaves exists and coincides with the £-val-
ued double power monad. For details the reader is referred to [50, 108], where unital
quantales have already been replaced by quantaloids.

Exercises

3.3.1. Let (9Q, %, ¢) be a unital quantale viewed as a left Q-module (cf. Exam-
ple 3.1.6)). Show:

(a) The Q-preorder p on £ in the sense of (3.64) coincides with the left-implication
of Q. In particular, p is antisymmetric. -

(b) Ifa, B € £, then « * B is the meet of the Q-enriched covariant presheaf o * 7
on (9, p).

3.3.2. Let M, be the C*-algebra of all square matrices of order 2 with real coeffi-
cients, and let MA X be the involutive and unital quantale of all linear subspaces of
M, (cf. Example 2.5.5). We view MAX as a left MAX-module (cf. Example 3.1.6)
and recall the left ideal L introduced in Exercise 3.1.7 —i.e.

L={(;0)1aber}).
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Further, we consider the left MAX-module (1L, ®;) constructed in the sense of
Example 3.1.21 and maintain the notation from Exercise 3.1.7. We fix real numbers
a, B € [0, ) and define a square matrix M,, of order 2 by:

M, = (O Cf)SOt) .
0 sina

Finally, let V, be the 1-dimensional linear subspace of M, generated by M, — i.e.
Vo={A-My| 2 eR}.

(a) Show that all square matrices of order 2

= (2)
zu
satisfying the condition X - M, € L + Vg are solutions of the following system

of linear equations:

{xcosa+ysina:kcos,8 L eR

zcosa +usino = Asin B

Ifa # %, then the solutions (x, y, z, u) of the previous linear equations have the

form:
X cos B —sino 0
C(BC( O
vl ' | cosa .
z| bl snp | TH 0 TV Zsina |
cosa
u 0 0 cos o

where A, u,v € R. If ¢ = %, then the solutions attain this form:

X 0 —1 0
y|_, [cosp l1o |10
=2 o [T o T
u sin 8 0 0

(b) Conclude from (a) that {X € M, | X - M, € L + Vg} is a 3-dimensional sub-
space of M.

(c) Let p be the MAX-preorder on 1L determined by (3.64). Further, we consider
Wi, Wy € 4L\ {L, M,}. Show that p(W,, W,) is always a 3-dimensional linear
subspace of IM,.

(Hint: Since L is aleftideal, show first that the relation X - (L 4+ V,,) € (L + Vp)
is equivalent to X - M,, € Vg. Subsequently use Exercise 3.1.7(a) and the pre-
vious properties of (a) and (b).)

(d) We recall from Exercise 3.1.7(b) that U = L + V% is a generator of (1L, Or).

It Wi, W, € 1L\ {L, M,}, then show that the following properties are valid:
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i) p(W,U)= W forall W € L.
(i) p(Wy, W,) e tL ifand only if W, = U.
(Hint: First note W, = L + V, # U <= «a # 7 and then observe:

L~Va={<82)|a,be]R}, a#T)

3.3.3. Let C, = {0, 1} be the two-chain and C3 = {_L, a, T} be the integral quan-
tale on the three-chain satisfying the condition a * a = L (i.e. (C3, %) is the three-
valued MV -algebra — cf. (9) in Exercises 2.2.1 and 2.7.2). On C, we consider two
antisymmetric Cz-preorders p; and p, defined by:

pl(ovo):pl(osl)=pl(1’1)=—|—7 i€{132}3 pl(lvo):a’ p2(170)=J—

Show:

(a) The intrinsic partial orders of p; and p, coincide with the usual partial order on
Cs.

(b) The Cs-preordered set (C,, p;) is a C3-enriched join-complete lattice.

(¢) The Cs-preordered set (C;, p») is not Cz-enriched join-complete lattice.
(Hint: Consider the Cs-enriched contravariant presheaf f on (C,, p») determined
by f(1) = f(0) = a and observe that d( f, 6) = a, where d is the antisymmetric
Cs-preorder on P(C», p»).)

3.34. Let (9, *, e,”) be an involutive and unital quantale. Further, let (X, &) be a
right 2-module and (X°7, [@°P) be the dual right Q-module of (X, &), where @
is defined by (3.21). If p is the Q-preorder corresponding to (X, (1) (cf. (3.48) and
Theorem 3.3.21), then show that the dual Q-preorder p°” corresponds to (X7, [1°).

3.3.5. Let (9, *, e) be a unital quantale. On £Q we consider the following antisym-
metric Q-preorders 71 and 75:

T, B)=a B and m(ep)=a /B, o pfeq.
In this context it might be helpful to point out that the intrinsic partial order underlying
7, coincides with the dual order of Q.

(a) Show that (2, 71) and (9, 7;) are join-complete Q-valued lattices. In particular,
verify that the respective formations of joins are given by:

SUP(Q,nI)(f) = \/ (Ot * f(Ol)), f € IP(Q’ nl)v

aen

Sup(Q,r:z)(f) = /\Q(f(a) \ o), f € P(Qv 72).

(b) If (Q, @) is the right Q-module corresponding to the join-complete lattice
(9, m1), then show that the right action [ is given by ¢ [ & = « * &.
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(c) If (Q, @) is the right Q-module corresponding to the join-complete lattice
(9, m,), then show that the right action [ is given by ¢ [ & = ¢ \| .

(d) Additionally we assume that there exists an involution’ on  such that (1, *, e, )
is an involutive quantale. Further, let 7r;” be the dual Q-preorder of 7;. Show

that the involution is a Q-isomorphism (Q, 7{") = (Q, 7).

3.3.6. Letus consider the real unitinterval [0, 1] as acomplete M V -algebra provided
with the Lukasiewicz arithmetic conjunction ;. Since ¢ is commutative, both types
of implications (i.e. left-implication and right-implication) coincide and are given
by the so-called the Lukasiewicz implication — i.e.

o= B=min(l—a+p,1), apBecl01]

Further, we introduce an antisymmetric [0, 1]-preorder 7 together with its dual [0, 1]-
preorder 7P on [0, 1] as follows*:

7, B)=a—> B and 7%, B) =P8 — a, a, B €0, 1].

Then ([0, 1], ;) and ([0, 1], m;) are join-complete [0, 1]-valued lattices (see Exer-
cise 3.3.5(a)). Show that the map [0, 1] iy [0, 1] defined by

h@)=1-1-a, ael0,1]

isa[0, 1]-homomorphism from ([0, 1], &) to ([0, 1], w°”) which is not cocontinuous,
but is join-preserving w.r.t. the underlying intrinsic partial orders.

(Hint: If o, e,y € [0, 1] and ([0, 1], w) 5 ([0, 1], 7P) is a [0, 1]-homomor-
phism, then the relation Ph) (@ s )(y) = (h(@) = y) % & holds.
By Exercise 3.3.5(a) we obtain SUp([o,l],n)(aﬁ ¥p &) = a*p & and
SUP(0.1].7ory (R(@) = _) * & = & = h(a). If h now has the form h(a) =1 — % -,

then

5 T

2= h(SUp([(),l],p) (%

3t
#1.3)) < 1= 8UPqo,11,pr) (PN (5 52 3))

follows. Finally, we use the fact that the intrinsic partial order underlying 7“7 coin-
cides with the dual order of [0, 1].)
3.3.7. Let (X,[@) be a right Q-module and (X, p) be the corresponding join-

complete Q-valued lattice. If X L Qs an arbitrary map, then the contravariant
hull |, f and the covariant hull 1 f of f are determined as follows:

AN =V pkx,29)x f(m) and Af)x) =V f@)*pzx), xeX.

zeX zeX

“4Because of the commutativity the involution coincides with the identity Lio,1]-
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Show that the following relations hold:
(@) supy (L f) = V x 3 fx).

xeX

(b) infx. ) (1f) = \/Xx o (/§(p(x,Z) v f@).
© V f)* fx) < p(infxp (1), SUP ., (L))

xeX

(Hint: Proposition 3.3.18.)

Comment. If (X, p) is join-complete Q-valued lattice, then it follows immediately
from Exercise 3.3.7 (a) and (b) that joins and meets of arbitrary -valued maps (i.e.
“Q-fuzzy subsets” of X) exist.

3.3.8. (Change of base) Let (1, *, eq) and (R, *, ex) be unital quantales. Further,
let -+ 9 be a unital homomorphism and A" be the right adjoint map of /. Verify
the following statements:

(a) If (X, p) is a Q-preordered set, then (X, h o p) is an PR-preordered set.

(b) If (X, p) is an R-preordered set, then (X, h"™ o p) is a Q-preordered set.

(c) If (X, p)isacocomplete JR-preordered set, then (X, 4™ o p) is also a cocomplete
Q-preordered set.

(Hint. If f is a Q-enriched contravariant presheaf on (X, A" o p) and xo is a join of
the R-enriched contravariant hull |2 o f of h o f on (X, p), then use Theorem 3.3.8
and show that the following chain of equivalences holds forall« € Q and all x € X:

(VzeX: f@*a<(h"op)zx) < (Vz€X: (ho f)(2)*h@) < p(z,x))
— (Vze X :(Jho f)@) *h(a) < p(z,x))
> h(a) < p(xg,x)

— a < (hF op)(xo,x).

3.3.9. Let Q = (0, *,e) be a commutative and unital quantale. Since £ is

commutative, we can consider a bifunctor Preord(Q) x Preord(Q) -
Preord(£Q) acting on objects and morphisms as follows:

(X, px) ® (Y, py) = (X x Y), px ® py)  where

(px ® py)((x1, Y1), (x2, y2)) = px(x1, x2) * py(y1, y2), X1, %2 € X, y1,y2 €Y,
(X1, px) 2 (X2, pxy), (Y1, pry) = (Ya, py,),

(h®@k)(x,y) = (h(x),k(y)), x€Xi, yel.

Show that ® induces the structure of a symmetric and monoidal closed category on
Preord(Q).

(Hint: The unit object is a singleton {-} provided with p(-,-) = e and the inter-

nal hom-object [(X, px), (¥, py)] consists of all Q-homomorphisms (X, px) Ly
(Y, py) provided with the Q-preorder g defined by g (h, k) = /\xEX ) 2% (h(x), k(x)).)
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3.3.10. (Cf. [44, Theorem 3.11]). Let (£, *, ¢) be a unital quantale and (X, p) and
(Y, q) be Q-preordered sets. Further, let (IP(X, p), d) be the Q-preordered set of
all Q-enriched contravariant presheaves on (X, p) and (P7(Y, ¢), d") be the Q-pre-
ordered set of all Q-enriched covariant presheaves on (Y, ¢). Finally, a Q-relation
(i.e. a Q-distributor) from (X, p) to (Y, q) is a map X x Y - £ satisfying the
following condition for all x;, x, € X and y;, y, € Y:

p(x2, x1) xr(x1, y1) * g(y1, y2) < r(x2, y2).

Show:
(a) Every Q-relation X x ¥ - £ induces a pair (P(X, p), d) % P (Y, q),d")
of adjoint  -homomorphisms by

() = /\Xf(z) Nz y), (@) = A rixu g,

ueY

where f € P(X, p) and g € P7(Y, ¢). In particular, ® 4 ¥ holds.
(b) For every adjoint pair (P(X, p), d) % (P7(Y, q),d") such that @ 4 ¥ there

exists a unique £-relation X x Y - £ satisfying the following property for all
f e P(X, p) and for all g € PT(Y, ¢):

2N =N f@NrEy), Y@K = Arxu / gw.

zeX uey
(Hint: Consider a map X x Y = £ determined by
r(x,y) =X (©), *@) =pix), z€X.
The right extensionality of r is obvious, while the left extensionality follows from
the property that @ is a Q-homomorphism. Hence r is a Q-relation. Moreover,

the relation f(x) =d(%, f) < d"(®(X), @(f)) implies

() = /\Xf(X) NP ) ()

On the other hand, using the adjunction we first observe that
r@.y) = @@ =d"(@®.5) =dE ¥ (F)) =¥ F)H).
and then derive the following estimate:

A F) N\, ) =d(f,¥G)) <d"(@(f), P o ¥ ()

xeX

<d"(@(f),TH=2(H).)
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Comment. (a) The previous exercise is a 2-valued version of the concept of polari-
ties initiated by G. Birkhoff in the binary case 1 = {0, 1}. In this context orders have
been restricted to discrete orders (cf. [14]).

(b) Given an adjoint pair (P(X, p), d) 1%2 (PT(Y, q),d") with & 4 ¥, then the
composition ¥ o @ is a linear nucleus on the right Q-module P(X, p) (cf. Prop-

osition 3.3.23) whose regular quotient w.r.t. ¥ o @ can be identified with a join-
complete 9-valued lattice. In the special case when the adjoint pair @ - ¥ is given

by (P(X, p).d) A?T (P(X, p),d") (cf. Proof of Proposition 3.3.18), the regular

quotient w.r.t. the linear nucleus A o A" can be identified with the Q-valued Mac-
Neille completion of (X, p).

3.4 Theory of Automata in Sup

3.4.1 General Definition

LetC = (Co, ®, 1, a, c, £, r) be a symmetric and monoidal closed category. Further,
we assume that the underlying category Cy is cocomplete.
A quintuple (Z, X, §, T, F) is an automaton in C if Z and X are objects of Cy,

Z® X % Z and 1 5 Z are Co-morphisms and F is a subobject of Z represented
by a monomorphism F "% Z. Referring to the standard understanding in Computer
Science, Z is the object of states, X represents the input alphabet, 5 describes the
dynamic (or the transition map) of the automaton, t is the initial state and F comprises
the object of final states.

If we now consider the endofunctor F of Cy definedby F = _ ® X, thenitis easily
seen that the dynamic (Z, §) of an automaton is an F-algebra in Cy. Since C is closed,
F preserves colimits. Hence we conclude from Theorem A.1.1 that every Cy-object
A generates a free F-algebra (17 A, (A%, 8 A:)). As a corollary of this observation we
note that the initial state T always has a unique extension to an F-homomorphism 7*
which can be expressed by the following commutative diagram:

11 18 e X

\‘rt§ J/r“@lx
~

Z<t 70X

Finally, we conclude from Theorem 1.1.8 that 17 is the free monoid in C generated
by the object X. Therefore we also write X* for 1°.

A language is a subobject L of X* represented by a monomorphism L - X*.
Given an automaton M = (Z, X, 8, 7, U), a language L is M-regular if and only if
¥ o A factors through m — i.e.
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L w2 18 = x*

|+

Fr—" 7

If Co has pullback squares, then the largest M-regular language is given by the
pullback of m along t* and is called the language recognized by M.

We finish this subsection with a brief comment related to Set. In this context the
tensor product coincides with the cartesian product and the unit object is given by
a singleton {-}. Hence the concept of automata in Set, as it has been introduced in
the above sense, coincides with the standard concept of (deterministic) automata (cf.
[56]).

3.4.2 The Situation in Sup

In this subsection we restrict our interest to the category Sup of complete lattices
and join-preserving maps. Hence states have a hierarchy expressed by an order, and
the superposition of states is computed by joins.

An interesting class of automata in Sup is generated by non-deterministic auto-
mata in Set. For this reason we recall the following terminology.

Definition 3.4.1. A quintuple (Z, X, A, zo, F) is a non-deterministic automaton if
Z and X are sets, A is arelation from Z x X to Z (i.e. A C (Z x X) x Z), zpis an
element of Z and F is a subset of Z. In this context we use the following terminology.
The set Z is understood as the set of states, zo is the initial state, X is the input alphabet,
A represents the non-deterministic transition map and F comprises all final states.

Since every relation between two sets can be identified with a join-preserving
map between the respective power sets, it is evident that every non-deterministic
automaton in Set gives rise to an automaton in Sup in the following way. Let
P (X) and L (Z) be the respective power sets of X and Z. Then we identify the
non-deterministic transition map A with a bimorphism £ (Z) x £ (X) bay (Z)
(i.e. a join-preserving map in each variable separately) as follows:

ba(A,By={veZ|3(z,x) e AX B : (z,x,v) € A}, Ae P(Z), Be PX).

Due to the universal property of the tensor product in Sup (cf. Theorem 2.1.8 and
Fact IT in Sect. 2.1.2) there exists a unique join-preserving map

P(Z)® P(X) > P(Z)
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making the following diagram commutative:

P(Z) x P(X) -2 P(Z)® P(X)

R VB
P(Z)

In this context it is worthwhile to note that the tensor product £ (Z) ® L (X) is

isomorphic to Z(X)? (cf. Example 2.1.9). Further, we identify the initial state zq

with a join-preservingmap 1 = {0, 1} = H(Z) by t(0) = Fand t(1) = {z0}. Then

M = (2(2), Z(X), 8, T, Z(F)) is an automaton in Sup. Obviously, the dynamic
(H(Z), d) of M is a functor algebra in Sup w.r.t. the endofunctor _ ® £ (X). Now

we consider the extension 1* = (2(X))" 5 P(Z) of T and make the following
observations:

— The free unital quantale generated by the power set & (X) is the power set Z(X*)
of the free monoid X* generated by X (in the sense of Set) provided with the
Minkowski multiplication.

— Since t* is join-preserving, we can identify T* with its restriction t* to the atoms

of Z(X*) —ie. X* > P(Z).

A language IL is now a complete sublattice of &2 (X*) — i.e. the inclusion map is
join-preserving. As an example we consider the power set &?(L) of a subset L of
X*, where L can be considered as a language in the sense of Set. Then & (L) is
M -regular if and only if the restriction of t* to L factors through &2 (F). In this
sense we arrive at a new concept of regularity in the framework of non-deterministic
automata.

Now let us address the general situation of automata in Sup. For this purpose
we fix a complete lattice X and consider the endofunctor F of Sup defined by
F = _ ® X.Further,letT = (T, n, u) be the F-term monad (cf. Appendix A.1). Then
with every F-algebra (Y, §y) we associate the corresponding structure morphism
TY)=1! £y and identify (Y, 8y) with the T-algebra (Y, £&y). In particular, we
recall that there exists a natural isomorphism ¥oo: T — _ ® 17 (cf. Sect. 1.1.2),
where 1% = X* is the free unital quantale generated by X (cf. Theorem 1.1.8).

IftM=(,X,3,r, F) is an automaton in Sup, then the join-preserving map §

describing the dynamic of M has an extension ¥ ® X* <= ¥ which is determined
by the following commutative diagram:

r;l
rox: & yi=T()

o / (3.65)
Y &y

Y

—1
where ¥+ denotes the Y -component of V.



3.4 Theory of Automata in Sup 285

Theorem 3.4.2. If (Y, X, 6, 1, F) is an automaton in Sup, then (Y, §*) is a right
X*-module, where X* is the free unital quantale generated by the complete lattice X.

Proof. Let [Y, Y] be the complete lattice of all join-preserving maps ¥ == Y pro-
vided with the multiplication given by the composition. Then ([Y, Y], 0, 1y) is a
unital quantale (cf. Example 2.3.2). Since Sup is a symmetric and monoidal closed
category, there exists a unique join-preserving map X - [Y, Y] such that the follow-
ing diagram is commutative:

yox 2 yely, v

\ lsy

where ¢y is the evaluation arrow defined on elementary tensors by e(y ® f) = f(y)
for all f € [Y,Y] and y € Y. Moreover, it is not difficult to see that the unique
join-preserving map [Y, Y] ® [Y, Y] & [Y, Y] determined by

YR (V. YI®Y, Y]) 2% v @Y, Y]

ay(y.y] [Y.Y]T

YRV, Y)Y, Y] ey (3.66)
8y®1[y»y]J/
Y,y —=* 5y

acts on elementary tensors as follows:
m(f@®g(y)=g(f(y), yevY, figelY Yl

Hence m is the transposed multiplication of the usual composition — i.e. m* = o.
Now we maintain the notation from Sect. 1.1.2 and make the following observations.
Since 1* = X* is the free unital quantale generated by the complete lattice X, there
exists a unique unital homomorphism (17, m4:) L5 (1Y, Y], m) such that7 o nx =h
holds. Thus 7 is also a unital homomorphism from (1, my,) to ([Y, Y], o).

Because of diagram (3.65) and Proposition 3.1.5 it is sufficient to verify the
commutativity of the following diagram:

Ry o1t 2y ey v

\ l (3.67)
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We refer to the primitive recursion of the free algebra algorithm and introduce two

sequences of join-preserving maps Z;(Y) 2y and Z (]l) “ [Y, Y] as follows:
81=38, Sp1=080(kUly)®lx), hi=holx, h1=mo((hxUe) ®h),

where k € IN and 1 -% [Y, Y] is the unit of ([Y, Y], m) — i.e. e(1) = 1y. Further,
we put Uy = Z;(1) u 1 and define recursively a third sequence of isomorphisms

Zi (Y)Y ® Zi (1) by:
o =ly®', @ =ayyxo(pe®ry)®1lx), kel

We show that for all k € IN the diagram

Z(¥) 25 vy zy(1) X2 vy o (v, v]
lsy (3.68)

Y

Sk

is commutative. Since (1y ® k1) o ¢; = 1y ® h, the case k = 1 is trivial. Since the
relation ry = ey o (1y ® e) holds, the diagram

Zinuy 22 vy o zmul) BN y o1y, v

ey
Suly
Y

is commutative. Now we apply the endofunctor F = _ ® X to the previous diagram
and obtain:

Y ® Zy(1) 22Ny o (1Y, YT [Y, Y])

T .
W (1y®(h1ue))®h

Z,(Y) =5 ¥ @U)®X == (Y @[V, Y ®[Y, Y]
61Uly)®1x VSY®1[Y.Y]
Y ®X Ly&h y Y ®[Y, Y]

ey
\ 4
Y

Referring to the diagram (3.66) the relation §, = ¢y o (1y ® k) o ¢, follows. Hence
by means of primitive recursion the commutativity of (3.68) can be verified. Finally,
we pass to the respective direct limits and conclude from (3.68) that the diagram
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Zo(¥) — > sy @ z,1) —2&~ Ly o[y, Y]

I+
590

Y
is commutative. Hence the relation
~ ol
Ey =0 Uly =gy o (ly ® (hoo Ue)) 0 (9 D ry') =y 0 (Iy @ h) 0 Y2

holds, and the commutativity of (3.67) is verified. [l

Comment. Theorem 3.4.2 holds notonly in Sup, butin any symmetric and monoidal
closed category with underlying cocomplete category (cf. [41, 42]). If, for example,
] is a commutative and unital quantale, then we can replace Sup by Mod(LQ) (cf.
Fact V in Sect. 3.1.4) and consequently arrive at the concept of automata in Mod(Q).
Referring to Remark 3.1.15, this observation might be the point of departure for a
concept deserving the name “fuzzy automaton”.

Finally, as an immediate corollary of Sect. 3.3.3 and Theorem 3.4.2 we obtain
the important result that every automaton (Y, X, §, t, F) in Sup gives rise to a join-

complete X *-valued lattice Y in which the join of a map Y L5 X* can be expressed
by the following element yy € Y (cf. Exercise 3.3.7):

yo=V 8(y. F).

yey

Notes

The theory of modules in the category Sup essentially goes back to A. Joyal and
M. Tierney 1984 (cf. [59]), who have mainly focused on commutative and unital
quantales. With regard to the algebraic foundations of quantale-valued structures the
important fact that Q¥ is the free left Q-module generated by the set X appears
already on p. 10 in [59].

Even though dual modules have been studied in [59, 91], our comprehensive
explanation of the self-duality of the category of left modules on involutive, unital
quantales and its dualizer seems to be new. The concept of involutive left modules
on involutive, unital quantales was invented by P. Resende 2004 (cf. [97]). It was his
observation that various results on the quantization of points obtained by C.J. Mulvey
and J.W. Pelletier 2001 (cf. [84]) permit a more elegant formulation in terms of
irreducible and involutive left modules.

The characterization of the category of right Q-modules by the Q-enriched ver-
sion of the category Sup (i.e. the category of join-complete -valued lattices) goes
back to I. Stubbe 2006, who developed this theory in a more general context given
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by quantaloid enriched categories (cf. [107]). In this context, from a historical per-
spective, it is interesting to note that in the case of the real unit interval viewed as
integral quantale the axioms of a many-valued preorder go back to L.A. Zadeh 1971
and S.V. Ovchinnikov 1984 (cf. [88, 112]).

The pathway leading to automata in monoidal closed categories can be summa-
rized as follows. The notion automaton was coined by S.C. Kleene 1951 (cf. [64,
65]) and emerged from the study of nerve nets by W.S. McCulloch and W. Pitts
1943 (cf. [76]). Categorical formulations of automata theory in general monoidal
categories can be traced back to the work of L. Budach and H.-J. Hoehnke 1969/70
(cf. [17, 18]), H. Ehrig and M. Pfender 1972 (cf. [29, 30]) and J.A. Goguen 1971
(cf. [40-42]. A continuation of this development can be found in [3, 4, 74]).



Appendix A

The appendix explains the construction of free functor algebras and the role of coher-
ence axioms in the construction of the tensor product of semigroups in symmetric
monoidal categories. A graphical representation of the vertical and horizontal com-
position of natural transformations with applications to the composition of monads
is also given.

A.1 Free Functor Algebras

Let F be an endofunctor of a category C. A pair (X, §x) is an F-algebraif X € |C|and
F(X) 2% Xisa morphism of C. A morphism X < ¥ of C is an F-homomorphism
from (X, 8x) to (Y, 8y) if h satisfies the additional property i o §x = 8y o F(h) —
i.e. if the following diagram is commutative:

Fx) =2 Fay)

5x ) 1

X —" sy

Evidently F-algebras and F-homomorphisms form a category denoted by A1g(F, C).
Theorem A.1.1. ([1, 3]) Let C be a cocomplete category and F be an endofunctor
of C. If F preserves countable direct limits, then for each X € |C| there exists an
F-algebra (X*, 8x:) and a C-morphism X =% X*® such that the following property
holds:
For every F-algebra (Y, 8y) and for every C-morphism X sy there exists a unique
F-homomorphism (x4, Sx1) Ly (Y, 8y) such that the following diagram is commutative:

x X, xt

SN ;hc (A.D)

© Springer International Publishing AG, part of Springer Nature 2018 289
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In particular, (nx, (X, 8x+)) is unique up to F-homomorphism.

Proof. The uniqueness of (nx, (X¥, 8x:)) follows immediately from the commutati-
vity of (A.1). In order to verify the existence of (nx, (X¥, 8x:)) we proceed as follows.
First we recall the construction of the free algebra algorithm (cf. [1, 3]). For this pur-
pose we fix X € |C| and the coproduct injection X Iy F(X) u X. Then we consider
two countable direct systems (Z;(X), ey i)kenw and (Wi (X)), £, 1) ke defined by:

Z,(X) = F(X), Wi(X) =F(X)uX,
Zi(X) = F(Wim1 (X)), Wi(X) =Z(X)u X, k=2,

eX . 124 .

Zi(X) =5 Zy(X), e, =F(x), Wi(X) =5 Wa(X), X =F(jx) @ ly,
eX,

Zi(X) =5 Zi (X)), ey = FUS D,

[0
‘/Vk(X)ﬂ> Wi 1(X), E])((Jrlk:e]i{lrlk@lX’ k>2,

where LI and & denote the binary operations for the construction of the coproduct of
objects and the construction of the coproduct of arrows in C.

Now we invoke the cocompleteness of C and conclude that the direct limit Z.,(X) of
(Zy, X ke exists. In particular, the corresponding canonical arrows are denoted

eX
by Zi(X) == Zoo(X).
As a next step we form the coproduct Z,,(X) U X and denote the corresponding
coproduct injections by X % 7 (X)) U X and Zoo(X) RSN Zoo(X) U X. Thenitis
easily seen that Z,,(X) U X is the direct limit of (W (X), Effl ke with the canoni-

Yol . .
cal arrows Wy (X) e/ o (X) U X. Moreover, since F preserves countable direct

limits, F(Zoo(X) U X) is the direct limit of (F(W, (X)), F(£X ), - Now we refer
to the construction of (Z;(X), efn‘k)ke]N and observe that Z; (X) = F(W;_1(X)) and
eX, =FX |, ) hold for each k > 2. Hence F(Z(X) U X) and Z«(X) are iso-
morphic. In particular, there exists an isomorphism F(Z,,(X) Ul X) Ly Zoo(X) sat-
isfying the following important properties

ef =9xoF(ny) and ¢ =dxoF(e", ®1x), k=2, (A.2)

where we have applied the relations (eff @ 1x) o jx = nx and F(jx) = €. Finally,
we put X¥ = Zoo(X) U X and 8y: = jX o 9?x and show that the F-algebra (X?, 8x:)
satisfies the required properties.

(a) (Uniqueness). Let us consider an F-homomorphism (X?, §x:) NS (Y, §y) such
that the diagram (A.1) is commutative. Since 8y o F(h?) = h® o §x¢, the following
relations hold:

h* o jX oeX =h* o8y o F(nx) =8y o F(h*) o F(nx) =8y o F(h),  (A.3)
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W o jX oefl =8y oF(h¥) o F(ef_ | ®1x) =8y o F((h* o jE oef HDuh), k=2
(A4)
Now we invoke the universal property of direct limits and observe that the restriction
of h* t0 Zoo(X) (ie. h* o jX) is uniquely determined by /.
(b) (Existence). With regard to (A.3) and (A.4) we are motivated to introduce a

sequence (h;)ren of morphisms Z; (X) Jy, y as follows:
hy=68yoF(h) and hy =6y o F(hy_1 Uh), k> 2. (A5)
By means of induction the relation /| o e,f +1x = hy holds foreach k € IN. Then we

conclude from the construction of direct limits that there exists a unique morphism

Zoo(X) 22 Y with the property /o o e = hy for all k € IN. Now we put h* =
heo U h and note h* o jX o ef = hy. Further, we observe:

8y o F(h*) o (95" 0 ef,) =8y o Flhoo Uh) o F(ef @ 1x)
=38y o F(hx L h)
= hiy1

=h"o jX ovyxo (05 oel)).

Referring again to the universal property of direct limits we obtain 8y o F(h*) =
h* o jX o ¥x = h® 0 §x: — i.e. h* is an F-homomorphism. O

If an endofunctor F of a cocomplete category C preserves countable direct limits,
then Theorem A.1.1 means that the forgetful functor U: A1g(F, C) — C has a left
adjoint functor G: ¢ — Alg(F, C). In particular, G is determined by

G(X) = (X%, 8x:), G(h) = (ny oh)* where X Y.

In this context (X?, 8y:) is said to be the free F-algebra generated by the object
X € |C|. Moreover, the monad T = (T, n, n) associated with the adjoint situation
G - Uis called the F-term monad. Since U is the forgetful functor, the multiplication
1 = (ux)xe|c| has the following explicit form

.xt i
(XHF 5 XE ux=x) pxojl o€l =dx.

Finally, the construction of the F-term functor T can be simplified as follows. If

X yis given, then we introduce recursively a sequence (E,)ne]N of morphisms

Z,(X) L Zoo(Y) as follows:

Iy =el oF(h) and h, =y oF(h,_i ®h), n=2.
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Hence there exists a unique morphism Z.(X) roey Zso(Y) Asatisfying the con-

dition ;l\oo o e,’f = iz\,, for all n € IN. Now we put hy = jo’; o h; and observe that

T(h) is given by
T(h) = hoo ® h.

For some applications we also recall the monadic properties of the F-term monad —
i.e. the associativity axiom and the unit axiom (cf. Sect. 1.2):

px o fyx: = px o T(ux) and pux ony: = ly: = py o T(nx). (A.6)
In this context it is worthwhile to note that the Eilenberg—Moore category of

T-algebras is isomorphic to the category A1g(F, C) of F-algebras.

A.2 Coherence Axioms in the Construction of the Tensor
Product of Monoids

Let us fix now four objects X, ¥, U and V of a symmetric monoidal category
(C,®,1,a,¢t,r,c)and define morphisms

XQUXRU)RV Y (XQY)@ U V) 1% X g (Y @ U)® V)

by the following diagram (see also Sect. 1.1.3):

(XeneneV =4 XenNeUeV) N Xe ¥ aUaeV)

axyy®ly Ix®ayyy
l L Pxyuv PYyyy el n T

XY RU)® X&(Yeu)®V)

Because of the pentagonal diagram, the diagram

XY)®UQYV)

.
Pxyuv Qxyuv

axyeu)v

XeYeU)eV » X QY QU)®YV)

(1x®6yu)®le J/1X®(CYU®1V)

XQURY))®V eny X QURY)®YV)

m (@xpyy)™!

XRU)XYeV)
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is commutative.
Hence we are in a position to introduce a morphism

XRNQUBV) 2 (XeU)® (¥ 8 V)
by
Oxyuv = Pyyyy o ((Ix ® cyy) ® 1y) o Pyyyy
= (cbﬂ)}uyv)il o (lX ® (cyu ® 1V)) o Pyyyy
and verify the following proposition.

Proposition A.2.1. Let X, Y, U, V, K and L be objects of a symmetric and monoidal
category C. Then the following relation holds:

(axuk ®ayvr) o Oxeuyrev)kL © (Oxyuv ® lxer) (A7)

= Oxywer)ver) © (1xey ® Ouvkr) © Axey)UeV)(KeL)-

Proof. A repeated application of the pentagonal diagram leads to the following com-
mutative diagram:

(XeNQ®UEV)®K®L —— XY@ (U V)® (K ®L))
J,lx®y®a
X®Y)® (U (Ve (K ®L))
Sxyuv®lkeL Ta
(X®Y)®U)® (Ve (K®L)
Jeeaveiken
(XX eU)®V)®(KR®L) —— X (¥ U)® (Ve (K®L)

(@ o(1x@)@1V)®1, l(a*lo(lxeac»@(lv@n
(X@)®Y)®V)®(KQL) ——= (X®U)®Y)® (V® (K ®L))
H®1K®LJ,
(XY eV)®(K®L) a
al 1 1
XU (¥eV)® KoL) 23 xXeu)e (e (Ve KoL)
lx®u®aT T
XU (YeV)®K)®L) Ixeu®(1ly®a)
Ixeu®@®11)],

Ixgu®a

X (re(Vek)oLl) X3 xeU)e (Yo (Ve k) L))
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Further we observe:

XV®(UeV)® (K ®L))

Ixor @0y vk,
1X®y®al uv

xeneUe Ve keL)) €2y ey) e Ue(VeK) 8L)

(X@V)@U)® (Ve (KoL) 2% xeyeU)e (Ve K)® L)
(a*‘o(lx@c)oa)@ll l(a*‘o(lxcac)oa)@l
(XU e (Ve (KoL) L% xeu)ey) e (VoK) eL)

xene(evekeL) L2 xeu)e (e (Ve K) eL)

We paste the previous diagrams together and arrive at the following commutative
diagram:

XYR(U®V)®(K®L))

UVKL
(X®®UeV)®(K®L) XY Ue(VeK)®L)
(X®Y)®U)®(V®K)®L)
Oxyuv®lkeL l(a_lo(l)(®z‘)oa)®l
(X®U)®Y)®((VR®K)® L)

la
+

(XeU)e¥eV)®(K®L) XU (Yo (Ve K)®L)

¢TX®U)(Y®V)KL\L lxgu®a l1X®U®(1y®(C®1L))
XYV e®K)®L) XU (YRUK®V)®L))
1X®u®(a®1L)l

X (revek)s L L8 g e (Yo ke V) aL)

Ixeu®a
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Further, we observe the commutativity of the following diagram:

1X®Y®(1U®(C®l[‘))
XeNeU(VOK)®L) —— (XU (K®V)®L))

0 Tu
(1 Rly)R(cR1r)
(Xenel)e(VeK oL 2R xeyryo )@ (Ko V)®L)
(@ lo(1x@0n)81], Jato(ix®@c)ne

XN e (Ve k) oL ¥R v oy e (Ko V)® L)

4 Lyou®(ly®c®1L)) de
XY (VeK)®L) —— XoU)®(Y®(KeV)®L))

Now we paste the previous two diagrams together and obtain the commutativity
of the following diagram:
(B1)

XY (UeV)®(K®L)
“”‘W’(W Jxere®®y .,

(X®®U®V)®(K®L) XY Ue(VeK)®L))
\I/1X®Y®(]U®(C®]L))

XRY)Q@U®U(K®V)®L))

Oxyuv®lkeL Ta

(X®Y)®U)®(KQV)®L)

L eay@oene!

(X)X ®V)®(K®L) (XeU)®@Y)®(K®V)®L)
(D(*X®U)(Y®V)KL\I, lﬂ

XRUR(((YeV)®K)®L) XU (Ye(KeV)’L)
1X®U®(a®1L)J, ,]\1X®U®a

xXene(revek)yeL) L xeu e (Yoke V) L)

Txeu®@elL)
XeUR(((YroK)®V)®L)
Jixeveeeneln)
X (((K®Y)®V)®L)
\I/]X®U®a
XU ((K’Y)® (VL)
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In the next step we use the coherence axiom (4) and again the pentagonal diagram
in the instance of four objects given by K, Y, V and L. Then the following diagram
is commutative:

XU)®(YeV)®K)®L)

lxpu®((c®1y)oa o(1y®c)oa)®1 L)
1X®U®(C(Y®V)K®1L)l xev Y ! t

XU (KerevyeL) &2 ygu)e(Key)eV)oL)

Ixeu ®al llmu ®(aca)

XU e (Ke(eV)eL) 22U xeu)ye (ke eV eL))

Now we paste together the previous diagram and (B1) and obtain:
(B2)

XV (UeV)® (KoL)

(X0 UeV)®(K®L) XV ®Ue®(VeK) ®L))
Ixer®(lu®®lr))
Sxruv®iror X@V®U®(KSV)®L)
(XU ¥ eV)®(K®L) (XU (K®V)®L)
¢Z‘X®U>(Y®vmv (a"o(1x®c)oa)®1
XU ((YoV)®K)®L) ((X®U)®Y)<§((K®V)®L)
Ixeu®(cyevk®1L) a
XU ®(K®Y®V)®L) XU (Ye®(KeV)®L))
lxgu®a Ixgu®(@®1yr) Alxo@u@a
XU)®(K®(Y®V)®L)) XU (Yro(KeV)elL)
lxeu®(1x ®a) Ixeu®(c®1y)oa H®11)

v®(aoa),

XKoo (VeLl) ™ xee(KeY)®V)®L)
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Further, we observe the commutativity of the following two diagrams:
©

XeNeUe(KeV)oL) " X ey e (Ue (K eV eL))

(XY ®U)® (K V)® L) XX (Xey)eU)® (K® (VeL)
(a’]o(lx®c)oa)®ll J,(a’lo(lx®c)oa)®l

(X®U)®Y)®(K®V)® L) (X U)eY)® (K® (Ve L))

al L

XeU)e (Yo (keV)e L) “Ixeu)e (Yo (Ko (Ve L)

1X®U®IJT T1X®U ®a

XU (Yo (KeV)eL) XU (Y®K)® (VL))
IX®U®(a®1L>T y lIX®U®(C®1V®L)
XU (YeK)®V)®L) XeU)®(K®Y)® (VL)

1 ®
Lrou ®(®1)O11) | M

XRU)®((K®Y)®V)®L)

D)

Ixgy®a

XU K (VeL)) +— XN (UK & (VeL)

q T

(X®Y)®U)® (K® (VL) (X®Y)®U®K)®(V®L)
(a_'o(lx®c)oa)®ll ” Ta®1V®L
(X®U)®Y)® (K ® (VL) (X®®U)®K)® (VL)
al ? l((a*‘o(lmc)oa)@m@l
XeU)®(Y®(K®(VeL) (XeU)®Y)®K)® (VL)

Lxeu®a] la®1v®L
XU (YeK)@(VeL) +—m— (XoU)®(Y¥®kK))®(VeL)
xeu@(®lvaL) | Jaxeveersives
X (K®N®VRL)+—— (XU)®K®Y))®(VeL)
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In a next step we paste together (B2) and (C) and obtain:

(B3)

AXQY)(URV)(KRL)
N

(X®Y)®U®V))® (K QL)

Oxyuv®lkeL

~

(XeU)® (¥ ®V)®(K®L)

*
<I>(X®U)(Y®V)KL

Ixeu®(cyevk ®11)
XoU)® ((K

lxeu®a

N

XU ((revV)®K)®L)

~

®Y®V)®L)

~

XU (K®(Y®V)®L)

lxgu®(1x®a)

~

XU (KXY ® (VL))

Appendix A

X®Y)®(UeV)® (K L))

XeY)®Ue®

X®Y)®U®

~

XeYe (U

4

Ixer®Pyy k1,

L

(V®K)®L))

1x®y®(lu®(C®1L))

L

(K®V)®L))

Ixgy®(ly ®a)

L

(K® (VL))

N

a

(XY RU)Q (KR (VL)

~

(a 'o(1x®c)oa)®1

L

(XQU)®Y)®(K® (VL))

~

XeU)R((r®

a

L

(K® (VL))

N

Ixgu®a

XeU)®(Y¥®oK)®(VeL)

lxeu®(c®lygL)

L

XU ((K®Y)®(VeL)
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Further we paste together (B3) and (D) and obtain:

(B4)

A(XQY)(URV)I(K®L)
~

(XU V)®(K®L)

Oxyuv®lkeL

~

(X)X eV)®(K®L)

*
¢(X®U>(Y®V)KL

X®U)® ((Y

Ixgu®(cyevk®1L)

®V)®K)®L)

~

XU (Ke(¥®V)eL)

Ixgu®a

-

XU)®(K((Y®V)®L))

Ixgu®(lk®a)

-

XU (KXY ®(VeL))

N

lxgu®a
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XN (WUeV)®K®L)

XN U®

XY)®U®

Lxor@PyviyL

(V®K)®L))

1X®Y®(1U®(C®1L))

(K®V)®L)

lxgy®(ly®a)

~

XeYe(Us®

(K® (VL))

Ixgy®a

XY@ (U®K)®(VeL)

a

(X®Y)®U®K)®(VeL)

N

(X®Y)eU)
(X® ¥ eU)
(XeWUeY)

4

(XeU)®Y)

a®lygr

®K)® (VL)
’(a®lx)®lvm
®K)® (VL)
’((1x®c)®1:<)®1vm
®K)®(Ve®L)
\(a®11<)®lvm
®K)® (VL)

a®lygr

(X))@ (Y ®K)® (VL)

~

(Ixgu®c)®lyeL

XRU)R((K®V)Q(VRL) +— (XU)®(KQY))® (VL)
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Referring to the definition of (®7, 4, ) ~land @y y g, we can simplify the previous
diagram and add the pentagonal diagram in the instancesof X ® U, K, Y and V ® L:

XN (UeV)® (K®L)

A(XRY)(URV)(K®L)
Ixgr®OuvkL
/ |

(X®Y)®UV))® (K L)

Oxyuv®lkeL

~

(X@U)®(Y®V))®(K®L)

5
CI)(X®U)(Y®V)KL

N

XU ((YreV)®K)®L)

Ixeu®(cyevk ®11)

N

XU)R(K®(YeV)eL)

IX®U®ul

XU)®(K®(Y®V)®L))

lxeu®(lx®a)

-

XU (K ¥®VeL))

lxgu®a

X ((UK)®(VRL))

N

a

(X®Y)®U®K)®(VeL)

N

a®lygr
(X®Y)®U)®K)® (VL)

@®1g)®lyveL

~

(X®o(Y®U)®K)®(V]L)

((1x®)@1k)R1ver

~

(X®oU®Y)®K)®(VRL)

\(a®1K)®IV®L
(X®U)®Y)®K)® (VL)

a®lygL

~

(X))@ (¥ ®K)® (VL)

(Ixeu®c)®lveL

~

XRU((K®Y)® (VL) «+— (X@U)®K®Y))®(V®L)

Ixeu®a

~

4
a®lygr

(XeU)®K)®Y)® (VeL)

a

~

XRURKQVQVRL)) +——— (XU)®K)Q (Y (VL))

N

Ixgu®(lk®a)

N

1®a

XRURKQrV)®L) +—— (XU)®K)Q(Y®V)®L)
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Using the definition of (qy(kX(g)U)K(Y@V)L)_] and O xgu)rev)kL We continue to
simplify the previous diagram:

(BS)

Oxyuv®lkeL

~

(XeU)® (¥ ®V))® (K ®L)

Oxeu)(reV)KL

(X®U)®K)

1®a

N

RUYe®V)®L)

N

XeV® (U V)® (K QL))

AXRY)(UBV)(K®L)

(X@Y)®U®V))®(KQL)

~

Ixgr®OuvkL

L

X®Y)®(U®K)® (VL)

4

N

a

(XY@ U®K)® (VL)

(X®Y)®U)

(X®UQY))

(X®U)®Y)

4

~

(X® (Y ®U))

~

4

~

N

a®lygr
®K)®(VQL)
@®lx)®lver

(;9 K)®(V®L)

((1x®)@1k)R1ver

L

®K)® (VL)

N

@®1)®lyeL
®K)® (VL)

a®lygr

L

(X))@ ¥ ®K)® (VL)

~

(Ixgu®c)®lyer

(X®U)®(K®Y))®(V®L)

4

a®lygr

(XU @K)® (¥ @ (VL) ' (XeU)®K)®Y)® (VL)
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In a further step we apply three times the pentagonal diagram and obtain the
following commutative diagram:

(X®Y)®U)®K)

(a®1k)®lyvgL

N

(X® ¥ eU)

v

®K)

((1x®)®1k)QlveL

(X®WU®eY)

y

(@®1x)®1lygL

-

®K)

N

(X®U)®Y)®K)

a®lygr

~

(X®U)® (Y ® K))

(Ixeu®c)®1veL

~

(X®U)®(K®Y))

N

a®lygr
(X®@U)®K)®Y)

a

N

(XQU)®K)® (Y ® (VL))

/

Lixgu)ok ®a

(X®U)®@K)® (Y

a®lygr

VL) —

a®lygr

VL) ——

a®lygL

VL) ——

VL)

a®lygr

VL) —

a®lygr

VL) ——

® (Ve L)(a®1y)®1v®L

a®lygwver)

—
a®a

®V)®L)

(X®Y)®U®K))®(VeL)

XeYeUe®

a®lygr
K))® (VL)

N

(Ix®a)®1yver

(X®(eU)eK)®(VeL)

~

(1x®(c®1k))®lveL

L

(X®UeY)®K)® (VL)

XeUe¥®

(1x®a)@1ygL
K))® (V®L)

(Ix®(1y®c)@lyeL

L

(XQU®K®Y))® (VL)

N

(Ix®a)®lver

(X@WU®K)®Y)®(VeL)

4

(X ® U ®K))

N

a®lygr

®Y)® (VL)

a

~

XQWUSK)SY VL))
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Now we apply again the coherence axiom (4) and simplify the previous diagram

as follows:
(B6)

(X®Y)®U)

(a®1g)®lyvgL

N

(X® ¥ eU)

(1x®)®1k)®lverL

N

(X®U®Y))

y

(a®1g)®lvgL
(X®U)®Y)

a®lygr

N

®K)® (VL)

-

®K)®(V®L)

-

®K)Q(V®L)

®K)®(V®L)

-

(X))@ ¥ ®K)® (VL)

(Ixeu®c)®lveL

N

-

(XQU)®((K®Y)® (VL)

y

a®lygr

(X®U)®K)

a

N

N

(XQU)®K)®(Y®(VQL)

y

Lixeu)ok ®a

(XU)®K)®@((Y®V)®L)

a®lygr

— S (XN QURK)® (VL)

a®lygr

L

(X®Y®U®K))®((VeL)

(Ix®cywer)®lver

~

(X@WeK ®Y)® (VL)

® Y) RV L)(d®1y)®1v®L

a®lygver)

—
a®a

N

a®lygr

(X®@WU®K)®Y)® (VL)

a

~

XQURK)®Y (VL))



304 Appendix A

Now we paste together the diagrams (BS) and (B6) and finally arrive at the fol-
lowing commutative diagram:

XN (UeV)®(K®L)

A(X®Y)(URV)(K®L)
Ixgy®OuvkL
/ |

(X®Y)®U®V))®(K®L) (X ®(U®K)®(VRL))

Oxruv®lker (XY ®U®K))® (VL)
a®lygr

(X®U)®YeV))® K L) (X®Y®U®K))®((VeL)

(Ix®cywek)®lver

~

(XOWU®K)®Y)® (VL)

4

Oxeu)(YeV)KL a®lyer

(X®@U®K)®Y)® (VL)

a

~ ~

(XQU)RK)Q(YoV)®L) —2 5 X U®K)® ¥ ®(VeL)

Referring once again to the definition of ®xywek)(veL) ®}}U®K>Y(V®L) and
Oxywek)(veL), we conclude from the previous diagram that the relation (A.7) holds.
O

A.3 Graphical Representation of Proofs Involving Monad
Composition

The calculus of natural transformations comprises two compositions, the ordinary
composition (resp. vertical composition) and star composition (resp. horizontal com-
position). Since both compositions sometimes occur simultaneously, e.g., in the con-
struction of the multiplication of composite monads, it is desirable to formulate a
representation making these types of constructions more transparent. In this context
the interchange law suggests to develop a graphically two-dimensional framework.
In fact, the ordinary composition can pictorially be represented as a vertical stacking
of respective building blocks, whereas star composition is depicted as a horizon-
tal sequencing of such blocks. This enables us to unfold one-dimensionally writ-
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ten expressions into two-dimensionally written expressions, which sometimes more
transparently exposes where and how to use commutativity of diagrams in proof
steps.

In order to see this more precisely we may depict a natural transformation

7:F—> Gas
F

T

G

Note here that we hide the information about underlying categories. Once we use a
natural transformation t: F — G it is thereby assumed that the domain category of
the functors F and G is the same, and also that the codomain category of the functors
F and G is the same — i.e. F, G: C — D. The left and right vertical lines in the
building block therefore hide the categories with which they in fact are annotated.
For reasons which will become evident when we compose horizontally, we read the
domain-codomain for functors from right to left — i.e. we correlate F, G: D < C
with the graphical representation

F
D| T |C
G

in order to be totally transparent about the notation involving underlying categories.

It is now clearly tempting to attach blocks to one another both vertically as well
as horizontally in such a way that the functors of the attaching horizontal lines of
the blocks match, and the categories of the attaching vertical lines match. In order to
depict these attachment, lett: F > G,0: G—>H,7: F - G'ando’: G' > H
be natural transformations with F, G,H: ¢ — Dand F', G, H: D — E. We then
have a vertical attachment in

F

T

G

o

H

and a horizontal attachment in

F F
T/ T
G’ G

As we shall see later, the vertical attachment will be defined as the vertical compo-
sition of natural transformations. This then enables us to view the vertical two-block
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attachment as one block, which in turn can be attached vertically or horizontally to
other blocks, as long as the functors and categories, respectively, on the horizontal and
vertical lines continue to match. Similarly, the horizontal attachment will be defined
as the horizontal (or star) composition of natural transformations. This similarly
enables us to view the horizontal two-block attachment as one block, which can be
attached to other blocks.

The construction

F’ F
7’ T
G’ G
o’ o
H

now makes sense from the viewpoint of matching domains and codomains at the verti-
cal and horizontal lines, even if we still haven’t defined what the corresponding single
block natural transformation actually is. Respective functors appear here explicitly,
whereas the underlying categories are hidden. Later on in this Appendix A.3, when
we use blocks to facilitate proofs related to the composition of monads, we will use
endofunctors, and then obviously we have one and the same category underlying the
whole graphical representation.

‘We now define respective attachment as composition. In the case of vertical com-
positionblocks7: F — Gando : G — Hare built, composed, and defined vertically

as
F

T Q (@ <« |7
I
Q
(]
Q

H

Note how the underlying categories are annotated to the vertical lines from top to
bottom — i.e. we would see it as

oOo0oT C.

g
I Q|® «|m
(@]
I
o
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Mixing notation using expressions and graphical representation could be depicted as

F
. F
G
[e] =
OoT

G

H
H

showing explicitly how the vertical line corresponds to composition. In these vertical
compositions, we can indeed omit the underlying categories in the graphical repre-
sentation, since there is no danger that compositions may not exist. The definition of
vertical composition ensures that the respective domains and codomains of functors
coincide for natural transformations used in compositions. As said before, in the case
of endofunctors, it is only the information of the common underlying category that is
hidden in a representation without explicitly writing out the categories as annotated
to vertical lines.

In horizontal composition, there is similarly no danger of confusion in the case
of using only endofunctors, but in the more general case, we obviously have to be
more careful concerning what is hidden about underlying categories.

In order to define horizontal attachment of blocks expressing the horizontal com-
position, we first recall the following formulas (cf. [38, p. 269]):

B@C%%DLE, n:F—=F, Ikxn=Kp and nxly=nH. (A8
Then for the horizontal composition of 7’ followed by 7, denoted by the star product
7’ * 7, the following relation holds

Uxt=(Ug*xDo(t'*x1lp)=G"*x1g)o(lp*x7) =7T'GoF1t =Gt o 7'F,
(A.9)
where the fourth equality is known as one of the five Godement rules (see also Sect.
Notes in Chap. 1).
Note how the domain and codomain functorsin t’ *t: F' o F — G’ o G is visu-
ally denoted by the juxtaposition of two building blocks. We can then define the
horizontal block attachment according to

FF FoF

7’/ T = T'xT

G’ G G oG
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‘We may omit the sign for functorial composition, and simply write

F’ F F F
T/ T = ' xT
G G G G

Note indeed how the juxtaposition order reflects the syntactic order of T’ % 7, as
enabled by the right-to-left reading of domain and codomain of functors. Note also
how the middle vertical line shares the same category for the two boxes —i.e. mixing
notation and using expressions and graphical representation we could write

F F F F
E| © |[D »~ D| T |C = E| t'xt |C.
G’ G G G

Now we proceed to represent more complex graphical representations involving
vertical and horizontal composition of natural transformations. The star composition
(see (A.9))

Uxt =" *1g)o(Ip*xt) =g *x1)o(t' *x1F)

can pictorially be represented by

FF FF
F F lpxt T x 1
T %1 = F G = G F (A.10)
G G ' x 1g lg *T

G G G G

We now see how blocks can be attached vertically and horizontally in any order as
long as the corresponding domains and codomains match. An equation like

Ix(cot)=(0*0)o(l*x7)

can be written as

K F K F
IK*T
1k oot = K G |
lK*O'
K H K H

showing how a horizontality is equated with a verticality.
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As a first example on how this graphical technique can be used to support proofs,

we now see the following procedure

F F
T * 1 FF
F_F G _F vl
T xT lg*T G F
G G| = G G| = lgx(cot) | =
o' xo lg xo G H
H H G H o’ x 1y
o’ x 1y H H
H H
F F F F
/% 1g /% 1g
G F G F
o' * 1 o' * 1
H F H F
Iy *x (o o 1) Iy x (0 o 1)
H H H H
F F
(o’ ot)x 1F F’ F
H F = oc'ot'|oort
Iy x (0 o1) H H
H H

i.e. we have used the graphical representation to illuminate the proof of the Inter-

change Law

(0c'ot)x(cot)=(0"*0)o (' x1).

Graphically, the Interchange Law can be summarized as

F F

‘L'/*lF
G _F

o' x(0coT)

H H

F’ F F FF
T T T T
G G = o’ ogort = G G
o’ o o' xo
H’ H H H H

showing how blocks with particular positions can be attached vertically and hori-

zontally in any order without altering the resulting transformation.
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Monad conditions can also suitably be depicted in a similar fashion. For a monad
F = (F, n, ), the unit axiom and associativity axiom can be depicted as

id F F F id F F F F F F F
n | 1r Il | n I 1¢ Ie | n
FIF =1y LFELF =11 | F F|=1]F F
M H H u
F F F F F F
The equality
lF [e] lF = lF

can more explicitly be depicted as

F F
I¢
Fl = |
Ie
F F

Note then how the identity transformation

F

F

can be allowed to represent not just 1r, but indeed also 1f o 1f, 1 o 1F o 1, and so
on. Similarly, since

Ip * 1F = lpoF
without explicitly using identity transformations can be depicted as

F__F F F

F F F F
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the representation

F" F F
F” F F
can also be depicted according to
F" F F F” F F F” F’ F
F’ F F F F F F” F F

as required by the context where respective expressions of natural transformations
appear in some proof steps.

In our graphical representations of proofs we apply exclusively the Interchange
Law with the possible exception of given axioms or properties. For the sake of
completeness we include here the depiction of the other Godement rules (cf. [38]).

Remark A.3.1. Among the other three Godement rules, for given functors
K:p—-0p0, K:p—-0', J:¢—>c J:—>C,

and since the horizontal composition is associative, we have (cf. (A.8))

K'oK F K" KoF
(KN o K/)[ — IK”oK’ *T = IK” IK' *x T = KN(K/'C)
K'oK G K” K'oG
and
F JolJ Fod
t(J od") = Tx lyoyr = Tx 1y 1y = (rJ)J".

G J/ o J// G o J/ J//
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The final Godement rule is

Appendix A

K F J K F J’
K(@ot)) = lk * (0 oT)* 1y 1k *x (0 0 T) 1y
K 'HJ K H J’
K F J’
K F J’ Ik *xT Ly
= 1k * (0 0 T) 1y = K G J’
K H J’ I xo 1y
K H J’
K F J
I xT %1y
= K G J = (Kod") o (K'zJ").
g %o x 1y
K H J

Now we finish Appendix A.3 by depicting the proof of Beck’s Theorem (cf. The-
orem 1.2.12) using graphical representations. First we establish the unit axiom. For
this purpose we begin with the graphical representation of the diagrams (A) and (C)

in Sect. 1.2:
id P
P id
n' | e
T = Ip nT )
o P T
P T

T id

- id T

TP = nP | 11 |,
Pl T

P T
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d id P T d id P T
nP T | 1p | 17 ntl e | 1t
P|TI|P|T Pl T T
uo(n*lpT) = 1p o 1T = (e} 1T
PlP TI|T PP TI|T
P u’ uP ut
P T P T
d P id T
n"l1p | n" |1t P T
— | PIP|IT[T]| = |1p|1r]| = lp
uP uT Pl T
P T
P T id id P T id id
Ip | 1Ir | 0P | 0T Ip | 1 | 0"
PIT[P [T PIT|P |7
.uo(lPT*n) = 1p (e 17 = 1p (o
PP TI|T PlP T|T
P u’ P u’
P T P T
P d T id
Ip [P |17 | 0T P T
= |P|P|T|T = lp | It | = lpT.
uP uT Pl T
P T

Secondly, we establish the associativity axiom. As a first step we give a graphical
representation of the assertion of Lemma 1.2.13:



314

Appendix A
T T P T P T P
ltp (o} c Itp
T P T P T T P
It It Ip ut Ip
T T = P T P
1T 1p (o3
P T T P P T
lp ut u? It
P T P T
Then we can proceed as follows.
P T P TP T
P T P TP T Ip o It
1p c 17 PIP TIT
lpT PIP T|T IpT uP I
uP u’ P T T
po(lprxp) = | P_T| P T | = Ip ut
1 9 It P T P T
P P T T Ip c It
uP ut P P T T
P T ‘uP IJT
P T
P TP TP T
lptp c It P T P TP T
P T PIP T|T lpTtp c It
lpT uP 11T P T PIP T|T
P T| P [T T lpr | u” | 197
lpTp ut | =[P T P IT T
P T P T lp c u’
Ip c It P P T T
P P T T uP u’
u? ut P T
P T
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lptp c It Iptp c |17
P TPIP TIT P T PIP TI|T
lpT uP It Ipt P Itt
P T P T T P T T T
lp (e} 1TT 1p O 1TT
P P T T P P T|T T
lpp Ir | uf lpp ut | 1r
P P |T] T P P | T |T
uh ur " ur
P T P T
P T PT P T P T PT P T
Itp c c I1p
T PlP T P T|T P
1T [,LP 1T 1p [,LT 1p
el Tl P | T|1y lP| T |P|Iy
o lT 1p (e}
P _T|T P T
lp ut uP 1t
P P T T P P T T
T ur i u'
P T P T
P TPTP T P TP TP T
lp 9 ItprT 1p (e 1vpT
PIP T[T P T PlP TITP T
lpp ut Ipt Ipp u Ipr
P Pl T IP T P P P T
1Pp (e 1T 1pp (e lT
P P[P T T P P| P T T
lp .LLP It IJP 1p 17
P P T T P P T T
uP u’ uP u’

315
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P TP TP T

P TP TP T Ip| o ItpT
lp| © ItpT PIP T|T P T
PIP T|T P T 1pp u’ Ipt
1pp u’ IpT P Pl T |P T
=[P P T [P T|=| pP ltpT
uP c It P T P T
P [P T |T 1p c 17
uP u’ P |lP T |T
p T uP uT
P T
P TP T P T
Ip| o |1t P TP T P T
PIP T|T | o |17
lpp u’ IpT PIP T|T/| 1pt
P P T uP u’
— P 1T — P T |P T
P T |P T 1p c It
1p G T P [P T T
P T T P u’
uP ut P T
P T
= po(uxlpr).

Comment. In order to prove the associativity axiom of composite monads we have
already seen in Sect. 1.2 that Lemma 1.2.13 plays a strategic r6le. The graphical rep-
resentation of this proof as presented above underlines this fact and shows explicitly
that an application of Lemma 1.2.13 permits us to reverse the proof strategy after
block 8.



References

11.
12.

13.
14.

15.

16.

17.

18.
19.

. Adéamek, J.: Free algebras and automata realizations in the language of categories. Commentat.

Math. Univ. Carol. 15(4), 589-602 (1974)

Adéamek, J., Herrlich, H., Strecker, G.E.: Abstract and Concrete Categories. Wiley, New York
(1990)

Adéamek, J., Trnkov4, V.: Automata and Algebras in Categories. Mathematics and Its Appli-
cations (East European Series), vol. 37. Kluwer, London (1990)

Arbib, M.A., Manes, E.G.: Adjoint machines, state behavior machines, and duality. J. Pure
Appl. Algebra 6(3), 313-344 (1975)

. Arveson, W.: An Invitation to C*-Algebra. Graduate Texts in Mathematics, vol. 39. Springer,

New York, Heidelberg, Berlin (1976)

Banaschewski, B., Nelson, E.: Tensor products and bimorphisms. Can. Math. Bull. 19, 385-
402 (1976)

Bandelt, H.-J.: The tensor product of continuous lattices. Math. Z. 172(1), 89-96 (1980)
Barr, M.: x-Autonomous Categories. Lecture Notes in Mathematics, vol. 752. Springer, Berlin,
Heidelberg (1979)

Barr, M.: x-Autonomous categories revisited. J. Pure Appl. Algebra 111, 1-20 (1996)

. Beck, J.: Distributive laws. In: Eckmann, B. (ed.) Seminar on Triples and Categorical Homol-

ogy Theory. Lecture Notes in Mathematics, vol. 80, pp. 119—140. Springer, Berlin, Heidelberg
(1969) (Reprint in Theory Appl. Categ. 18, 95-112 (2008))

Belluce, L.P.: Semi-simple and complete MV -algebras. Algebra Univ. 29(1), 1-9 (1992)
Bénabou, J.: Catégories avec multiplication. C. R. Acad. Sci., Paris, Sér. I, Math. 256, 1887—
1890 (1963)

Birkhoff, G.: Rings of sets. Duke Math. J. 3(3), 443-454 (1937)

Birkhoff, G.: Lattice Theory. Colloquium Publications, vol. XXV, 3rd edn. American Math-
ematical Society, Providence, Rhode Island (1995). eighth printing

Borceux, F.: Handbook of Categorical Algebra 1. Basic Category Theory. Encyclopedia of
Mathematics and Its Applications, vol. 50. Cambridge University Press, Cambridge (1994)
Borceux, F.: Handbook of Categorical Algebra 2. Categories and Structures. Encyclopedia of
Mathematics and Its Applications, vol. 51. Cambridge University Press, Cambridge (1994)
Budach, L., Hoehnke, H.-J.: Uber eine einheitliche Begriindung der Automatentheorie. Sem-
inarbericht 1. Teil, Humboldt-Universitit, Berlin (1969/70)

Budach, L., Hoehnke, H.-J.: Automaten und Funktoren. Akademie, Berlin (1975)

Burris, S., Sankappanavar, H.P.: A Course in Universal Algebra. Graduate Texts in Mathe-
matics, vol. 78. Springer, New York (1981)

© Springer International Publishing AG, part of Springer Nature 2018 317
P. Eklund et al., Semigroups in Complete Lattices, Developments
in Mathematics 54, https://doi.org/10.1007/978-3-319-78948-4



318

20

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

References

. Chang, C.C.: Algebraic analysis of many valued logics. Trans. Am. Math. Soc. 88, 467-490
(1958)

Cignoli, R.L., d’Ottaviano, M., Mundici, D.: Algebraic Foundations of Many-Valued Rea-
soning. Trends in Logic, vol. 7. Kluwer, Boston (2000)

Dedekind, R.: XI Supplement. In: Dirichlet, P.G.L., Vorlesungen iiber Zahlentheorie. 4th edn.,
Vieweg, Braunschweig (1894)

Dijkstra, E.W.: A Discipline of Programming. Prentice-Hall Series in Automatic Computation.
Prentice Hall Inc, Englewood Cliffs, N.J. (1976)

Dilworth, R.P.: Non-commutative residuated lattices. Trans. Am. Math. Soc. 46(3), 426-444
(1939)

Ehresmann, C.: Catégorie des foncteurs types. Rev. Union Math. Argent. 20, 194-209 (1960)
Eilenberg, S., Moore, J.C.: Adjoint functors and triples. Ill. J. Math. 9(3), 381-398 (1965)
Eklund, P., Galan, M.A., Medina, J., Ojeda Aciego, M., Valverde, A.: A graphical approach
to monad composition. Electron. Notes Theor. Comput. Sci. 40, 145-160 (2001)

Eklund, P., Hohle, U., Kortelainen, J.: A survey on the categorical term construction with
applications. Fuzzy Sets and Syst. 298, 128-157 (2016)

Ehrig, H., Kiermeier, K.-D., Kreowski, H.-J., Kiihnel, W.: Universal Theory of Automata. A
Categorical Approach. Teubner, Stuttgart (1974)

Ehrig, H., Pfender, M.: Kategorien und Automaten. De Gruyter, Berlin, New York (1972)
Erné, M., Koslowski, J., Melton, A., Strecker, G.E.: A primer on Galois connections. In:
Proceedings in the 1991 Summer Conference on General Topology and Applications in Honor
of Mary Ellen Rudin and Her Work, Ann. N. Y. Acad. Sci. 704(1), 103-125 (1993)

Erné, M., Picado, J.: Tensor products and relation quantales. Algebra Univ. 78, 461487
(2017)

Fraser, G.A.: The semilattice tensor product of distributive lattices. Trans. Am. Math. Soc.
217, 183-194 (1976)

Fuchs, L.: Teilweise geordnete algebraische Strukturen. Studia Mathematica, vol. 19. Van-
denhoeck und Ruprecht, Gottingen (1966)

Galatos, N., Jipsen, P., Kowalski, T., Ono, H.: Residuated Lattices: An Algebraic Glimpse at
Substructural Logics. Studies in Logic, vol. 151. Elsevier, Amsterdam, Boston (2007)
Gierz, G., Hofmann, K.H., Keimel, K., Lawson, J.D., Mislove, M., Scott, D.S.: A Compendium
of Continuous Lattices. Springer, Berlin, Heidelberg, New York (1980)

Gierz, G., Hofmann, K.H., Keimel, K., Lawson, J.D., Mislove, M., Scott, D.S.: Continuous
Lattices and Domains. Encyclopedia of Mathematics and Its Applications, vol. 93. Cambridge
University Press, Cambridge (2003)

Godement, R.: Topologie Algébrique et Théorie des Faisceaux. Hermann, Paris (1958)
Goguen, J.A.: L-fuzzy sets. J. Math. Anal. Appl. 18, 145-174 (1967)

Goguen, J.A.: Discrete-time machines in closed monoidal categories I. Quarterly Report No.
30, Institute for Computer Research, University of Chicago (1971); condensed. Bull. Am.
Math. Soc. 78, 777-783 (1972)

Goguen, J.A.: Minimal realization of machines in closed categories. Bull. Am. Math. Soc.
78(5), 777-783 (1972)

Goguen, J.A.: Discrete-time machines in closed monoidal categories I. J. Comput. Syst. Sci.
10(1), 1-43 (1975)

Gutiérrez Garcia, J., Hohle, U., Kubiak, T.: Tensor products of complete lattices and their
application in constructing quantales. Fuzzy Sets and Syst. 313, 43-60 (2017)

Gutiérrez Garcia, J., Mardones-Pérez, 1., de Prada Vicente, M.A., Zhang, D.: Fuzzy Galois
connections categorically. Math. Log. Q. 56(2), 131-147 (2010)

Hall, B.C.: Lie Groups, Lie Algebra, and Representations. An Elementary Introduction. Grad-
uate Texts in Mathematics, vol. 222, 2nd edn. Springer, New York (2015)

Hay, L.S.: Axiomatization of infinite-valued predicate calculus. J. Symb. Log. 28(1), 77-86
(1963)

Herrlich, H., Strecker, G.E.: Category Theory. Allyn and Bacon, Boston (1973)



References 319

48.

49.

50.

S1.

52.

53.
54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

Hohle, U.: Commutative, residuated £-monoids. In: Hohle, U., Klement, E.P. (eds.) Non-
Classical Logics and Their Applications to Fuzzy Subsets. Theory and Decision Library
Series B: Mathematical and Statistical Methods, vol. 32, pp. 53-106. Kluwer, Boston (1995)
Hohle, U.: Many Valued Topology and Its Applications. Kluwer, Boston (2001)

Hohle, U.: Categorical foundations of topology with applications to quantaloid enriched topo-
logical spaces. Fuzzy Sets Syst. 256, 166-210 (2014)

Hohle, U.: Topological representation of right-sided and idempotent quantales. Semigroup
Forum 90(3), 648-659 (2015)

Hohle, U.: Prime elements of non-integral quantales and their applications. Order 32(3),
329-346 (2015)

Hohle, U.: Fuzzy sets as two-sorted algebras. Fuzzy Sets and Syst. 281, 155-167 (2015)
Hohle, U., Kubiak, T.: Many valued topology and lower semicontinuity. Semigroup Forum
75(1), 1-17 (2007)

Hohle, U., Kubiak, T.: A non-commutative and non-idempotent theory of quantale sets. Fuzzy
Sets Syst. 166, 1-43 (2011)

Hopcroft, J.E., Motwani, R., Ullman, J.D.: Introduction to Automata Theory, Languages, and
Computation, 3rd edn. Addison-Wesley, Reading, Massachusetts (2006)

Huber, P.J.: Homotopy theory in general categories. Math. Ann. 144, 361-385 (1961)
Johnstone, P.T.: Stone Spaces. Cambridge Studies in Advanced Mathematics, vol. 3. Cam-
bridge University Press, Cambridge (1982)

Joyal, A., Tierney, M.: An Extension of the Galois Theory of Grothendieck. Memoirs of the
American Mathematical Society, vol. 51 No. 309. American Mathematical Society, Provi-
dence, Rhode Island (1984)

Kadison, R.V,, Ringrose, J.R.: Fundamentals of the Theory of Operator Algebras. Volume
I Elementary Theory. Graduate Studies in Mathematics, vol. 15. American Mathematical
Society, Providence, Rhode Island (1997)

Kadison, R.V,, Ringrose, J.R.: Fundamentals of the Theory of Operator Algebras. Volume II
Advanced Theory. Graduate Studies in Mathematics, vol. 16. American Mathematical Society,
Providence, Rhode Island (1997)

Kan, D.M.: Adjoint functors. Trans. Am. Math. Soc. 87(2), 294-329 (1958)

Kelly, G.M.: Basic Concepts of Enriched Category Theory. London Mathematical Society
Lecture Notes Series, vol. 64. Cambridge University Press, Cambridge (1982)

Kleene, S.C.: Representation of events in nerve nets and finite automata. Project RAND
Research Memorandum RM-704, 101 pages, 15 Dec 1951

Kleene, S.C.: Representation of events in nerve nets and finite automata. In: Shannon, C.E.,
McCarthy, J. (eds.) Automata Studies, pp. 3—42. Princeton University Press, Princeton, N.J.
(1956)

Kleisli, H.: Every standard construction is induced by a pair of adjoint functors. Proc. Am.
Math. Soc. 16, 544-546 (1965)

Klement, E.P., Mesiar, R., Pap, E.: Triangular Norms. Trends in Logic, vol. 8. Kluwer, Boston
(2000)

Krull, W.: Axiomatische Begriindung der allgemeinen Idealtheorie. Sitzungsber. Phys.-med.
Sozietit zu Erlangen 56, 47-63 (1924)

Krull, W.: Zur Theorie der zweiseitigen Ideale in nichtkommutativen Bereichen. Math. Z. 28,
481-503 (1928)

Kruml, D., Resende, P.: On quantales that classify C*-algebras. Cah. Topologie Géom. Différ.
Catégoriques XLV (4), 287-296 (2004)

Lai, H., Zhang, D.: Complete and directed complete §2-categories. Theor. Comput. Sci. 388(1—
3), 1-25 (2007)

Mac Lane, S.: Natural associativity and commutativity. Rice Univ. Stud. 49, 28-46 (1963)
Mac Lane, S.: Categories for the Working Mathematician. Graduate Texts in Mathematics,
vol. 5, 2nd edn. Springer, Berlin, Heidelberg, New York (1998)

Manes, E.G.: Algebraic Theories. Graduate Texts in Mathematics, vol. 26. Springer, Berlin,
Heidelberg, New York (1976)



320

75.
76.
71.
78.
79.

80.
81.

82.
. Mulvey, C.J., Pelletier, J.W.: A quantisation of the calculus of relations. In: Seely, R.A.G.
84.
85.
86.

87.
88.

89.
90.

91.

92.

93.
94.
9s.
96.

97.
98.
99.

100.
101.
102.
103.

104.
105.

References

Marmolejo, F.,, Rosebrugh, R.D., Wood, R.J.: A basic distributive law. J. Pure Appl. Algebra
168(2-3), 209-226 (2002)

McCulloch, W.S., Pitts, W.: A logical calculus of the ideas imminent in nervous activity. Bull.
Math. Biophys. 5(4), 115-133 (1943)

Meise, R., Vogt, D.: Introduction to Functional Analysis. Oxford Graduate Texts in Mathe-
matics, vol. 2. Oxford University Press, Oxford, New York (1997)

Mikkelsen, C.J.: Lattice Theoretic and Logical Aspects of Elementary Topoi. Matematisk
Institut, Aarhus Universitet 1976 (Various Publications Series No. 25)

Mostert, P.S., Shields, A.L.: On the structure of semigroups on compact manifolds with
boundary. Ann. Math. 2nd series 65(1), 117-143 (1957)

Mowat, D.G.: A Galois problem for mappings. Bull. Am. Math. Soc. 74, 1095-1097 (1968)
Mowat, D.G.: A Galois problem for mappings. Dissertation, University of Waterloo, Canada
(1968)

Mulvey, C.J.: &. Rend. Circ. Mat. Palermo 2(Suppl. 12), 99-104 (1986)

(ed.) CMS Conference Proceedings, vol. 13, pp. 345-360. American Mathematical Society,
Providence, Rhode Island (1992)

Mulvey, C.J., Pelletier, J.W.: On the quantisation of points. J. Pure Appl. Algebra 159(2-3),
231-295 (2001)

Nelson, E.: Galois connections as left adjoint maps. Commentat. Math. Univ. Carol. 17(3),
523-541 (1976)

Nkuimi-Jugnia, C.: Amalgamation property and epimorphisms in the category of modules over
a quantale. Séminaire 303. In: Séminaires de mathématique (Prépublications), Département
de mathématique. Université Catholique de Louvain (2000)

Ore, O.: Galois connections. Trans. Am. Math. Soc. 55, 493-513 (1944)

Ovchinnikov, S.V.: Representation of transitive relations. In: Skala, H.J., et al. (eds.) Aspects
of Vagueness. Theory and Decision Library: An International Series in the Philosophy and
Methodology of the Social and Behavioral Sciences, vol. 39, pp. 105-118. Reidel, Dordrecht
(1984)

Paalman-de Miranda, A.B.: Topological Semigroups. Math. Centrum, Amsterdam (1964)
Paseka, J.: A note on nuclei of quantale modules. Cah. Topologie Géom. Différ. Catégoriques
XLIIT 43(1), 19-34 (2002)

Paseka, J., Kruml, D.: Algebraic and categorical aspects of quantales. In: Hazewinkel, M.
(ed.) Handbook of Algebra, vol. 5, pp. 323-362 (2008)

Paseka, J., Rosicky, J.: Quantales. In: Coecke, B., Moore, D., Wilce, A. (eds.) Current Research
in Operational Quantum Logic: Algebras, Categories and Languages. Fundamental Theories
in Physics, vol. 111, pp. 245-262. Kluwer, Boston (2000)

Pelletier, J.W., Rosicky, J.: Simple involutive quantales. J. Algebra 195, 367-386 (1997)
Picado, J.: The quantale of Galois connections. Algebra Univ. 52(4), 527-540 (2004)

Pu, Q., Zhang, D.: Preordered sets valued in a G L-monoid. Fuzzy Sets Syst. 187, 1-32 (2012)
Raney, G.N.: A subdirect-union representation for completely distributive complete lattices.
Proc. Am. Math. Soc. 4(4), 518-522 (1953)

Resende, P.: Sup-lattice 2-forms and quantales. J. Algebra 276, 143-167 (2004)

Resende, P.: Etale groupoids and their quantales. Adv. Math. 208(1), 147-209 (2007)
Rodabaugh, S.E.: Applications of localic separation axioms, compactness axioms, represen-
tations and compactifications to poslat topological spaces. Fuzzy Sets Syst. 73, 53—-87 (1995)
Rose, A., Rosser, J.B.: Fragments of many-valued statement calculi. Trans. Am. Math. Soc.
87(1), 1-53 (1958)

Rosenthal, K.I.: Quantales and Their Applications. Pitman Research Notes in Mathematics,
vol. 234. Longman Scientific & Technical, Harlow (1990)

Rosicky, J.: Multiplicative lattices and frames. Acta Math. Hung. 49(3—4), 391-395 (1987)
Rosicky, J.: Characterizing spatial quantales. Algebra Univ. 34(2), 175-178 (1995)
Schweizer, B., Sklar, A.: Probabilistic Metric Spaces. North-Holland, Amsterdam (1983)
Schubert, H.: Categories. Springer, Berlin, Heidelberg (1972)



References 321

106.
107.

108.

109.
110.
111.
112.
113.

Shmuely, Z.: The structure of Galois connections. Pac. J. Math. 54(2), 209-225 (1974)
Stubbe, L.: Categorical structures enriched in a quantaloid: tensored and cotensored categories.
Theory Appl. Categ. 16(14), 283-306 (2006)

Stubbe, I.: The double power monad is the composite of the power monad. Fuzzy Sets Syst.
313, 2542 (2017)

Ward, M., Dilworth, R.P.: Residuated lattices. Trans. Am. Math. Soc. 45, 335-354 (1939)
Wigner, D.: Two notes on frames. J. Aust. Math. Soc. Ser. A 28(3), 257-268 (1979)

Zadeh, L.A.: Fuzzy sets. Inf. Control 8(3), 338-353 (1965)

Zadeh, L.A.: Similarity relations and fuzzy orderings. Inf. Sci. 3(2), 177-200 (1971)

Zadeh, L.A.: The concept of a linguistic variable and its application to approximate reasoning
L, IL, III. Inf. Sci. 8(3), 199-249; 8(4), 301-357; 9(1), 43-80 (1975)



Index

A star ~, 3, 26, see also horizontal compo-
Adjoint pair sitionComultiplication, 97

of isotone maps, 34 Congruence, 200

of Q-homomorphisms, 260 Cosemigroup in Sup, 96
Annihilator, 219 C*-property, 120

Anti-homomorphism, 83, 109
Anti-isomorphism, 230
D
Distributive law
B of an endofunctor over a monad, 21
Bimorphism, 52 Divisibility law, 182
in Mod(Q), 226 Downclosed
. hull, 35
universal ~, 54

. . bset, 35
sal ~ in Mod(£2), 226 Subset,
universal ~ in Mod(Q) Dual property, 33

C E
C*-algebra Element
unital ~, 120 compact ~, 64
Category cyclic ~, 170
Eilenberg—Moore ~, 19 dualizing ~, 166
Kleisli ~, 19 hermitian ~, 107
monoidal ~, 2 idempotent ~, 97
biclosed ~, 5 left-sided ~, 91
closed ~, 5 maximal ~, 102
symmetric ~, 4 prime ~, 100, 129
Closure operator, 41 strongly ~, 150
linear ~, 218 right-sided ~, 91
Complete lattice two-sided ~, 91
algebraic ~, 64 unitary ~, 108
Brouwerian ~, 184 Endofunctor, 2

compact ~, 64
completely distributive ~, 64, 68

continuous ~, 64 F
meet-continuous ~, 64 Filter
Composition on an M V-algebra, 199
© Springer International Publishing AG, part of Springer Nature 2018 323

P. Eklund et al., Semigroups in Complete Lattices, Developments
in Mathematics 54, https://doi.org/10.1007/978-3-319-78948-4



324

Formation of
arbitrary joins, 36
arbitrary meets, 36
joins of -enriched contravariant
presheaves, 262
meets of Q-enriched covariant
presheaves, 269
Frame, 120, 124, 126
quantic ~, 148
Functor
forgetful ~, 19

G
Galois connection
contravariant ~, 42, 52
covariant ~, 34, see also adjoint pair of
isotone mapsGirard algebra, 179

H

Homomorphism
*-~, 120
between magmas, 4
between prequantales, 73
involutive ~, 84
left Q-module ~, 205
strong ~, 99, 129, 133, 149, 154
unital ~, 4

Hull
contravariant ~, 279
covariant ~, 279

I

Implication
left- ~, 79
right- ~, 79

Involution, 82
of a unital C*-algebra, 120
order-preserving ~, 108
order-reversing ~, 107, 231
Involutive
join-preserving map, 82
lattice, 82
free ~, 83

J
Jacobi identity, 72
Join, 36
of a Q-enriched contravariant presheaf,
262

Index

K
Kleene—Dienes implication, 231

L
Lattice

ortho- ~, 143

symmetric ~, 233
Left action w.r.t. a unital quantale, 204
Left-continuous ¢-norm, 111
Left ideal

closed ~, 120

maximal ~, 123, 137
Lie—algebra, 72
Localic reflection of a quantale, 128
Lower bound, 36

of a Q-enriched covariant presheaf, 269
Lukasiewicz arithmetic conjunction, 112

M
MacNeille completion
of a residuated preordered semigroup
with dualizing element, 170
Magma, 3
free ~, 7
unital ~, 3
Map
antitone ~, 33
isotone ~, 33
closed ~, 73
join-preserving ~, 37
monoidal adjoint ~, 63
orthogonal ~, 233
join-reversing ~, 52
left adjoint ~, 34
right adjoint ~, 34
structure ~, 19
transition ~, 207
Meet, 36
of a Q-enriched covariant presheaf, 269
Monad, 18
multiplication of a ~, 18
of involutive lattices, I, 83
of Q-enriched contravariant presheaves
on Preord(9), P(Q), 268
of Q-enriched covariant presheaves on
Preord(Q), PT(Q), 272
unitofa~, 18
Monoid
incC, 3
MYV -algebra, 182
complete ~, 184
semi-simple ~, 200



Index

simple ~, 187

with square roots, 189
M -valued power set, 56
MV -property, 182

N

Naturally equivalent, 33

Nucleus, 74, 89
involutive ~, 86
localic ~, 127

(o)
o-groupoid
residuated ~, 81

P
Partial order, 35
Partially ordered set, 35, see also poset-
Poset, 35, see also partially ordered
setPrenucleus, 89
Preorder, 33
antisymmetric ~, 35
intrinsic ~, 259
Q-valued ~, 258, see Q-preorder
Preordered set, 33
join-complete ~, 36
Q-valued ~, 258, see Q-preordered set
Prequantale, 72
involutive ~, 84
free ~, 86
multiplication of a ~, 72
Presheaf
-enriched contravariant ~, 260
-enriched covariant ~, 268
Principle of duality, 33

Q
Q-bimodule, 208
Q-enriched category, 258
-enriched Yoneda embedding, 261, 269
Q-functor, 259
Q-fuzzy subset, 216
$-homomorphism, 259
cocontinuous ~, 264
continuous ~, 271
Q-enriched join-preserving ~, 264, see
also cocontinuous ~£-enriched meet-
preserving ~, 271, see also continu-
ous ~Q-isomorphism ~, 279
-module

left ~, 204

generator of a ~, 219
invariant element of a ~, 219

involutive ~, 239
irreducible ~, 219
right ~, 204
Q-preorder, 258
dual ~, 270
Q-preordered set, 258
cocomplete ~, 262
complete ~, 269
dual ~, 270

N-enriched join-complete ~, 262
-enriched meet-complete ~, 269

Quantale, 90
balanced ~, 97
bisymmetric ~, 140
commutative ~, 110
continuous ~, 112
factor ~, 137
Frobenius ~, 166
Gelfand ~, 141
Girard ~, 172
idempotent ~, 97
integral ~, 91
involutive ~, 107
left-sided ~, 91
strictly ~, 97
non-trivial ~, 91
right-sided ~, 91
strictly ~, 97
semi-integral ~, 101
semi-unital ~, 97
spatial ~, 106
transposed ~, 91, 258
trivial ~, 91
two-sided ~, 91
unital ~, 91

Quantization of the two-chain, 45, 149

Quotient
of an MV -algebra, 200
-valued lattice
complete ~, 270
join-complete ~, 262
meet-complete ~, 269

R
Reflection
associative ~, 116
spatial ~, 106
Relation
approximating ~, 64

325



326

totally below ~, 64
way below ~, 63
right action w.r.t. a unital quantale, 204

S
Self-adjoint, 121
Semi-integral regularization, 101
Semi-unitalization
of a quantale, 98, 150, 154, 161, 162
Semigroup
in Sup, 90
in a category, 3
Spectrum
of a self-adjoint element, 121
of a unital C*-algebra, 157
Subquantale, 91

T
T-homomorphism, 19
T-algebra, 19
Tensor, 55
elementary ~, 55
Tensor product
of 2-forms, 234
of a monoidal category, 2
of algebraic lattices, 66
of balanced and bisymmetric quantales,
140
of complete lattices, 53
of completely distributive lattices, 64
of continuous lattices, 64
of frames, 124

Index

of Frobenius quantales, 167
of idempotent quantales, 124
of left-sided quantales, 92
of monoids, 17
of Q-modules, 226, 228
of quantales, 92
of right-sided quantales, 92
of semi-integral quantales, 101
of semigroups, 17
Topology
Gelfand ~, 123
six-valued ~, 155, 156
three-valued ~, 131
Transposed multiplication, 205
2-form, 233
non-trivial ~, 256
symmetric ~, 233
dense ~, 236
faithful ~, 236

U
Unit object

of a monoidal category, 2
Unitalization

of a magma, 4

of a prequantale, 88

of a semigroup, 91
Upclosed

subset, 36
Upper bound, 36

of a Q-enriched contravariant presheaf,

262

Upsegment, 42



	Foreword
	Preface
	Contents
	Symbols
	Categories
	Introduction
	1 Foundations
	1.1 Some Properties of Universal Algebra in Monoidal Categories
	1.1.1 Free Magmas
	1.1.2 Free Monoids
	1.1.3 Tensor Products of Semigroups

	1.2 Monads and Distributive Laws
	1.3 The Category of Preordered Sets
	1.3.1 The Monad of Downclosed Sets
	1.3.2 The Composite Monad DwnT


	2 Fundamentals of Quantales
	2.1 The Category Sup
	2.1.1 Closure Operators and Quotient Objects in Sup
	2.1.2 The Tensor Product in Sup
	2.1.3 The Tensor Product on Completely Distributive Lattices

	2.2 Prequantales: The Basis of Quantales
	2.2.1 Left- and Right-Implication
	2.2.2 Involutive Prequantales

	2.3 Quantales: The Axiom of Associativity
	2.3.1 Balanced Quantales
	2.3.2 Prime Elements of Quantales
	2.3.3 Involutive Quantales
	2.3.4 Topological Semigroups as Quantales on [0,1]

	2.4 Idempotent Quantales and Frames
	2.4.1 Localic Quotients
	2.4.2 Topological Representation of Left-Sided and Idempotent Quantales

	2.5 Balanced and Bisymmetric Quantales
	2.5.1 Semi-unital Quantales and Strong Homomorphisms
	2.5.2 Topological Representations of Semi-Unital quantales
	2.5.3 The Spectrum of a C*-Algebra and its Topological Representation

	2.6 Frobenius Quantales
	2.7 Complete MV-Algebras

	3 Module Theory in Sup
	3.1 Modules on Unital Quantales
	3.1.1 Linear Closure Operators and Colimits in Modell(mathfrakQ)
	3.1.2 Annihilators and Generators in Left mathfrakQ-Modules
	3.1.3 Modules on Involutive and Unital Quantales
	3.1.4 The Tensor Product in Mod(mathfrakQ)

	3.2 Involutive Left mathfrakQ-modules
	3.2.1 2-Forms in Sup
	3.2.2 Involutive Left mathfrakQ-Modules
	3.2.3 Representations of C*-Algebras and Involutive Left Modules
	3.2.4 Sketch of the Gelfand–Naimark–Segal Construction
	3.2.5 Irreducible Representations and Irreducible Involutive Left Modules

	3.3 mathfrakQ-Modules and (Co)Complete mathfrakQ-Preordered Sets
	3.3.1 mathfrakQ-Preorders and Cocompleteness
	3.3.2 Complete mathfrakQ-Preordered Sets
	3.3.3 Right mathfrakQ-Modules and Join-Complete mathfrakQ-Valued Lattices
	3.3.4 Left mathfrakQ-Modules and Meet-Complete mathfrakQ-Valued Lattices

	3.4 Theory of Automata in Sup
	3.4.1 General Definition
	3.4.2 The Situation in Sup


	Appendix A 

	A.1 Free Functor Algebras
	A.2 Coherence Axioms in the Construction of the Tensor Product of Monoids
	A.3 Graphical Representation of Proofs Involving Monad Composition

	References

	Index



